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1 Introduction 

Neurotransmission in the central nervous system (CNS) is essential for neuronal 

communication. This process occurs at different chemical synapses and heterogene-

ous junctions between neurons, where the electrical signals are converted into chemi-

cal neurotransmitter release. Here, voltage-gated calcium channels (VGCCs), as one 

of the most pivotal parts of the release machinery, trigger vesicle fusion by control-

ling Ca2+ influx. Additionally, cell adhesion molecules neurexins are also crucial for 

synaptic neurotransmission. This doctoral thesis focuses on the association between 

VGCCs and neurexins and how these molecules contribute to neurotransmission 

modulation. 

 

1.1 Synaptic transmission in the chemical synapse 

The neurotransmission in chemical synapses includes synchronous-, asynchronous-, 

and spontaneous release. Action potentials trigger the synchronous- and asynchronous 

release. The synchronous release occurs within milliseconds after an action potential 

at the synapse. Differently, the asynchronous release lasts for tens of milliseconds to 

seconds after one or several action potentials (Pascal S. Kaeser & Wade G. Regehr, 

2014). In contrast, spontaneous release occurs in the absence of action potential. So 

far, the molecular mechanism of synchronous release is relatively well characterized, 

yet the functional meaning of spontaneous release is getting recognized; these two 

forms of synaptic release will be studied in this thesis. 

 

1.1.1 Evoked synaptic release 

Evoked synaptic release represents the fast form of synaptic neurotransmission, which 

lasts within a millisecond until neurotransmitter release (Borst & Sakmann, 1996; Sa-

batini & Regehr, 1996). This process occurs in the active zone, the interface between 

the presynaptic terminal and the synaptic cleft. In short, the synaptic vesicles (SVs) 

with neurotransmitters are docked in advance at the active zone, and primed as the 

readily releasable pool (RRP). Meanwhile, VGCCs are recruited to the release ma-

chinery to enable the fast release (Kaeser et al., 2011; Meinrenken, Borst, & Sak-

mann, 2002). The electrical signals first transfer along the axons and reach the pre-

synaptic terminals. Then, the presynaptic membrane was depolarized and generates 

action potentials (APs). The recruited VGCCs are activated during the presynaptic 
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membrane depolarization and cause Ca2+-influx. The entered Ca2+ fast binds to Ca2+-

sensors in the release machinery, which induces synaptic vesicle fusion and neuro-

transmitter release (P. S. Kaeser & W. G. Regehr, 2014).  

Neurotransmitter release is inherently stochastic and depends on the number of re-

lease sites and the release probability. A high local Ca2+ concentration increases the 

release probability, which has been estimated around 10-100 µM (Dittman & Ryan, 

2019). The opening VGCCs should be close enough to the RRP that its Ca2+-influx 

could reach enough local Ca2+ concentration. Therefore, the location of calcium entry 

and the activation of VGCCs undoubtedly are crucial to achieving neurotransmitter 

release. Collectively, for investigating the VGCCs-regulated neurotransmission, it is 

essential to understand several impact factors, such as the surface abundance of 

VGCCs, the distance towards the releasing pool, the channel opening possibilities, the 

channel gating kinetics, and the waveform of Ca2+ entry at presynaptic terminals.   

The released neurotransmitter in the synaptic cleft quickly binds to the corresponding 

receptors on the postsynaptic membrane. The postsynaptic responses generated by the 

neurotransmitter receptors are essential for accomplishing neurotransmission. Those 

receptors are either the ligand-gated ionotropic receptors or the G-protein-coupled 

metabotropic receptors. As for the ligand-gated ionotropic receptors, neurotransmitter 

binding can either induce postsynaptic excitatory or inhibitory postsynaptic currents. 

The excitatory postsynaptic currents (EPSCs) depolarize the membrane and are prone 

to generate action potentials. By contrast, the inhibitory postsynaptic currents (IPSCs) 

result from the opening of the chloride channels that hyperpolarize the membrane, 

which is less likely to induce action potentials. Either way, those bindings trigger 

specific downstream signaling cascades.  

Glutamate is a major neurotransmitter in the mammalian brain. It can bind to io-

notropic receptors (iGluRs) such as kainate-, α-amino-hydroxy-5-menthyl-4-isoxazole 

propionic acid (AMPA)- and N-menthyl-D-aspartic-acid (NMDA) receptors, and ge-

nerates EPSCs. The kainate receptors (KARs) and AMPA receptors (AMPARs) are 

expressed widely throughout the brain, which mainly permeate Na+ and K+. Depen-

ding on the subunit organization, they have different permeability of Ca2+ and partici-

pate in synaptic plasticity modulation (Lalanne et al., 2018; Vandenberghe et al., 

2000; Zinchenko et al., 2020). The KARs and AMPARs exhibit the overlapping sen-

sitivities towards their antagonists, yet they have many distinct functional differences 

regarding neurotransmission. As for NMDARs, they are highly permeable to Ca2+ and 
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additionally to monovalent cations such as Na+ and K+. Many postsynapses only have 

NMDARs but no AMPARs. At the resting state, NMDARs are blocked by Mg2+; the 

depolarization caused by the activation of AMPARs can remove the blockade of 

blocking NMDARs by Mg2+. Without the Mg2+ removal, the postsynapses remain 

“silent” and are unable to initiate synaptic transmission (Kerchner and Nicoll, 2008). 

Besides, NMDARs exhibit slower kinetics compared to AMPARs in a ten to hundreds 

milliseconds scale (Hansen et al., 2018) and generate long-term potentiation and de-

pression to regulate synaptic plasticity. 

IPSCs occur when γ-aminobutyric acid (GABA) or glycine releases and binds to 

GABAA receptors (GABAARs) or glycine receptors (GlyRs), respectively. Those re-

ceptors are both permeable to Cl-. The GlyRs mediate fast inhibitory neurotransmissi-

on mainly in the spinal cord and the brainstem in the CNS, and the GlyRs-regulated 

glycinergic neurotransmission are absent in the hippocampus (Xu and Gong, 2010). 

GABAARs, on the other hand, also have different subunit compositions regarding 

their locations, which some express throughout the brain, others only express in 

certain neuronal types and even outside the CNS (Sigel and Steinmann, 2012). Gene-

rally, Cl-  ion is driven by the gradient and flows through GABAARs into the cell. 

Exceptionally,  the extracellularly low Cl- gradient may lead the intracellular Cl- flows 

outward through GABAARs in the immature neurons and parts of the neuronal com-

partment, which causes the excitation of the membrane (Ben-Ari et al., 2007; Wright 

et al., 2011).  

 

1.1.2 Spontaneous neurotransmitter release  

Different from the evoked neurotransmission, spontaneous neurotransmission is 

action-potential independent. The traditional opinion on spontaneous release 

presumes that due to the low probability of conformational change in the vesicle 

fusion machinery, neurotransmitter release occurs randomly even without electrical 

stimuli (Kaeser and Regehr, 2014). Yet increasing studies suggest spontaneous 

neurotransmission is highly regulated by several molecular mechanisms (Kavalali, 

2019; Kavalali et al., 2011; Truckenbrodt and Rizzoli, 2014). Moreover, it also serves 

roles in synaptic plasticity, synapse formation and maturation (Andreae and Burrone, 

2018; Sutton et al., 2006; Yamamoto and Lopez-Bendito, 2012), and even modulating 

action-potential in some neurons (Carter and Regehr, 2002; Otsu and Murphy, 2003). 

Until now, the detailed theories of spontaneous release is still developing. Increasing 
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studies have demonstrated that spontaneous- and evoked release have partially 

segregated molecular signaling pathways. For instance, Ca2+-sensors are the essential 

modulators in both evoked and spontaneous neurotransmitter release. Synaptotagmin 

1 (Syt1), as a fast Ca2+-sensor, can support both evoked and spontaneous release (Xu 

et al., 2009), yet in which direction depends on the structural state of the Syt1 (Bai et 

al., 2016). In contrast, it has been indicated that the double C2 domain (Doc2) as 

another Ca2+-sensor exclusively modulates spontaneous release (Pang et al., 2011). 

Furthermore, the neurotransmitter receptors illustrate distinctive strategies regarding 

action-potential-driven and spontaneous release. In the pyramidal neurons, the 

presynaptic NMDARs regulate evoked and spontaneous release via dissociable 

mechanisms (Abrahamsson et al., 2017). By contrast, two subgroups of the 

postsynaptic NMDARs have been revealed in the hippocampal neurons, which have 

different modulations in these two types of neurotransmissions (Atasoy et al., 2008). 

Like the postsynaptic NMDARs, GABAARs in the hippocampus can also regulate 

evoked and spontaneous release, yet 40% of the subpopulation can only be activated 

by evoked release (Horvath et al., 2020). Accordingly, even though spontaneous and 

evoked release may occurs simultaneously, the spontaneous release could be 

regulated by an individual active zone. The released neurotransmitter activates a 

subpopulation of the postsynaptic receptors (Melom et al., 2013; Peled et al., 2014). 

Some hypotheses suggest that evoked and spontaneous transmission might share the 

same release pool, partially overlapping pool, or complete have the separated vesicle 

pool (Horvath et al., 2020). However, those investigations so far give disputable 

outcomes, possibly resulting from the sensitivity of methods (Fredj and Burrone, 

2009; Groemer and Klingauf, 2007).  

Moreover, the spontaneous release also depends on the extra- and intracellular Ca2+, 

which is partially regulated via VGCCs (Williams and Smith, 2018). One of the key 

resources triggering spontaneous release is the low open probability of VGCCs at the 

resting potential (Kavalali, 2019). However, studying the VGCCs regulating 

spontaneous release can be complicated in the CNS. In many studies, the spontaneous 

release remains unchanged when VGCCs are blocked in different neurons (Abenavoli 

et al., 2002; Vyleta and Smith, 2011; Yamasaki et al., 2006), while others do find the 

decreased event frequency (Ermolyuk et al., 2013; Goswami et al., 2012). This 

heterogeneity in the VGCCs-dependent spontaneous release can be attributed to 

experimental and biological factors. For example, by applying specific VGCCs 



Introduction 

	14	

blockers, Ermolyuk et al. are able to recognize the corresponding subtypes of VGCCs 

regulating spontaneous glutamate release. However, applying the non-selected 

VGCCs blocker Cd2+ increases Fluo-4 fluorescence, indicating the increase of Ca2+-

influx (Ermolyuk et al., 2013). Thus, the character of the inhibitors may introduce off-

target effects and disturb the phenotype. Moreover, intracellular Ca2+ storage can also 

affect spontaneous release. For example, in the hippocampal CA3 pyramidal neurons, 

researchers find that the stored Ca2+ can lead the high-frequency mEPSCs burst 

(Sharma and Vijayaraghavan, 2003). Depleting or blocking the intracellular calcium 

release reduces the spontaneous release (Emptage et al., 2001).  

Spontaneous neurotransmission is an essential process during the synapse 

development and maturation network. In the nascent synaptic contacts, the 

neurotransmission is dominated by spontaneous release (Andreae et al., 2012; 

Mozhayeva et al., 2002). It gradually increases during the whole development and 

maintains a crucial feature of the normal structural maturation (Andreae and Burrone, 

2018). In mature neurons, spontaneous neurotransmission influences electrical 

activity (Sharma and Vijayaraghavan, 2003). Studies show that the long-term 

blockade of spike activity can elevate spontaneous neurotransmission activity. This 

activity is indicated as synaptic scaling. This way, the neuronal firing rate maintains 

relative homeostasis after suppressing the spiking activities (Gonzalez-Islas et al., 

2018). 

 

1.2 VGCCs in the CNS 

1.2.1 The subtype and structure of VGCCs  

VGCCs mainly conduct Ca2+ ion. The activation of calcium channels can generate a 

local rise of Ca2+ from 100 nM up to micromolar range (Wadel et al., 2007). This ele-

vation plays key roles in intracellular signaling pathways, neurotransmission, con-

traction and secretion (Catterall et al., 2005). In the CNS, the dysfunctional VGCCs 

are pervasively associated with neurological and psychiatric disorders (Andrade et al., 

2019; Dolphin, 2016; Simms and Zamponi, 2014). Hence, acknowledging the 

structures and functions of VGCCs is one of the keys to uncover the neurotransmissi-

on mechanisms. 

Based on the activation threshold, VGCCs can be categorized into the high voltage-

activated (HVA) channels, including CaV1 (L-type) and CaV2 (P/Q- type, N-type and 

R-type); low voltage-activated (LVA) channels including CaV3 (T-type). The types of 
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channels can be distinguished physiologically and pharmacologically. In brief, dihy-

dropyridines (DHP) and nimodipine selectively block the L-type channels, while the 

ω-conotoxin MVIIC/GVIA blocks the N-type channels. Additionally, ω-conotoxin-

GIVA blocks both the N- and L-type channels (Gadbut et al., 1991). The P/Q-type 

channels can be blocked by ω-agatoxin-IVA (Randall and Tsien, 1995b). The R-type 

channel was considered to be resistant to most VGCCs blocker. However SNX-482 is 

now proven to be a selective antagonist (Wormuth et al., 2016). In addition to the 

specific calcium antagonists, cadmium (Cd2+) is used to inhibit N-, L- and T-type 

channels (Hinkle et al., 1987). Nickel (Ni2+), which blocks L-, R-, P/Q- and N-type 

channels, is also a non-selective calcium channel blocker (Zamponi et al., 1996).  

 
Table 1.1 Summary of VGCCs subtype classification 

 

The pore-forming subunit α1 of VGCCs sizes from 190 to 250 kDa; it has four 

repeated transmembrane voltage-sensing domains and around 2000 amino acids in 

total length (Hering et al., 2014). Every transmembrane domain is composed of six 

segments S1-S6. The segments S1-S4 are the voltage sensors, and the S5 and S6 form 

a membrane-associated loop as the central pore domain (Catterall, 2011). The S1 

includes a short intracellular N-terminus, and the S4 contains a large intracellular C-

terminus. A cytoplasmic linker connects each transmembrane domain to the next 

Type  α1 subunits  Gene Activation profile Principle functions 

L 

Cav1.1 CACNA1S 

HVA 

E-C coupling transcription 
regulation 

E-C coupling neuronal Ca2+ 

transient 

CaV1.2  CACNA1C 

CaV1.3  CACNA1D 

CaV1.4 CACNA1F 

P/Q CaV2.1 CACNA1A HVA Neurotransmitter release 
Dendritic Ca2+ transients 

N CaV2.2 CACNA1B HVA Neurotransmitter release 
Dendritic Ca2+ transients 

R CaV2.3 CACNA1E HVA Neurotransmitter release 
Dendritic Ca2+ transients 

T 

CaV3.1 CACNA1G 

LVA Pacemaker activity CaV3.2 CACNA1H 

CaV3.3 CACNA1I 
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domain (I-II, II-III, III-IV). The linker I-II has an alpha-interaction domain (AID), 

which can be bound by auxiliary β subunit in a high affinity (Pragnell et al., 1994). 

In the CNS, the CaV2 family predominantly control neurotransmission and regulates 

neuron firing properties. In general, fast synaptic neurotransmission is primarily 

dependent on P/Q-type and N-type channels (Wheeler et al., 1994). These channels 

are recruited to the active zone (Catterall and Few, 2008). The active zone allows the 

presynaptic vesicles to be surrounded by the VGCCs clusters within a close distance 

called micro- (coupling distance >100 nm) or nanodomains (coupling distance <100 

nm) (Vyleta and Jonas, 2014; Wadel et al., 2007). Thus, the elevated Ca2+ 

concentration via activating CaV2 channels will be sufficient to result in vesicle fusion 

(Llinas et al., 1992).  

Figure 1.1 The topology of the pore-forming α1 subunit.  

The α1 subunit is composed by four repeat domains, and each of them contain six 

transmembrane segments (S1-S6). Those segments connect via cytosolic linkers I-IV. S4 

forms a voltage sensor while S5 and S6 form the P loop as an ion pore. Auxiliary β subunit is 

able to bind to AID domain at the linker I-II. Out, extracellular; In, intracellular.  

 

Despite the CaV2 family roles in neurotransmission, the subtypes differ by kinetics 

and integrate distinctly in varying neurotransmission modulation. For instance, many 

neurotransmitters suppress P/Q-type and N-type activities via G-protein-coupled 

receptors (Hille, 1994), by shifting the channel to the low open probabilities status 

(Dolphin, 1998). To this extent, N-type channels are observed to be more affected 

than P/Q-type channels (Agler et al., 2003; Currie and Fox, 2002). Moreover, the 

blockade of either the P/Q- or N-type channel affects glutamate release in the CA1 

neurons. In this model, the paired-pulse facilitation (PPF) increases when the P/Q-

type channels are blocked, whereas it decreases when the N-type channels are blocked 

(Scheuber et al., 2004). These distinctive features could be explained by that the P/Q- 

and N-type channels are not evenly distributed and enriched on the hippocampal 

neurons and synaptic subtypes (Reid et al., 2003). More specifically, it has been 
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indicated that P/Q- and N-type channels have subtype-preferring slots on the 

hippocampal presynaptic membrane (Cao et al., 2004; Cao and Tsien, 2010). The 

overexpression of N-type channels can take over the slots of P/Q-type channels and 

support the vesicle fusion but not vise versa (Cao and Tsien, 2010). In contrast, a 

recent in vivo study has indicated that P/Q-type channels can compete with other 

CaV2 channels at the calyx of Held. These active zones prefer P/Q-type channels to 

N-type channels, and the specific slots for P/Q-type channels are not fully occupied, 

leaving some space for the synaptic strength modulation (Lubbert et al., 2019).  

In contrast to P/Q- and N-type channels, R-type channels have slower kinetics and 

activate at more negative potentials (Ermolyuk et al., 2013). Studies have shown that 

R-type channels only partially localize at the release site (Dietrich et al., 2003) and 

express throughout the somatodendritic region (Gutzmann et al., 2019). Due to their 

special kinetics and the wide-spread locations, R-type channels are able to regulate 

neuronal excitability. For instance, afterdepolarization (ADP) usually occurs after 

single action potentials, which contributes to intrinsic burst firing in some neurons, 

and can appear at the potential close to the resting potential. Because of the voltage-

dependent kinetics, the R-type channels remain long open after action-potential and 

drive ADP in the CA1 neurons, triggering intrinsic burst firing (Metz et al., 2005). In 

cooperation with small-conductance calcium-activated potassium channels (SK) and 

big-conductance calcium-activated potassium channels (BK), they contribute to 

shaping the action-potential waveform which impacts the synaptic transmission 

(Gutzmann et al., 2019). However, considering many controversial pieces of 

evidence, it is still unclear whether R-type channels directly regulate evoked synaptic 

transmission (Dietrich et al., 2003; Gasparini et al., 2001).  

 

1.2.2 The auxiliary subunits of VGCCs 

From the biochemical studies in muscle and brain, calcium channel α1 subunits are 

always associated with their auxiliary subunits. Evidence from the cardiac skeleton 

muscles Ca2+ channels purification identified the α1, α2δ, β, and γ subunits (Chang and 

Hosey, 1988). In contrast, in the CNS, only α1, α2δ and β subunits are recognized by 

ω-conotoxin labeled N-type channels and ω-agatoxin labeled P/Q-type channels in the 

early studies (Ahlijanian et al., 1990; Liu et al., 1996; Martin-Moutot et al., 1995; 

McEnery et al., 1991). Later, a novel γ subunit (stargazin) was revealed in the neurons 
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as well (Letts et al., 1998), and a total of seven isoforms of γ subunits are discovered 

expressing in the brain and other tissues (Klugbauer et al., 2000).  

The β subunits are hydrophilic proteins, which are about 50-65 kDa in size and lo-

cated intracellularly. They contain four subfamilies β1-4; each of them has splice 

variants. The β subunit has a core Src homology 3 (SH3), a guanylate kinase-like 

(GK) domain, and an in-between HOOK region (Dolphin, 2016). This SH3-HOOK-

GK module functions as a scaffold molecule that organizes protein complexes at 

synapses and cell junctions. The GK domain binds to the AID motif in α1 subunits 

(Buraei and Yang, 2010). They increase the VGCCs surface expression and effect on 

the channel voltage-dependent activation and inactivation (Buraei and Yang, 2010; 

Josephson and Varadi, 1996; Xie et al., 2007). Besides, β subunits also help prevent 

proteasomal degradation (Altier et al., 2011). Although β subunits can bind the AID 

motif in a high affinity, this binding can also be reversed (Hidalgo et al., 2006); the 

dissociation with the β subunit can promote endocytosis of the α1 subunit (Neely and 

Hidalgo, 2014). 

Figure 1.2 Scheme of VGCC complexes on the cell membrane  

In the CNS, VGCCs complex is mainly composed of a pore-forming α1 subunit where mainly 

Ca
2+

 ion flows through; auxiliary β subunit intracellularly binds to the α1 subunit and effects on 

the surface expression and kinetics of the α1 subunit. The auxiliary α2δ subunit contains most-

ly extracellular domain and a short transmembrane GPI-anchor. They interact with the α1 

subunit and affect the surface expression and functions of the α1 subunit.  

 

The α2δ subunits size around 175 kDa; they are composed of predominantly ex-

tracellular domains and associate on the plasma membrane via a glycosyl-

phosphatidylinositol (GPI) anchor after the δ domain (Dolphin, 2013). Until now, four 

mammalian α2δ subunits have been cloned (α2δ-1/2/3/4), and each of them has several 

splice site variants (Dolphin, 2012). They are post-translationally cleaved into two α 
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domains and a δ domain. These two domains are highly glycosylated and connected 

by a disulfide bond (Gurnett et al., 1996; Jay et al., 1991). The α2δ subunits affect 

biophysical properties and kinetics of the α1 subunits, such as the activation and 

steady-state inactivation (Felix et al., 1997; Qin et al., 1998); increase the maximum 

conductance of α1-β combinations in various of expression systems (Davies et al., 

2006; Davies et al., 2010; Felix et al., 1997; Hobom et al., 2000; Klugbauer et al., 

1999). Moreover, the rise of evidence has indicated that the α2δ subunits enhance the 

forward trafficking of the α1 subunits. These indications possibly explain the 

enhancement of Ca2+ current densities by co-expressing α1 subunits  (Dolphin, 2012; 

Hoppa et al., 2012; Kadurin et al., 2017). Many studies claim that α1-β-α2δ has a 

stoichiometry of 1:1:1 (Catterall, 2011), and α2δ subunits direct control the functions 

and intracellular trafficking of α1 subunits (Cantí et al., 2005; Savalli et al., 2016). Yet 

proteomic data has indicated that α2δ has a much lower expression ratio in 

comparison of α1 and β subunits (Müller et al., 2010). In addition, the α2δ-1 subunit 

has much higher mobility than α1B subunits (Voigt et al., 2016). Thus, these studies 

demonstrate that the interaction between α2δ and α1 is rather dynamic and transient.  

The α2δ subunits are capable of regulating neurotransmission by modulating α1 

subunits and directly interacting with synaptic molecules. In the mean of regulating 

VGCCs, the α2δ-1/2 subunits with a mutated metal ion-dependent adhesion site 

(MIDAS) reduce release probability while still recruiting synaptic VGCCs (Hoppa et 

al., 2012). In the hippocampal neurons, the α2δ-1 subunits can enhance the VGCCs 

surface expression and enlarge active zones, yet the mobilities and densities of the 

channels are not affected (Schneider et al., 2015). Apart from the VGCCs-related 

functions, α2δ subunits also arrange active zones and act as the trans-synaptic 

organizers of synapses formation (Schöpf et al., 2019). For example, the α2δ-2 

subunits with alternatively spliced exon 23 can lead to the mismatched localization of 

postsynaptic GABAARs, regulating axonal wiring, and maintaining excitatory-

inhibitory balance (Geisler et al., 2019). In the cultured hippocampal neurons, 

overexpressing α2δ-1 subunits enhances spontaneous neuronal activity, yet 

overexpression α2δ-3 subunits promote the development of immature interneurons 

and excitatory synaptic density (Bikbaev et al., 2020). 

 



Introduction 

	20	

1.3.1 Synaptic adhesion molecule neurexin and its structure 

Besides VGCCs, synaptic adhesion molecules are crucial for the synaptic functions. 

They not only adjust the precise location between pre- and postsynaptic sites, but they 

also establish synaptic connections, recognize specific trans-synaptic molecular in-

teractions, and regulate synaptic plasticity (Missler et al., 2012; Sudhof, 2012). Neu-

rexins are one of the synaptic adhesion molecules that express widely in the CNS. 

They are first discovered as the receptors of α-latrotoxin, a neurotoxin from black 

widow spider venom, which triggers massive neurotransmitter release (Ushkaryov et 

al., 1992). There are three neurexin genes in the mammalian genome (Nrxn 1-3). Only 

one neurexin gene in Caenorhabditis elegans (C.elegans) and Drosophila melanoga-

ster (D. melanogaster) (Nrx-1) is discovered (Tabuchi and Südhof, 2002). Two main 

variants, α-neurexins and β-neurexins, are broadly reported. Neurexin 1γ (the mini-

neurexin) is increasingly getting recognized (Kurshan et al., 2018; Sterky et al., 

2017). In animal models, mice neurexins are primarily located at the presynaptic 

terminals (Reissner et al., 2013; Sudhof, 2017). Yet, a few cases have also indicated 

the postsynaptic neurexins in mice (Kattenstroth et al., 2004; Taniguchi et al., 2007), 

worms (Chen et al., 2017) and flies (Chen et al., 2010), and astrocytic neurexins 

(Trotter et al., 2020). All α-neurexins are composed of six laminin-neurexin-sex 

hormone-binding globulin (LNS) domains (LNS1-6), three epidermal growth factor-

like (EGF) domains (EGF1-3), an O-glycosylated region, a short cysteine-loop 

domain, a transmembrane domain, and a C-terminus intracellular 55-56 residues. 

Each EGF domain is next to two LNS domains (LNS-EGF-LNS), forming a 

“cassette”. In contrast, β-neurexins contain only one LNS domain. The LNS is similar 

to the LNS6 of α-neurexins. This LNS domain is after a β-neurexin-specific histidine-

rich 37 amino acid domain and O-glycosylation region. Yet neurexin 1γ is completely 

lacking canonical extracellular domains and is absent from neurexin 2 and neurexin 3 

genes (Sterky et al., 2017). All the isoforms of neurexins have a very similar sequence 

at the O-glycosylated region, the cysteine-loop domain, the transmembrane domain, 

and the intracellular region (Ushkaryov et al., 1994). The Nrxn1 is more similar to the 

Nrxn3 compared to Nrxn2 (Treutlein et al., 2014).  

Unlike the invertebrate neurexins, the vertebrate neurexins sequences are highly 

diversified due to extensive alternative splicing (Tabuchi and Südhof, 2002). The α-

neurexins contains six alternative splicing sites (SS1-6), the β-neurexins only contain 

two SS (SS4-5), and the γ-neurexin contains one SS. Throughout the brain, thousands 
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of isoforms of neurexins with specific SS express distinctively at different synapses  

(Schreiner et al., 2014; Treutlein et al., 2014). Thus, a neurexin variant can recognize  

a specified synapse (Sudhof, 2017; Ushkaryov et al., 1992). The appearance of SS 

also has important physiological meanings. The splicing sites of neurexins can be 

modulated by neuronal activities temporally and spatially. For example, the neuronal 

activities trigger a late-onset of Nrxn1 SS4 in mouse dentate gyrus by accumulating 

histone marker H3K9me3 (Ding et al., 2017). In cerebellar granule cells, Nrxn1 SS 

isoform is regulated via calcium/calmodulin-dependent kinase IV signaling (Iijima et 

al., 2011). Depolarization modulates the SS1 and SS3 of Nrxn2 expression in the 

cortical neurons (Rozic-Kotliroff and Zisapel, 2007). Moreover, the specific SS is an 

important feature of neurexins interacting with cis- and trans-synaptic protein binding 

partners. In particular, the presence of SS4 is crucial for neurexins and protein 

interactions. For instance, cerebellins and LRRTMs are pivotal postsynaptic 

modulators. Yet cerebellins only bind to the SS4 inserted neurexins, while latrophilins 

and LRRTMs only bind to the neurexins without SS4 (Siddiqui et al., 2010; Uemura 

et al., 2010). Neuroligin-neurexin bindings are crucial for trans-synaptic signaling and 

neural network specification (Südhof, 2008). Neuroligin 1 only binds to β-neurexins 

with the SS but not α-neurexins with the SS4 (Ichtchenko et al., 1995; Ichtchenko et 

al., 1996). The SS4 insertion can strengthen neurexin 3β binding to neuroligins, yet 

weaken the neurexin 1β or 2β binding to neuroligins (Koehnke et al., 2010). 

 

 
Figure 1.3 Construct schemes of main neurexin isoforms 

Every neurexin gene encodes a signal peptide, which is cleaved off during post-transcription. 

The structure of extracellular O-glycosylation sites, cysteine-loop, a transmembrane region 

and C-terminus are almost identical for every neurexin variant. Three LNS-EGF-LNS casset-

tes compose extracellular domains of the α-neurexins. The β-neurexins start with a unique 37 

histidine-rich amino acids and only one LNS domain. The extracellular neurexin 1γ only con-

tains a short cysteine-loop and is followed by the transmembrane region. SP, signal peptide; 

SS, splicing site; TM, transmembrane region; N, N-terminus; C, C-terminus.  
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The extracellular region of neurexins has several glycosylation sites; the LNS1, 4 and 

6 contain N-glycosylation sites and the O-glycosylation site after LNS6. Those 

glycosylation sites have potent functions. The N-glycosylation of neurexin 1β acts as 

a key modulator of N-acetylated α-synuclein uptake, a protein which its accumulation 

is related to the pathology of Parkinson disease (Birol et al., 2019). Evidence has been 

given that heparan sulfate at the O-glycosylation site is essential for neurexin binding 

to neuroligin and LRRTM. It is crucial for normal synapse development at mouse 

hippocampal mossy fiber CA3 synapses (Zhang et al., 2018). Intracellularly, all 

neurexins contain the PDZ binding motif, which interacts with several important 

proteins such as Cask (Hata et al., 1996), Mint (Biederer and Sudhof, 2000) and 

syntenin (Koroll et al., 2001). Those proteins are associated with synaptic vesicle 

exocytosis machinery, giving hints of how are neurexins engaging in modulating 

neurotransmitter release.  

 

1.3.2 Functions of neurexins  

Several clinical studies have reported that the mutated NRXN1, NRXN2 and NRXN3 

are associated with many neurological diseases and psychiatric disorders (Castronovo 

et al., 2020; Gauthier et al., 2011; Hishimoto et al., 2019; Rochtus et al., 2019; Vaags 

et al., 2012), suggesting their significant roles in maintaining normal human brain 

function. It has been widely investigated in the different neurexin deletion models, 

indicating that neurexins are engaged in many important molecular signaling 

pathways to control neurotransmission and regulate pre- and postsynaptic properties 

together with protein binding partners (Reissner et al., 2013; Sudhof, 2017). 

In the mice model, the conventional deletion of α-neurexins in mice causes death 

within a day after birth (Missler et al., 2003). Different from the dramatic phenotype 

of α-neurexins knockout, β-neurexins generally express up to 100-fold lower than the 

corresponding α-neurexins, and the mice without β-neurexins are viable. However, 

they are smaller than wild-type mice and not fertile (Anderson et al., 2015). Both 

isoforms of neurexins are engaged in signaling pathways depending on the brain regi-

ons. The loss of α-neurexins reduces the excitatory and inhibitory postsynaptic 

response in the brainstem (Missler et al., 2003). In the neocortex, α-neurexins are es-

sential for normal NMDARs modulating evoked and spontaneous release via a cell-

autonomous mechanism (Kattenstroth et al., 2004). By contrast, deleting all β-

neurexins impairs action potential-induced Ca2+ influx in the cortical neurons, which 
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reduces the release probability at the excitatory synapses. This process is not due to 

the presynaptic cell-autonomous process. Instead, the lack of β-neurexins disinhibits 

the trans-synaptic tonic endocannabinoid signaling (Anderson et al., 2015). Conditio-

nal αβ-neurexins knockout is generated to study neurexins in the adult mouse. In 

pyramidal layer 5 neurons, parvalbumin interneurons are reduced without changing 

their synaptic strength. In contrast, the lack of neurexins does not affect the number of 

synapses on somatostatin positive interneurons, but it rather impairs partially Ca2+ 

mediated neurotransmitter release (Chen et al., 2017). 

Interestingly, when α-neurexins are absent, the active zone’s size, vesicle number and 

size, or synaptic cleft width remain unchanged (Dudanova et al., 2007). Furthermore, 

deleting αβ-neurexin leads to accelerating synapses elimination; the release reduction 

resulting from the deletion of neurexins is greatly due to the decreased number of 

readily releasing pools (Quinn et al., 2017). These indications demonstrate that neu-

rexins may not affect synaptogenesis but rather are important for the maturation and 

the maintenance of the synapses. 

Neurexin controlling neurotransmission also depends on its isoform and the localized 

synapse, since neurexin variants have specific expression preferences (Anderson et 

al., 2015; Fuccillo et al., 2015; Harkin et al., 2017). For instance, neurexin 1α forms 

separated nanoclusters at the excitatory synapses (Trotter et al., 2019). Its deletion re-

veals a decreased mEPSC in hippocampal cultured slices, but the inhibitory neuro-

transmission remained unaltered (Etherton et al., 2009). In comparison, Nrxn2 knock-

out mice showed a reduced NMDA receptor-dependent response in the neocortex, 

while their inhibitory transmission and synapses densities are also unchanged (Born et 

al., 2015). Moreover, neurexin 2α is recruited by immunoglobulin superfamily 

member 21 (IgSF 21) at CA1 hippocampal inhibitory synapses, affecting the 

inhibitory presynaptic differentiation by IgSF21 (Tanabe et al., 2017). Overexpressing 

neurexin 2β in the cultured hippocampal neurons decrease the GABAergic synapse 

response via interacting GABAARs (Zhang et al., 2010). Neurexin 3 is essential for 

presynaptic GABA release in the olfactory bulb, yet they are necessary for the surface 

AMPAR and GluA1 expression in the hippocampus (Aoto et al., 2015). Together, in 

various Nrxn modified models, those neurexins variants all shown their crucial func-

tions in the different types of neurons. However, whether the different neurexins func-

tion similarly at the same synapse types remain to be elucidated. 
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Neurexins regulating synapses function depends on the interactions with their va-

rious cis- and trans-synaptic protein ligands. For example, postsynaptic neuroligins 

directly bind to neurexins and form the neurexin-neuroligin complex. This complex is 

not necessary for the synaptogenesis. Instead, its binding stabilizes the axon-dendrite 

contact, which is important for the maturation and maintenance of synapses (Krueger 

et al., 2012; Südhof, 2008). Neurexophilin-1 is abundantly expressed in the 

interneurons of the hippocampus and binds to LNS2 of neurexin-1α. Their binding 

can recruit or stabilize the presynaptic GABABR and the postsynaptic GABAAR, 

playing a role in controlling synaptic plasticity (Born et al., 2014). 

Many studies have indicated that the dysfunction or lack of neurexins impairs neuro-

transmission is associated with VGCCs. For example, the pre-Bötzinger complex 

neurons have reduced Ca2+-influx in the α-neurexin knockout mice. As the evoked 

and spontaneous responses are reduced from those neurons, these responses are 

regulated by the P/Q- and N-type channels (Missler et al., 2003; Zhang et al., 2005). 

Moreover, those mice also exhibits Ca2+-influx reduction in the hippocampal neurons. 

Neurexin 1α over-expression is able to reverse the loss of Ca2+ influx; besides, they 

cooperate specifically with α2δ-1 subunits to regulate the function of the dominant 

P/Q-type channel (Brockhaus et al., 2018). Recently, study in C. elegans has indicated 

that the postsynaptic NRX-1 binds to the presynaptic α2δ subunit, and the NRX-1 re-

gulates ACh release through UNC-36 (N-type channel in C.elegans) (Tong et al., 

2017), providing another possible insight on how the neurexin interacts with VGCCs. 

However, it remains unclear the molecular mechanisms of neurexin variants interac-

ting with VGCCs to regulate neurotransmission. 

 

1.4 Aim of the study 

The roles of neurexins regulating neurotransmission have been investigated for years. 

However, the molecular signaling pathways are still under discussion (Figure 1.4). 

As for evoked neurotransmission, many indications of the neurexin-deletion models 

support that the lack of neurexins reduces the amplitude of EPSCs and IPSCs. Some 

of the indications have also pointed out the dysfunctional VGCCs in those models. 

However, how do neurexins affect synaptic VGCCs to regulate evoked synaptic 

release is still unknown. Recently, evidence from hippocampal neurons and C.elegans 

suggests that neurexin can affect Ca2+-influx via P/Q-type or N-type channels by co-

expressing specific α2δ subunit (Brockhaus et al., 2018; Tong et al., 2017). Yet, the 
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molecular mechanism behind this hypothesis remains to be clarified. In this doctoral 

study, I focused on the relationship between neurexin 1 and the recombinant N-type 

channel. I tried to understand the following questions: 

(1) Whether neurexin 1α/β affects the Ca2+ influx through N-type with different 

α2δ subunit, and affects the N-type channel biophysical properties. 

(2) Whether neurexin 1 affects the N-type channel surface expression. 

To avoid the complicity in neurons and focus on the association between neurexins 

and the recombinant calcium channels, I took advantage of the tsA-201 (HEK 293) 

cells as the heterologous expression system, transient transfection approach to express 

genes of interests and recorded the transfected cells by whole-cell patch-clamp 

electrophysiology. 

As for spontaneous neurotransmission, some of the studies have indicated the deletion 

of the different neurexin variants induced reduced mPSCs amplitude and frequency, 

yet others have not. These discrepancies of phenotypes proceeded in different animal 

models and neuronal types, which is difficult to find a benchmark for the roles of neu-

rexins and the related mechanisms in regulating spontaneous release. Therefore, I 

addressed the following questions in this study: 

(1) How much does spontaneous release rely on neurexins in neurons? 

(2) Are VGCCs involved in spontaneous release regulation together with neu-

rexins?  

Using cultured primary hippocampal neurons from the complete αβ-neurexins mice 

model, I recorded excitatory/inhibitory spontaneous release in those neurons. 

Furthermore, I applied specific CaV2 channel blockers, to identify whether CaV2 

channels are associated with the neurexin-regulated spontaneous release.  

 

Figure 1.4 Scheme of the changes of synaptic neurotransmission by deleting-

neurexins 

Deleting neurexins cause the impairment in evoked and spontaneous neurotransmission in 

several investigations. Neurexins modulate evoked release are related to VGCCs-regulated 

signaling pathways. In this doctoral thesis, whether neurexin affects recombinant VGCC func-

tions was studied using transiently transfected tsA-201 cells. In contrast, there is less evi-

dence about how neurexins regulate spontaneous release. The cultured primary hippocampal 

neurons were used to investigate the impact of neurexins in spontaneous neurotransmission. 
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2. Materials and methods 

2.1 Material 

2.1.1. Chemicals 

	

Chemicals Company 

6-Cyano-7-nitroquioxaline-2, 3-dione disodium salt 
hydrate (CNQX) Sigma, Taufkirchen 

Adenosine-5’-triphosphate disodium salt  
(Na2 - ATP) Roth, Kaulsruhe 

Agarose Biozym, Hessisch Oldendorf 
Ammonium acetate Sigma, Taufkirchen 
Aqua ad iniectabilia B. Braun, Melsungen 
Benzy 2-acetamido-2-deoxy-α-D-galactopyranoside Sigma, Taufkirchen 
Bicuculline Sigma, Taufkirchen 
Calcium chloride (CaCl2) Roth, Kaulsruhe 
Cesium hydoxide (CsOH) Alfa Aesar, ThermoFischer 
Cesium methanesulfonate (CsMeS) Sigma, Taufkirchen 
D-(-)-2-Amino-5-phosphonopentanoic acid (AP-5) Tocris, Bristol, UK 
D-(+)-Glucose Sigma, Taufkirchen 
Dimethyl sulfoxide (DMSO) Roth, Karlsruhe 
DNA-standard Life Technologies, Darmstadt 
dNTPs Life Technologies, Darmstadt 
Ethanol denatured (70%, 96%) (EtOH) UKM Apotheke 
Ethidium bromide Roth, Karlsruhe 
Ethlylene glycol-bis (2-aminoethylether)-N,N,N’ 
(EGTA) Roth, Kaulsruhe 

Fluorescence mounting medium Dako, Hamburg 
Glutamine PAA/ GE Healthcare, Cölbe 
Guanosine-5’-triphosphate disodium salt  
(Na2 - GTP) Roth, Kaulsruhe 

2-(4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES) Life Technologies, Darmstadt 

Hydrochloric acid Roth, Karlsruhe 
iProof GC Buffer Bio-Rad, München 
iProof HF Buffer Bio-Rad, München 
iProof TM High-Fidelity DNA Polymerase Bio-Rad, München 
Isoproyl alchohol Roth, Karlsruhe 
Lidocaine N-ethyl bromide Sigma, Taufkirchen 
Lysosome Roth, Karlsruhe 
Magnisium chloride (MgCl2) Roth, Kaulsruhe 
Molecular size weight marker Life Technologies, Darmstadt 
Monosodium phosphate (NaH2PO4) Roth, Kaulsruhe 
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Nitric acid Merck, Darmstadt 
Normal goat serum (NGS) Life Technologies, Darmstadt 
Paraffin Roth, Karlsruhe 
Paraformaldehyde (PFA) Roth, Karlsruhe 
Phosphate buffered saline (PBS) BioChem, Karlsruhe 
Poly-L-Lysine Sigma, Taufkirchen 
Potassium chloride (KCl) Roth, Kaulsruhe 
Potassium gluconate (K-gluconate) Roth, Karlsruhe 
Saccharose Bio-Rad, München 
SNX-482 Alomone labs, Jerusalem, Israel 
Sodium chloride (NaCl) Roth, Kaulsruhe 
Sodium hydroxide (NaOH) Roth, Kaulsruhe 
Sucrose Roth, Karlsruhe 
Tetraehlammonium chloride (TEA-Cl) Sigma, Taufkirchen 
Tetrodotoxin (TTX) Alomone labs, Jerusalem, Israel 
Tris-HCl Roth, Karlsruhe 
Triton X-100 Roth, Karlsruhe 
Trypsin Sigma, Taufkirchen 
β-mercaptoethanol Roth, Karlsruhe 
ω-Agatoxin IVA  Alomone labs, Jerusalem, Israel 
ω-Conotoxin GIVA Alomone labs, Jerusalem, Israel 

 

2.1.2 Medium and supplements 

	

Medium and Supplements Company 

Ampicillin Sigma, Taufkirchen 
B27 supplement Life Technologies, Darmstadt 
Bovine serum albinum (BSA) GE Healthcare, Freiburg 
Cytsine arabinoside Sigma, Taufkirchen 
Dulbecco’s Modified Eagle’s Medium (DMEM) Sigma, Taufkirchen 
Fetal calf serum (FCS) Life Technologies, Darmstadt 
Hank's Balanced Salt Solution (HBSS) Life Technologies, Darmstadt 
Horse serum (HS) Life Technologies, Darmstadt 
Insulin Sigma, Taufkirchen 
Kanamycin Sigma, Taufkirchen 
Laura Bertani medium (LB-Medium) Roth, Karlsruhe 
Minimum Essential Medium (MEM) PAA/GE Healthcare, Cölbe 
Neurobasal medium Life Technologies, Darmstadt 
Normal goat serum (NGS) Life Technologies, Darmstadt 
NZY+ Medium Roth, Karlsruhe 
Penicillin-streptomycin Life Technologies, Darmstadt 
Progesterone Sigma, Taufkirchen 
Putrescine Sigma, Taufkirchen 
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2.1.3 Apparatus 

	

Apparatus Model Company 

Agrose gel chamber 
 

Amersham Pharmacia, 
Little Chalfront, UK 

Analytical balance LA120S Sartorius, Göttingen 
Autoclave  Integra Bioscience, Fernwald 
Bacterial shaker Innova 40 Eppendorf, Hamburg 
Benchtop shaker KS260 basic IKA, Wilmington, USA 
Camera for electrophysiology IR CCD Camera VX55 TILL Photonics, Graefelfing 
Centrifuge 5804R/ 5424R Eppendorf, Hamburg 
CO2 incubator MCO-19AIC (UV) Sanyo, Gunma, Japan 
Cryoscopic osmometer OSMOMAT 3000 Gonotec, Berlin 
E.coli pulser Gene Pulser Xcell Bio-Rad, Munich 

Fluorescence light source SPECTRA-X light en-
gine Visitron, Pucheim 

Fridge (4/-20 °C)  Liebherr, Biberbach an der Riss 
Gel documentary system  INTAS, Göttingen 
Heating block Thermomixer compact Eppendorf, Hamburg 
Heating oven  Heraeus Instruments, Hanau 
Ice machine  Scotsman, Venon Hills, USA 

Laminar flow cabinet Herasafe KS Thermo Scientific, Waltham, 
USA 

LB-plate incubator  WTB-Binder, Tuttlingen 
Light microscope Axio Vert 2 Carl Zeiss, Jena 
Manipulator units Mini 25 3 Axes Luig & Neumann, Ratingen 
Microscope 
(Electrophysiology) Axio Examiner D1 Carl Zeiss, Jena 

Microscope adjustable plate  Linos, Göttingen 
Microscope 
(Immunohistochemistry) Axio Imager Z2 Carl Zeiss, Jena 

Microscope objectives 
(Electrophysiology) 

EC Plan.Neofluar 
5x/0.16 Carl Zeiss, Jena 

Microscope objectives 
(Immunohistochemistry) 

Plan-Apochromat 
63x/1.4 Oil Carl Zeiss, Jena 

Microscope shifting table V240 Luig & Neumann, Ratingen 

Monitor 12' B/W CCTV, MX-
12A ABUS Security-Center, Affing 

Patch-Clamp amplifier EPC 10 USB Double HEKA Electronik, Lambrecht 

Peristaltic pump ISMATEC, REGLO 
Analog 

IDEX Health & Science, 
Wertheim 

pH meter  Bosch, Stuttgart 
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Pipette puller PIP 6 HEKA Electronik, Lambrecht 
Power supply SNT 12V 100W Carl Zeiss, Jena 

Pure water system Purelab Flex Veolia Water Technologies, Cel-
le 

Remote control SM-5 Luig & Neumann, Ratingen 
Rotating shaker Labinco, Breda, the Netherlands 
Sherilizer Fine Science Tools, Heidelberg 

Shutter High Speed Shutter 
System Visitron, Pucheim 

Temperature controller Luig & Neumann, Ratingen 
Vibration isolation platform Vision IsoStation 125A Newport, Irvine, USA 
Vortexer IKA, Wilmington, USA 
Waterbath Ecotemp TW12 Julabo, Seelbach 

2.1.4 Consumables 

Consumables Model Company 

Capillary glass 
Borosilicate Thin Wall with Fila-
ment 1.5 mm OD, 1.17 mm ID, 
100mm Length 

Harvard Apparatus, March-
Hugstetten 

Coverslips  ∅ 13 mm/ 30 mm 
Glaswarenfabrik Karl Hecht, 
Sondheim 

Cell culture plate ∅ 60 mm/ 100 mm Greiner Bio-one, Fricken-
hausen 

Spectrophotometry 
cuvettes UVette, 220-1600 nm Eppendorf, Hamburg 

Syringe filter Titan, PVDF, 0.20 µm, 4 mm SUN Sri, Rockwood, USA 

Syringe Needle MicroFil, 34 gauge World Precision Instruments, 
Sarasota, USA 

Pipette WTW-inoLab, Weilheim 

2.1.5 Software 

Software Company 

Adobe Illustrator CS4 Adobe systems, Munich 
FitMaster v2x67 HEKA Elektronik, Lambrecht 
IgorPro 6.35A5 WaveMetrics, Oregon, USA 
ImageJ64 NIH, Bethesda, USA 
Lasergene 8.0.3 DNAStar, Madison, USA 
PatchMaster c2x69 HEKA Elektronik, Lambrecht 
Prism 6 GraphPad, La Jolly, USA 
VIsiView 2.1.1 Visitron, Puchheim 
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2.1.6 Molecular biology Kits  

Kit Company 

iProofTM High Fidelity PCR Bio-Rad, Munich 
NeucleoBond ® Xtra Midi/Maxi Macherey Nagel, Düren 
NeucleoSpin Plasmid Macherey Nagel, Düren 
QIAEX II Agarose Gel Extraction QIAGEN, Düsseldorf 
QuikChange® Lightning Site-directed 
Mutagenesis Kit Agilent Technologies, Waldbronn 

 

2.1.7.1 Solutions for neuronal and cell culture 

Freezing medium  

90% FCS, 10% DMSO 

Defrosting medium 

10% FCS, 10% glutamine, 5% penicillin/streptomycin (100×) in DMEM 

Borate buffer (0.1 M, pH 8.5) 

1.24 g Boric acid, 1.90 g disodium tetraborat, 400 ml aqua ad iniectabilia 

1×HBSS in 500 ml 

50 ml  10×HBSS, 5 ml HEPES (1 M, pH 7.3), 5 ml penicillin/streptomycin (100×) 

and 440 ml aqua ad iniectabilia 

Glial MEM in 500 ml 

425 ml 1×MEM, 50 ml HS, 15 ml D-(+)-glucose, 5 ml sodium pyruvate (100×) and 5 

ml penicillin/streptomycin (100×) 

Neuronal plating medium in 500 ml 

450 ml MEM and 50 ml HS 

Neuronal medium B27 in 100 ml 

100 ml Neurobasal medium, 250 µl glutamine, 2 ml B27 serum-free supplement and 

1ml penicillin/streptomycin (100×) 

HEPES buffer for neuron (steriley filtered) 

274 mM NaCl, 40 mM HEPES, 12 ml D-(+)-glucose, 10 ml KCl, Na2HPO4, pH 7.4 

HEK tsA201 cell culture medium with 10% FCS  

500 ml DMEM, 50 ml FCS and 5 ml penicillin/streptomycin (100×) 

HEK tsA-201 cell culture medium with 2% FCS  

500 ml DMEM, 10 ml FCS and 5 ml penicillin/streptomycin (100×) 

Calcium phosphate transfection solution (sterilely filtered) 

250 mM CaCl2 × 2H2O 

2×HEPES buffer in 100ml 
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274 mM NaCl, 40 mM HEPES, 12 mM D-(+)-glucose, 10 mM KCl, 1.4 mM 

Na2HPO4, pH 7.05 

 

2.1.7.2 Solutions for electrophysiology 

Pipette solution for cultured hippocampal neurons (osmolarity 300 osm/kg) 

KCl based pipette solution 

140 mM KCl, 1 mM CaCl2, 10 mM HEPES, 2 mM MgCl2, 4 mM Na-ATP, 0.5 mM 

Na-GTP, 10 mM EGTA 10 mM, Lidocaine 5 mM, pH 7.3 

Bath solution for neurons in recording (osmolarity 310 osm/kg) 

145 mM NaCl, 11 mM glucose, 1.5 mM MgCl2, 1.5 mM CaCl2, 3 mM KCl, 10 mM 

HEPES, pH 7.3 

Pipette solutions for HEK tsA201 cell (osmolarity 280 osm/kg) 

125 mM CsMeS, 2 mM MgCl2, 5 mM EGTA,10 mM HEPES, 4 mM Na-ATP, 0.5 

mM Na-GTP, 20 mM TEA-Cl, pH 7.4 

Bath solution for HEK tsA201 cell in recording (osmolarity 300 osm/kg) 

115 mM NaCl, 20 mM TEA-Cl, 1 mM MgCl2, 3 mM CaCl2,10 mM glucose, 10 mM 

HEPES, pH 7.4 

 

2.1.8 Cell line and animals 

Animal breeding and experimental operation were compiled with government regula-

tions for animal welfare and permitted by Landesamt für Natur, Umwelt und Ver-

braucherschutz (LANUV, NRW, Germany). The animal experiments were performed 

at the animal facility of the Institute for Anatomy and Molecular Neurobiology, the 

University Hospital Muenster. The astrocytes were applied to co-culture with neurons 

as the feeding layer from the wide-type C57BL/6N mice line (Janvier Labs, Saint-

Berthevin Cedex, France). The Nrxn123 mice were in C57BL/6N; CD1 mixed back-

ground (Chen et al., 2017). In this mice line, a loxP site edged in the exon 18 in 

Nrxn1, 2, and 3 floxed mice (Nrxn123f/f). The primary hippocampal neurons were 

isolated from the Nrxn123f/f mice and put into the culture for further experiments. 

Human embryonic kidney (HEK) tsA-201 cells (Life Technologies, Darmstadt) were 

cultured; they were used in the electrophysiology recordings in passage 10-30.  
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2.1.9 Vectors 

Vector Description Reference 

pbA-eGFP-a1A P/Q-type channel C. Reissner, Münster 
pba-m-α2δ3 non-tagged α2δ-3 G. Obermaier, Innsbruck 
pbA-rb-α2δ1 non-tagged α2δ-1 G. Obermaier, Innsbruck 
pbA-m-α2δ2 non-tagged α2δ-2 G. Obermaier, Innsbruck 
pbA-α2δ1-HA HA-tagged α2δ-1 M. Heine, Magdeburg 
pbA-α2δ2-HA HA-tagged α2δ2 M. Heine, Magdeburg 
pbA-α2δ3-HA HA-tagged α2δ3 M. Heine, Magdeburg 
pSyn5-tagRFP Nrxn1β  tagRFP-tagged Nrxn1β M. Sun, Münster 

synN-tRFPN1A(+4) tagRFP-tagged Nrxn1α 
J-P. Kamps, C. Reissner, 
Münster 

wt Cav2.2 intra GFP -MD N-type channel M. Heine, Magdeburg 
β3-MD β3 subunit M. Heine, Magdeburg 

 

2.1.10 Oligonucleotides 

ID Protein Sequence RE 
direc-

tion 

MM17-17 Nrxn2α GAGTATTACGTCTGACTCTAGATAC
CCCCGGGGAGCTC XbaI forward 

MM17-18 Nrxn2α GAGCTCCCCGGGGGTATCTAGAGTC
AGACGTAATACTC XbaI reverse 

MM17-37 tagRFP CAAAAGTCGCGAGTGTCTAAGGGCG
AAGAGCTGAT 

Nrul forward 

MM17-38 tagRFP GAAGACATATGCAGTTTGCTAGGGA
GGTCGCA Ndel reverse 

MM17-53 Nrxn2α GGTGGCAGGCGTCCGTGGACTAGTA
CATATGGAGTTTGGCGGCGGCCCC SpeI forward 

MM17-54 Nrxn2α GGGGCCGCCGCCAAACTCCATATGT
ACTAGTCCACGGACGCCTGCCACC NdeI reverse 

MM17-55 Nrxn1β GGGGGGCTAGCGTGTCTAAGGGCGA
AGAGCTGAT NheI forward 

MM17-56 Nrxn1β GGATGCCATATGCAGTTTGCTAGGG
AGGTCGC NdeI reverse 

MM17-57 Nrxn2α CCGTGGAVTAGTAGTGTCTAAGGGC
GAAGAAGAGCTGAT SpeI forward 

MM17-58 Nrxn2α 
CCAAACTCCATATGCAGTTTGCTAG
GGAGGTCGC NdeI reverse 

MM17-61 Nrxn3β CAAAAGTCGCGAGTGTCTAAGGGCG
AAGAGCTGAT NruI forward 

MM17-62 Nrxn3β GAAGACATATGCAGTTTGCTAGGGA
GGTCGCA NdeI reverse 
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MM17-88 Nrxn2β CGATAAGCTTGGGACCATGGCACTT
CCCAGATGCATGTG 

Hind

III 
forward 

MM17-90 Nrxn2β CTCTAGATTCAGACGTAATACTCTTT
GTCTTTGTCTTTGTTCTTCTTG XbaI reverse 

MM17-111 Nrxn2β CGATAAGCTTGGGACCATGGCACTT
CCCAGATGCATGTG 

Hind

III 
forward 

MM17-112 Nrxn2β ATCCTCTAGATTCAGACGTAATACT
CTTTGTCTTTG XbaI reverse 

MM17-113 Nrxn2β 
CAGACTTTTCACGTACTCTCTCAAA
AGTCGCGACATATGGCCCGGGTCTC
GTCCAGCCTCAGCACCAC 

Ndel forward 

MM17-114 Nrxn2β 
GTGGTGCTGAGGCTGGACGAGACCC
GGGCCATATGTCGCGACTTTTGAGA
GAGTACGTGAAAAGTCTG 

Nrul reverse 

MM18-43 tagRFP CAAAAGTCGCGAGTGTCTAAGGGCG
AAGAGCTGATTAAGG Nrul forward 

 

2.1.11 Antibodies and stain 

	

Antibody 
 

Species Company 

Anti-tagRFP (ab233) polycolonal rabbit 
Evrogen, Moscow, 

Russia 
Anti-rabbit IgG H&L 

(AlexaFluo488) polycolonal goat Abcam, Cambridge, 
UK 

DNA stain 
  

Company 

Hoechst 33343 (DAPI)   
Life Technologies, 

Darmstadt 
	

2.2 Molecular biology protocols 

2.2.1 Polymerase-chain reaction (PCR) 

A standard PCR can amplify DNA sequences. The primers for the PCR reaction were 

designed and optimized using DNAstar. The PCR reactions first proceeded in three 

different annealing temperatures (Mastercycler proS, Eppendorf) to find the optimal 

temperature. The following protocol from iProofTM High-Fidelity PCR kit continued 

with the procedure of PCR. 

 

Substance Volumn for 50 µl reaction (µl) 

5 × iProof HF Buffer 10 

dNTP mix 4 
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Forward Primer (0.5 µM) 2.5 

Reverse Primer (0.5 µM) 2.5 

DNA template (10 ng/µl) 1 

Sterile H2O 29.5 

iProof DNA Polymerase 0.5 

 

Reaction cycle 

Cycle step Temperature Time Number of cycles 

Initial Denaturation 98 °C 30 s 1 

Denaturation 98 °C 5 s 35 

Annealing (Tm + 3) °C 30 s 35 

Extension 72 °C 30 s 35 

Final extension 72 °C 5 min 1 

 

Finally, the PCR product was analyzed through electrophoresis on the agarose gel. 

The targeted DNA bands were identified by comparing to the DNA standard marker, 

and the correct fragments were extracted and purified for further experiments. 

 

2.2.3 Electrophoresis 

Electrophoresis was applied to identify PCR products or DNA fragments after dige-

stion by the restriction enzyme. It separates DNA fragments by size under certain vol-

tage. In the experiments, 0.8% agarose (w/v) dissolved in 1 × TEA by boiling it in the 

microwave. Next, the final solution was added with (1: 10000) ethidium bromide to 

show the fluorescent DNA band under the UV light. Eventually, the agarose gel was 

cooled and solidly shaped in the chamber. The prepared DNA sample was evenly 

mixed with 6 × loading buffer before it was loaded on the gel. The DNA size marker 

was loaded aside in the same gel to identify the DNA fragments. For a 70 ml agarose 

gel, the electrophoresis lasted one hour at 90 V. 

 

2.2.3 DNA extraction from agarose gel 

The QIAEX II® Gel purification Kit (QIAGEN) was applied to extract DNA frag-

ments from an agarose gel after electrophoresis. The targeted DNA band was first re-

cognized under 70% UV light; it was quickly cut out from the gel and weighed in the 
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Eppendorf tube. Three volume of the buffer QX1 (with pH indicator) was added to 

the gel slice. The QIAEX II Suspension solution was vortexed for 30 s, and ten µl of 

it was added to the sample. Then, the sample was incubated at 50 °C for 10 min until 

the gel dissolved. Intermediately the sample was vortexed to suspend the QIAEX II, 

and the color of the sample should stay yellow. Next, the sample was centrifuged for 

30 min at 11000 g, and the supernatant was removed carefully with a pipette. The re-

maining pellet was resuspended in 500 µl buffer QX 1 by vortexing. The sample was 

centrifuged at 11000 g for 30 s; the supernatant that contained residual agarose con-

tamination was discarded. Then the pellet was washed with 500 µl buffer PE and re-

suspended by vortexing. After that, the sample was centrifuged again at 11000 g for 

30 s; the supernatant which contained salt contamination was removed. This step was 

repeated in able to remove all the residues. After washing, the pellet was air-dried for 

10-15 min until it became white. The dried pellet was added with 20 µl water and re-

suspended. The sample was incubated at 50 °C under 800-1000 rpm shaking for 5 

min. The sample was centrifuged at 11000 g for 30 s, and its supernatant contained 

the DNA. Finally, this supernatant was carefully transferred to the new tube. The pu-

rified DNA concentration was measured for further usage. 

 

2.2.4 In vitro mutagenesis  

The QuikChange protocol can produce site-specific mutation by PCR reaction. The 

primers for mutagenesis were designed and contained targeted mutations. The DNA 

elongation time in the reaction was modified based on the specific primers. After the 

PCR reaction, 2 µl DpnI endonuclease was added to the reaction mixture tube at 37 

°C for 5 min. This step is applied to digest the parental DNA templates without the 

mutation site. Finally, the desired mutated-DNA fragments were purified and stored at 

-20 °C for the later application. 

PCR reaction mixture in 50 µl 

10 × reaction buffer 5 µl 
dsDNA template 10 ng 
Primer forward 125 ng 
Primer reverse 125 ng 

dNTP mix 1 µl 
QuikSolution reagent 1.5 µl 

H2O up to 50 µl 
QuikChange Lightning Enzyme 1 µl 
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PCR reaction 

 Cycles Temperature Time 

Initial Denaturation 1 95 °C 2 min 
Denaturation 18 95 °C 20 s 

Annealing 18 60 °C 10 s 
Elongation 18 68 °C 30 s/kb of plasmid length 

Final Elongation 1 68 °C 5 min 
 

2.2.4 DNA ligation 

A recombinant plasmid contains a vector backbone and inserted DNA. The inserted 

DNA with determined restriction enzyme cutting sites was purified. The vector back-

bone should have the matching restricting enzyme cutting sites for insertion DNA to 

ligate. To set up the ligation reaction, the amount of vector DNA was 50 ng, the inser-

ted DNA in molar ratio ranged from 3:1 to 5:1 to the vector.  The ingredients for liga-

tion was mixed in the Eppendorf tube. 

 

Ingredient  Amount 

Vector DNA 50 ng 

Insert DNA 3:1 to 5:1 of the vector DNA 

10 × Ligase buffer 2 µl 

T4 DNA ligase 1 µl 

H2O Add up to 20 µl 

 

The ligation mix was incubated overnight at 16 °C. To detect vector re-ligation, the 

control group cotained no insertion DNA in the ligation reaction. The product of liga-

tion can be stored at -20 °C or directly proceeded to further experiment. 

 

2.2.5 Bacterial transformation by heating shock 

The desired DNA constructs from the site-directed mutagenesis (2.2.4) procedure we-

re transformed into competent cells and expressed by heating shock. In brief, 45 µl 

competent cells were thawed from -80 °C and stayed on the ice. 2 µl β-

mercaptoethanol was added and gently mixed with the cell solution. The mixture was 

left for 10 min. This process allows an increase in transformation efficiency. Then, 2 

µl PCR product was added to the mix, and the tube stayed on the ice for 30 min. After 
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that, the tube was heat-shocked at 95 °C for 30 s and immediately put back on the ice 

for 2 min. 500 µl NZY+ medium at 42 °C was added to the heated tube; the tube was 

shaken with 225 rpm at 37 °C for an hour. Finally, the prepared bacterial solution was 

spread on an agarose plate containing antibiotics. The plate was cultured in the dark at 

37 °C for 12-16 hrs until the corrected bacterial colonies grew. 

 

2.2.6 Bacterial transformation by electroporation 

The bacterial transformation was applied to introduce foreign DNA into the cell and 

to replicate the construct. The DNA construct should contain a specific antibiotic-

resistance sequence that can be specially selected. In principle, the competent cells 

were taken out of -80 °C and thawed on ice. Meanwhile, the LB plates containing the 

corresponding antibiotics were pre-warmed in the 37 °C incubator. 4-5 µl ligation 

product was gently mixed with 40 µl competent cells. After that, all the competent 

cells were added into the cuvette for electroporation. The cuvette was under electrical 

shock at 250 V for around 10 s to permeabilize the DNA getting into the cell mem-

brane. Afterward, the transformed cells were transferred into 1µl liquid LB medium 

and incubated in a bacterial shaker for one hour with 225 rpm at 37 °C. Finally, the 

bacteria were evenly spread on the LB agar plate and put into the incubator overnight 

at 37 °C. The control ligation sample also went through the same electroporation pro-

cedure and was spread on the LB agar plates. Only the bacteria which contained the 

targeted DNA construct would be able to grow colonies on the LB agar plates, and the 

control plate should be empty. Those grown bacterial single-colonies were picked up 

and proceed in further steps. 

 

2.2.6 Plasmid extraction (Mini-preparation) 

Holmes and Quigley first described the rapid boiling procedure for a small amount of 

DNA plasmid extraction (Holmes and Quigley, 1981). In this approach, the DNA of 

interest can be rapidly extracted from bacteria and gets further analyzed based on the 

unique restriction enzyme cutting site. 

First, the grown single bacteria colony was picked up from the LB agar plate and put 

in 5 ml LB liquid medium; then, it was incubated in a bacteria shaker (230 rpm) over-

night at 37 °C. The next day, 1.5 ml bacteria aliquot was taken to carry on the follo-

wing procedure, while the remaining was pelleted and stored at -20 °C. This aliquot 

was centrifuged at 12000 g for one minute; then, the pellet was suspended with 300 µl 



Material and methods 

	 39	

STET buffer (8% Sucrose, 5% Triton X-100, 50 mM EDTA, 50 mM Tris pH 8.0), 

and 25 µl freshly prepared lysozyme (10 mg/ml) was added. Following that, the 

mixture was pre-boiled at 99 °C for exact 45 s under 1400 g shaking. The sample was 

then centrifuged for 10 min at 12000 g. Next, the pellet from centrifuging was 

removed, while the remaining DNA supernatant was precipitated by 50 µl sodium 

acetate and 500 µl 100% ethanol. The mixture was centrifuged at 12000 g for 15 min, 

and the precipitated DNA was in the pellet. Finally, the supernatant was discarded, 

and the DNA was dried until the pellet turned dry and white. The DNA was re-

suspended with 30 µl T10 buffer for 15 min at 50 °C. The final DNA solution could 

be stored at -20 °C for further experiments. 

 

2.2.7 Restriction enzyme digestion analysis 

The desired recombinant plasmid has achieved if the correctly cut DNA fragments are 

shown on the agarose gel from the electrophoresis results. In principle, two unique 

enzyme cutting sites were chosen from the plasmid map. The suitable enzyme buffer 

was determined from NEB double digestion finder (New England Biolabs, Frankfurt 

am Main) to be compatible with the reaction. The DNA was taken from plasmid 

extraction (2.2.6). The total reaction volume was 10 µl, and the ingredients were 

following the table below: 

Substance Volume 

10× reaction buffer 1 µl 

Restriction enzymes (1 U/µl) 0.5 µl + 0.5 µl (2 Enzymes) 

DNA 1 µl 

H2O 7 µl 

 

The reaction lasted from 2 hrs to overnight at 37 °C, depending on the enzyme effi-

ciency. After the reaction, the probe was heated at 65 °C for ten minutes to inactivate 

the enzyme and stop it. At last, the probe was stored at 4 °C or directly applied in 

electrophoresis. 

 

2.2.8 Plasmid DNA purification by NucleoSpin
®
 Plasmid 

A rapid and small scale DNA purification was performed using the NucleoSpin® 

plasmid kit to prepare the purified DNA for sequencing. The correct E. coli contai-

ning plasmid from the single growing colonies (2.2.5, 2.2.6) was suspended in Resus-
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pension Buffer A1 and were carefully mixed with a pipette. 250 µl Lysis Buffer A2 

was added in and mixed gently by inverting the tube 6-8 times. Then the sample was 

incubated at room temperature for five minutes until the lysate became clear. After 

that, 300 µl Neutralization Buffer A3 was added to the sample to stop the reaction. 

Next, the sample was centrifuged at 11000 g for ten minutes to separate the supernant. 

The supernatant was carefully transferred into the DNA binding matrix Spin-column 

and was centrifuged at 11000 g for a minute. The supernatant of centrifugation was 

discarded. 500 µl Wash buffer Aw at 50 °C was added to the column, and the column 

was centrifuged at 11000 g for one minute. Afterward, the sample was washed by ad-

ding 600 µl Wash Buffer A4, and the column was centrifuged at 11000 g for three 

minutes. Finally, 50 µl Elution Buffer AE was added to the column, and the column 

was incubated for one minute following centrifugation at 11000 g. The flow-through 

was collected, and the DNA concentration was measured.  

 

2.2.9 Plasmid DNA purification by NucleoBond
®
 Xtra Midi/Maxi 

Purified and correctly sequenced DNA plasmid will be stored in the long term and 

repeatedly into usage, therefore NucleoBond® Xtra Maxi Kit was used to purify a 

high amount of the DNA construct. In brief, the targeted DNA, which was extracted 

by NucleoSpin® Plasmid, was first transformed into E.coli XL-1-Blue MRF by 

electroporation. It was then incubated in 250 ml standard high-copy plasmid LB me-

dium at 37 °C with constant shaking with 230 rpm for 12-16 hrs. The bacteria expres-

sing with the right DNA survived the antibiotic selection. The grown bacteria were 

centrifuged at 4 °C with 6000 g for 15 min. The pellet was resuspended with 12 ml 

Buffer RES (containing RNase A), and 12 ml Buffer LYS was carefully mixed by in-

verting; the mixture was lysed at room temperature for a maximum of five minutes. 

After that, 12 ml Buffer NEU was added, and the tube was gently inverted to stop cell 

lysis reaction until it became transparent. The column and inserted filter were equili-

brated with Buffer EQU, and the buffer was applied onto the rim of the column filter 

to wet the whole filter. The lysate was inverted directly before loading on the filter to 

avoid clogging. The loaded column filter was washed once with 15 ml Buffer EQU, 

and the filter was removed afterward. The column was washed with 25 ml Buffer 

WASH. The plasmid DNA was eluted with 15 ml Buffer ELU, collected in a 15 ml 

centrifuge tube. 10.5 ml isopropanol was added to the collected DNA before centrifu-

ged with 15000 g at 4 °C for 30 min. The pellet was washed with 4 ml 70% ethanol 
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with 15000 g at room temperature for five minutes. After discarding the supernatant, 

the DNA pellet was dried for 30 min. Finally, DNA was dissolved in the TE buffer. 

The DNA concentration was measured and stored at 4 °C for further usages. 

 

2.2.10 DNA concentration measurement  

DNA plasmid concentration was determined by a UV spectrophotometer (Eppendorf, 

Hamburg). The DNA solution was diluted with water in a 1: 60 ratio and the measu-

rement of absorption was at 260 nm. For the purity of DNA, the A260/280 ratio 

should be around 1.8. The qualified DNA plasmid can be later sequenced. 

 

2.2.11 DNA-sequencing and analysis 

The prepared DNA samples were sent to GATC Biotach AG for sequencing. Each 

sample was diluted with water in 60-100 ng/µl, and the primer was diluted with 10 

mM Tris (pH 8.0) in 10 pmol/µl. The sequence results were analyzed using Seqman 

software. 

 

2.3 Cell biology 

The application of cell biology methods was the preparation for electrophysiology and 

immunohistochemistry experiments. A transformed cell line tsA-201 from human 

embryonic kidney 293 cells (HEK 293) were utilized as a heterologous gene expres-

sion system. The cultured tsA-201 cells were used in electrophysiology and immuno-

histochemistry research. The primary hippocampal neuronal culture was applied to 

electrophysiology recordings. 

 

2.3.1 TsA-201 cell cultivation 

TsA-201 cells grew in DMEM medium containing 10% FCS and 5% penicil-

lin/streptomycin. They were cultured in a dark incubator with 5% CO2 and 100% 

humidity at 37 °C. The cells were split until the cell was grown 75-80% coverage at 

the bottom of the dish. In short, the old medium was first discarded. After that, 0.25% 

trypsin-EDTA was added to the cells to detach them from the dish.  

Until the cells were suspended in the solution, DMEM with 10% FCS was added to 

stop the reaction. Next, the cells were centrifuged at 258 g for five minutes at room 

temperature, and the supernatant was discarded. The cells were suspended with fresh 

DMEM containing 10% FCS. Finally, cell solution was taken based on the 1:20 ratio 
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and was added in fresh DMEM medium with 10% FCS. As for storing cells, the same 

procedure was performed as the cell splitting until after centrifugation. The cells were 

collected in the cold DMEM medium and temporarily put at -80 °C for two to three 

days before storing them in the liquid nitrogen. When the frozen cells were again in 

the application, they were quickly defrosted by a water bath and transferred and 

mixed in the pre-warmed DMEM medium. The mixture was centrifuged at 258 g for 

five minutes at room temperature. In the end, the cells were re-suspended in fresh 

DMEM medium with 10% FCS. 

 

2.3.2 Calcium-phosphate transfection of the tsA-201 cells  

Before transfection, the tsA-201 cells were counted and plated. For electrophysiology 

recording, 300,000 tsA-201 cells were counted, while for live staining, 500,000 cells 

were counted. In each dish, up to three 13 mm glass coverslips were fixed on the bot-

tom of the dish. Before using for cell culture, the coverslips were baked in the 225 °C 

over overnight. Next day, they were coated by 0.5 mg/ml PLL overnight. Afterward, 

the coated PLL coverslips were washed with water for 30 min; those treated co-

verslips were stored in the incubator and used up within two weeks. After 24 hrs plat-

ting the cell, the calcium-phosphate transfection protocol was applied to transfect the 

tsA-201 cells with different plasmid constructs. The protocol was developed based on 

Graham and van der EB (1973). In brief, the targeted DNA plasmids were prepared in 

an Eppendorf tube. A maximum of 10 µg of DNA was transfected into tsA201 cells. 

For recombinant VGCCs transfection, the transfection mole ratio of pore-forming 

subunit α1, auxiliary subunit β3, and α2δ were 2:1:1 (µg), if neurexin was included, the 

ration was 2:1:1:2 (µg). Next, 250 mM CaCl2 was first added and fully mixed with the 

DNA mixture. Then 2×HEPES buffer was dropped slowly into the mixture; the calci-

um-phosphate-DNA complex would form within 2-10 min. Finally, the solution was 

dropped and mixed evenly to the cell-culture medium. After 24 hrs of transfection, 

DMEM with 10% FCS was exchanged into DMEM with 2% FCS. The eletrophysiol-

ogy recording was performed in the following two days after the medium exchange. 

 

2.3.3 Primary hippocampal neuron culture and co-culture with astrocytes 

Primary hippocampal neurons for electrophysiology recording were separated from 

the embryonic mice and were co-cultured with astrocytes (Figure 2.1). Astrocytes 

served as a nutrient supply layer and supported neurons to grow and develop normal-
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ly. In brief, the monolayer astrocytes grew in the 12-well dish nurturing neurons, 

while directly facing the hippocampal neurons, which grew on the coverslips. Conse-

quently, the neurons were able to survive at low intensity and formed wide spaces in-

between cells. 

2.3.3.1 Primary astrocyte cultivation 

The primary astrocyte cultivation procedure was followed by the modified protocol 

from Keach and Banker (Kaech & Banker, 2006). The cortices of newborn mice at 

postnatal stage P1 to P3, the astrocytes, were segregated from it. The cortices tissue 

was cut up finely with scissors and suspended in 1× HBSS. After that, a 12 ml tissue 

mixture was lysed with 0.25% trypsin and 0.1% DNAse for 15 min at 37 °C. Until 

most chunks disappeared, HS was added to stop the reaction. The final suspension 

was passed through a 70 µm filter to remove the remaining undissociated tissue. Next, 

the filtered solution was centrifuged for 10 min with 180 g at room temperature. The 

supernatant was discarded, and the left pellet was resuspended in a 15 ml glial medi-

um. The cell density was counted using a Neubauer hemocytometer, and every 45000 

cells were plated in a T75-culture bottle (600 cell/mm2). Finally, the astrocytes were 

cultured in glial MEM medium with 5% CO2 at 37 °C. After one day, the detached 

cells were removed from the medium, while fresh glial MEM medium was ex-

changed. The medium was exchanged every three to four days. Until coverage reach-

ing almost 100% of the plate, the astrocytes were harvested and replated. In this pro-

cedure, cells were rinsed with 3 ml PBS first, and 3 ml 0.25% trypsin-EDTA was then 

added for 5 min at 37 °C to detach the cells. Until most of the cells got separated, 5 

ml glial MEM was added to cease the trypsinization. Afterward, the suspension was 

centrifuged at 180 g at room temperature to spin down the astrocytes. The cells then 

were resuspended using glial MEM medium and transferred into a T75-culture bottle. 

An additional 10% DMSO was added to the astrocytes suspension in cryotubes and 

got frozen at -80 °C for storing astrocytes. As for replating the frozen cells, 15 ml HS 

was added to the astrocytes, and the cells defrost at 37 °C in 15 ml added HS, then 

they were centrifuged at 180 g at room temperature. The pellet was resuspended in 10 

ml glial MEM medium, and each counted 45,000 cells were plated to each well of the 

12-well culture plate. The astrocytes were cultured two weeks in advance of primary 

neuron culture. One day before the primary hippocampal neurons culture, the medium 

was exchanged into a 1 ml B27 medium with glutamate. 
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2.3.3.2 Primary hippocampal neuron cultivation 

The PLL-coated coverslips were a prerequisite for neuronal cultivation. The neurons 

grew on the glass coverslips. Those glass coverslips were bathed in 70% nitric acid 

for 30 - 40 hrs before the neuron culture. The acid was then exchanged to distilled wa-

ter once for one hour, and two other exchanges for over 30 min. Afterward, they were 

dried for 2 hrs at 80 °C. Next, the coverslips were sterilized in the oven overnight at 

225 °C. After sterilization, paraffin wax was dropped on the edge of the coverslips as 

the supporting stand when putting the coverslips with the co-culturing neuron's side 

above the astrocytes feeding layer. The primary hippocampal neuron cultivation pro-

cedure followed a modified protocol from Kaech and Banker (Kaech & Banker, 

2006). After dissecting cortices from the brains of embryonic mice, the hippocampi 

were isolated and removed from the dentate gyrus. They were immediately suspended 

in HBSS. After separation, 4.5 ml fresh HBSS was changed for suspension, and 0.5 

ml 0.25% trypsin was added for 15 min at 37 °C to lose the tissue. Then trypsin was 

gently moved, and the tissue was washed with 5 ml HBSS three times to allow the 

trypsin diffuse from the tissue. The suspension was pipetted repeatedly up and down 

until the tissue was dissolved. After that, the mixture was added with medium accord-

ing to the tissue amount (2.5 ml/brain). Cell density was counted via the Neubauer 

hemocytometer. Every 55,000 cells were plated on the prepared 18 mm coverslip, on 

the side with paraffin was the drop. Cells were allowed to attach the surface of co-

verslips for four hours in the plating medium; then, the coverslips were transferred 

and flipped upside down, making neurons facing to the astrocytes layer. The neurons 

and astrocytes finally co-cultured in the neurobasal medium supplemented with B27, 

0.5 mM glutamine, and 12.5 µM glutamate and were maintained in a dark incubator 

with 95% humid air and 5% CO2 at 37 °C. The co-culture medium was exchanged 

every three days with a neurobasal medium mixed with B27 and 0.5 mM glutamine. 

 

2.3.3.3 Lentivirus production 

A conditional knockout Nrxn123f/f mouse line was generated from Südhof’ lab (An-

derson et al., 2015; Chen et al., 2017). Nrxn-1/2/3 genes/homologs were flanked by 

loxP sites. These neurons were infected by the lentiviruses, which were encoded with 

the active or mutated Cre recombinase and a coupled eGFP. The Cre recombinase 

was able to recombine the loxP sites and led to the deletion of all αβ-neurexins. The 
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first was to produce lentivirus and transduce into the primary neuron. Passage 3-10 

tsA-201 cells were cultured until confluence reached 80% (Day 0). The next day (Day 

1), the tsA-201 cells were transfected with 2.5 µg pUB661 pCMV-VSVG, 2.5 µg 

pUB-pMDLg/pRRE and 2.5 µg pUB663-pRSV-Rev (packaging vectors) and 7.5 µg 

pFUW-EGFP-Cre with FuGENE® 6 transfection reagent. 24 hrs after transfection, 

the medium was exchanged into neuronal growth medium (Day 2). Another 30 hrs 

(Day 3) after the medium exchange, the virus-containing medium was harvested and 

collected in a 50 ml Falcon tube; the medium was centrifuged with 500 g for ten 

minutes at 4 °C. The virus aliquot was then stored in an Eppendorf tube at -80 °C. 

 

               

     

Figure 2.1 Scheme of the neuron-astrocyte co-culture procedure for electrophysiology 

The astrocytes were separated from the WT mice and cultured in advance of neurons for two 

weeks. The primary hippocampal neurons were separated from the brain and cultured on the 

PLL-coated coverslips. The neuron-site of coverslip was faced with the astrocyte layer. On 

DIV 4, the neurons were infected with active cre and mutated cre lentivirus. The infected neu-

rons were further co-cultured with the astrocyte layer until DIV 18. 
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2.3.3.4 Lentivirus transduction 

One 12-well plate with cultured neurons and one 12-well plate with astrocytes were 

prepared, the medium of the both plates contained B27. Three days later, 500 µl B27 

medium in astrocyte culture was replaced by the non-B27 contained medium and 

AraC to was added to inhibit glial cell growth. 24 hrs later, at the day-in-vitro (DIV) 

4, the neuronal layer on coverslips was flipped facing-up in another 12-well plate. The 

frozen stored lentivirus with Cre recombinase and with mutated Cre recombinase (Cre 

Y324F) was thawed at 37 °C in the water bath and was pipetted up and down two or 

three times before use. For the transduction process, each well of neurons was added 

with 150-160 µl virus with short shaking. 72 hrs after the transduction, the coverslips 

with neurons were flipped back to the original 12-well medium and facing-down to 

the astrocyte layer. The enhanced green fluorescent protein (eGFP) from the lentivirus 

vector was only expressed at the nucleus, which can be detected under the microscope 

and used to justify if the neuron was infected in the experiments. Finally, to test 

whether the transduction was successful, the infected neuronal lysate was collected 

and analyzed by western blot. 

                

2.4 Biochemistry method 

2.4.1 Live staining 

Nrxn 1β genes were first cloned into an expression vector. The gene was expressed 

under human synapsin 1 (SYN1) promoter. Following the pomoter, the expressing 

gene sequences were the β-neurexin specific signal peptide, tagRFP tag and Nrxn 1β. 

Live-staining experiments were performed to confirm that the Nrxn 1β was func-

tionally expressed and located at the plasma membrane. 

The tsA201 cells were first cultured on the 10 mm glass coverslips in the cell culture 

medium. First, the coverslips were taken, and the medium was removed. Cells were 

carefully washed with 4% sucrose in PBS buffer. Next, the cells were fixed by fresh 

4% saccharose and 4% PFA for 8 min at room temperature. After fixation, the cells 

were washed three times with PBS. For cell permeabilization, the cells were treated 

with fresh 0.3% Triton-X in PBS for 10 min. Following that, the cells were washed 

five times with PBS. 5% NGS in PBS was applied for blocking at room temperature 

for 30 min. This step was to reduce the unspecific antibody binding. The correspond-

ing primary antibody was diluted by blocking solutions, and the cells were incubated 

in the primary antibody solution at 4°C in the dark. After overnight incubation, the 
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cells were washed with PBS ten times to remove the primary antibody. The secondary 

antibody was diluted by the blocking solution, and cells were incubated in the sec-

ondary antibody solution at room temperature for two hours in the dark. After incuba-

tion, the cells were washed ten times with PBS to remove the antibodies. At last, the 

cells were quickly washed with distilled water one time and were coated with fluores-

cent mounting medium (DAKO) on object slides. The slides could be stored at 4 °C in 

the dark. Images were taken from Axio Imager. The Z2 (Zeiss) has a Plan-

Apochromat 63×/1.4 objective and a charge-coupled device (CCD) camera (Spot 

Xplorer, Optogrid, Visitron). The fluorescence source came from the SPECTRA-X 

light engine (Visitron). Five Z-stacks were set, and the distance in-between was 1 mm 

when the pictures were acquired. All the pictures were captured with the same expo-

sure time and intensity, which for anti-RFP and tagRFP was 20% intensity with 100 

ms exposure time, and for DAPI was 20% intensity and 50 ms exposure time. The 

pictures were displayed using ImageJ software. The single channel of the DAPI, ta-

gRFP, and anti-tagRFP were first generated the maximum intensity projections from 

the five Z-stacks. Later the DAPI, tagRFP, and anti-tagRFP channels were merged. 

 

2.4.2 Biotinylation assays 

The biotinylation and immunoblotting experiments were designed, performed and 

analyzed by Dr. Daniele Repetto. Briefly, two millon of the tsA-201 cells in the 10 

cm dishes were transfected with different construct combination (3.1.4). 48 hrs after 

the transfection, the cells were incubated on ice for 30 min and were treated with 

1mg/ml cell impermeable sulfo-NHS-biotin for 30 min at 4°C (or 3µM Biotinylated-

Conotoxin for 15 min at 4°C) in PBS-Ca-Mg solution (PBS solution with additionally 

1 mM MgCl2, 0.1 mM CaCl2, pH 8.3). After once wash in PBS-Ca-Mg, cells were 

incubated in PBS-Ca-Mg for 10 min at 4°C supplemented with 100 mM glycine to 

remove the free biotin. Afterward, the cells were washed twice with PBS-Ca-Mg so-

lution. Then, they were scraped from the coverslips and lysed with lysis buffer (50 

mM Tris, 100 mM NaCl, 1% Triton X-100, 1% NP-40, 0.2% SDS, 0.1% Na-

Deoxycholate, 10 mM EDTA, 1 mM PMSF and protease inhibitor complete, Roche). 

Lysates were sonicated at 60% power for 10 s on ice, following that, they were cen-

trifugated at 14,000 rpm for 15 min at 4°C. The supernatants from centrifugation were 

subsequently collected and incubated 30 min with 30 µl protein A (50% slurry) for 
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preclearing. This step was to prevent any non-specific proteins. Next, the precleared 

supernatants were incubated with 70 µl of NeutrAvidin Plus Ultralink Resin (Thermo 

Scientific catalog #53151) overnight under shaking at 4°C. NeutrAvidin Plus beads 

were washed twice with 500 mM NaCl, 50 mM Tris buffer (pH 7.5), once with 150 

mM NaCl, 50 mM Tris buffer (pH 7.5). The biotinylated proteins were eluted from 

beads with 40 µl 2×SDS Sample buffer for 20 min at room temperature; the samples 

were finally loaded on 6% acrylamide/bis-acrylamide gels.  

 

2.4.3 Extracellular domains of neurexin 1α protein purification 

The neurexin 1α protein was generated and described in Reissner et al. (Reissner et al., 

2014). In brief, the expression vector of the Fc-tagged Nrxn1α (pCMVIgN1α-1) 

consisted of a CMV promoter, the extracellular domain of Nrxn1α after the LNS6 

domain, an HRV C protease cutting site and the human Fc region. This construct was 

transfected in the tsA-201 cells. 24 hrs later, the medium was changed to the FCS-free 

medium. And the cells were harvested 72 hrs after the transfection. The secreted 

proteins bound to Protein A-conjugated Sepharose beads (0.1 M glycine, ph 2.7, 0.15 

M NaCl). All the steps were finished at 4 °C. Those bound proteins were collected by 

adding 10% cleavage buffer and 5 µl HRV 3C Protease and incubating the solution. 

Then the beads were centrifuged for 2.5 min with 4500 g. The supernantant contained 

protein, and was always put on ice. The beads was washed again with the same pro-

cedure. Next, the supernatant was combined. For the HRV 3C protease cleaning, buf-

fer-equilibrated Ni2+-NTA beads were incubated with the protein solution for an hour. 

Finally, the protein solution was centrifuged for 2.5 min at 3220 g. The supernatant 

contained the extracellular domains of neurexin 1α.  

 

2.5 Electrophysiology 

The whole-cell patch-clamp recordings were performed to record Ca2+ influx in the 

transfected tsA-201 cells and the miniature postsynaptic currents (mPSC) in the cul-

tured primary hippocampal neurons.  

For the Ca2+ current recording, the tsA-201 cells were cultured at 10 mm coverslips 

and transfected with different plasmid constructs mentioned in 3.1. The patch-clamp 

recording from the tsA-201 cells 3-5 days after the transfection. The coverslips with 

the transfected cells were taken to the recording chamber on the recording day, which 
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was superfused at 1.0-1.5 ml/min with recording bath solution (2.1.7.2) at 32 °C. The 

cells were observed using a fixed-stage inverted microscope (Observer. A1) equipped 

with a 40×objective (C-Apochromat). The patch electrode for voltage-clamp record-

ings was made of borosilicate thin-wall (1.5 mm outer diameter) glass capillaries 

(Harvard Apparatus, March-Hugstetten). The electrode was fire-polished and two-

step pulled by a vertical pipette puller (PIP6, HEKA Elektronik, Lambrecht, Germa-

ny). The electrode's tip was filled with the pipette solution (2.1.7.2), showing re-

sistance of 3-5 MΩ. The filled electrode was fixed to the pipette holder, connecting to 

the pre-amplifier. A reference electrode on the pre-amplifier was submerged in the 

recording solution to complete the current circuit. The whole-cell Ca2+ currents were 

recorded by an EPC 10 USB Double patch-clamp (HEKA, Elektronik, Lambrecht) 

amplifier. The PatchMaster software controlled the recording amplifier. Later, the ac-

quired data were analyzed using FitMaster software. The amplifier (EPC 10 USB, 

HEKA Elektronik) filtered the signals at 3 kHz and digitalized at 10 kHz. PatchMas-

ter software (HEKA, Elektronik) controlled the holding voltages. Currents were leak 

subtracted using P/5 protocol and before data analysis. Series resistances for tsA-201 

cells recording were 5-15 MΩ, and membrane capacitances were 10-30 pS. They 

were determined and compensated online. Recordings for each condition were per-

formed and analyzed from at least three independent experiments. 

For the miniature postsynaptic currents recordings (mPSCs), the primary hippocampal 

neurons (2.3.3.2) were growing on the coverslips until DIV 18, and they were record-

ed from DIV 18-20. The coverslips with neurons were taken to the recording chamber 

on the recording day, which was superfused at 1.0-1.5 ml/min with recording bath so-

lution (2.1.7.2) at room temperature. Except for adding the calcium channel blocker, 

the recording bath solution was not superfused during those recordings. The recording 

camera, microscope, amplifier, and software set-up was identical to the tsA-201 cells 

recording. The patch electrode was filled with the KCl based pipette solution 

(2.1.7.2), showing the resistance of 3-5 MΩ. Series resistances and membrane capaci-

tances were determined and compensated online. Recordings for each condition were 

performed and analyzed from at least three independent experiments. 

 

2.5.1 Whole-cell configuration 

Before the recording, the mounted electrode was first slowly attached to the chosen 

cell membrane until it reached an on-cell configuration. Electrode capacitance (C-
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fast) caused transient was compensated, as it is crucial for proper series resistance 

compensation. Upon a gentle suction, the cell membrane was ruptured, and the cell-

attached electrode was achieved with high resistance (≧109 GΩ) as "gigaseal" (Fig-

ure 2.2). This configuration was identified by a holding current below 100 pA. The 

whole-cell configuration was established after the pipette solution mixed with the in-

tracellular solution within a minute. The negative holding potential was slowly step-

wise approached until the holding potential (-80 mV for the tsA-201 cells and -70 mV 

for the neurons). Meanwhile, the cell capacitance (C-slow) was compensated as much 

as possible. Series resistance compensation of 50-60% was applied for the tsA-201 

cells recordings, and 40-50% was applied for the neuronal recordings (Figure 2.2). 

                                        

 
Figure 2.2 Scheme of the whole-cell configuration 

(A) Recording pipette attaches the plasma membrane with positive pressure, until it reaches 

the on-cell configuration. Then a gentle suction is applied to rapture the plasma membrane, 

until it reaches the whole-cell configuration. (B) The current circel of the whole-cell configura-

tion. Vp, voltage; Rp, the resistance of pipette; Cp, the pipette capacitance; Rleak, the leak re-

sistance; Raccess, the access resistance; Rm, the resistance of the cell; Cm, the cell capa-

citance. Pictures are modified from Conforti, 2012 (Conforti, 2012).  

 

2.5.2 Current-voltage relationship  

The current-voltage (I-V) relationship protocol was used to record the Ca2+ influx 

through the whole-cell calcium channels from the transfected tsA-201 cells. The test-

ing voltage was given from the holding potential -80 mV, and stepwise depolarized 

the cell membrane, which activated calcium channel and inhitiated Ca2+ influx. The 

Rs compensation (speed of compensation feedback) was 100 µs. In the I-V recording, 

after 30 ms test pulse at -40 mV, the current was recorded at the voltage pulse ranging 
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from -40 mV to 70 mV in 10 mV stepwise intervals for 50 ms. The Ca2+ currents 

were digitalized at 5 kHz. The currents from testing potentials generated the I-V 

curve. The average curves of the recorded cells were fitted by a modified Boltzmann 

equation. Here, I show the calcium influx current, Gmax represents the maximum slope 

conductance, Vrev is the reversal potential, V1/2act is the half-activation potential, and 

Kact is the slope factor. 

I= Gmax V-Vrev

1+ exp
- V-V1

2
act

Kact

 

The maximal current densities (pA/pF) were calculated from the absolute value of 

maximum amplitude (pA) dividing by the corresponding whole-cell capacitance (pF).  

 

2.5.3 Tail current analysis 

To analyze activation-deactivation properties was conducted by tail current. The rela-

tive tail current was was acquired from I-V recordings as mentioned 2.5.2, and the test 

voltage was from -40 mV to +70 mV in 10 mV increment. After recording current 

corresponding to each test voltage, the tail currents were then measured as the maxi-

mal current during repolarizing back to (-40 mV for 10 ms) -80 mV. The relative tail 

currents were plotted against the pre-potential and fitted by the modified Boltzmann 

equation of the I-V relationships. In the equation, Inorm is the normalized current; A1 

and A2 are the non-activating and activating fraction; V1/2act is the half-activation po-

tential, and Kact is the slope factor. 

Inorm= 
A1 + (A2 - A1)

(1+exp( (V1/2act  - V)
Kact

)
 

 

2.5.4 Steady-state inactivation 

A steady-state inactivation protocol evaluated the calcium channel voltage-dependent 

inactivation kinetics. The clamped cell was first given a testing pulse for two seconds, 

started at +20 mV, and decreased in the 10 mV step until -70 mV. The second pulse 

was at +20 mV for 500 ms after the first pulse. In between steps had a 20 s interval. 

The two peak currents were later fitted by the Boltzmann function and generated a 

steady-state inactivation curve. In the equation, Inorm is the normalized current; A1 and 
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A2 are the non-inactivating and inactivating fraction, respectively. V1/2 inact is the half-

inactivation potential, and Kinact is the slope factor. 

Inorm = 
A1 + (A2 - A1)

(1+exp( (V1/2inact  - V)
Kinact

)
 

 

2.5.5 Soluble Neurexin 1α protein incubation  

The preparation of neurexin 1α protein was described in 2.4.3. The protein solution 

was diluted into 0, 5, 15, 30, 90, 150 mg/ml with 2% FCS DMEM medium. Before 

electrophysiology recording, the transfected tsA-201 cells were incubated with the 

neurexin protein solution for 2 hrs. After incubation, the solution was quickly poured 

away and the Ca2+-influx was recorded by I-V relationship protocol as 2.5.2. For each 

concentration, the cells were recorded for an hour. 

 

2.5.6 Miniature postsynaptic current measurement  

Miniature postsynaptic currents (mPSCs) reflect the spontaneous neurotransmission 

in neurons. The mPSCs recording represents the cumulation of postsynaptic events 

from all the responsive dendrites of the measured neuron. In principle, neuronal soma 

was clamped at -70 mV. Action potential induced fast neurotransmission was blocked 

by 500 nM TTX before recording. This way, only the spontaneous neurotransmission 

was recorded. For the miniature excitatory postsynaptic currents (mEPSCs) recording, 

an additional 10 µM bicuculline was used to block GABAA receptors. For the minia-

ture inhibitory postsynaptic currents (mIPSCs) recording, an additional 10 µM CNQX 

and 25 µM AP-5 was used to block AMPA- and NMDA- receptors, respectively. The 

-70 mV holding potential and high Cl- inner pipette solution generated a higher driv-

ing force for the Cl- efflux. Thus, the Cl- of mIPSCs had inward current instead of 

outward currents. After recording, currents decay time, rise time (10% to 90% maxi-

mum current), amplitude, and event frequency were analyzed using IgorPro (Ta-

roTool program). 

 

2.5.7 Statistical Analysis 

Patch-clamp raw data were acquired from Patch Master software (v2X69 HEKA El-

ektronik); they were displayed and analyzed with FitMaster Software (v2X67 El-

ektronik) and IgorPro (Wavemetrics). Statistic and graphs were arranged in GraphPad 
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Prism (Version 6, Graphpad Software). Before statistical analysis, the distribution of 

datasets was evaluated by the D´Agostino & Pearson omnibus normality test. For 

normally distributed data significance comparison, two-tailed unpaired student’s t-test 

with Welch’s correction was applied for two sets of data with unequal variances; for 

comparison among multiple of the dataset, one-way ANOVA with Tukey’s multiple 

comparisons test was used For not normally distributed datasets, the Mann -Whitney 

U test and Kruskal -Wallis ANOVA with Dunn’s multiple comparison were applied         

(*p<0.05, **p<0.01, ***p<0.001, and n.s not significant).
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3. Results 

3.1 Regulation of recombinant VGCC-mediated Ca
2+

 currents by neurexins  

Neurexins are presynaptic molecules engaged in multiple cis- and trans-synaptic bin-

ding activities and signaling pathways (Sudhof, 2017). Several previous studies have 

indicated that neurexin variants modulate neurotransmission by acting on VGCCs 

(Anderson et al., 2015; Brockhaus et al., 2018; Chen et al., 2017; Luo et al., 2020b; 

Missler et al., 2003; Tong et al., 2017; Zhang et al., 2005). It remained unclear from 

these studies, however, if neurexins act directly or indirectly on VGCCs. While it 

might be desirable to investigate the link between neurexins and VGCCs in their nati-

ve neuronal environment, such an approach faces several challenges. First, numerous 

isoforms and variants of VGCCs and neurexins are located at the same presynaptic 

membrane, leading to a compound output that is hard to trace back the individual pro-

teins involved. Second, no antibodies against even major neurexin isoforms are 

available that would allow to determine the equipment of a particular synapse with a 

defined variant, for example, by immunofluorescence microscopy. Third, the size of 

an average synaptic bouton (≦1 µm) from cortical areas is too small to record from by 

patch-clamp electrophysiology. Although a giant synapse in the brain stem, the calyx 

of Held (～15-25 µm) in medial nucelus of the trapezoid body (MNTB) has been wi-

dely studied to understand synapse function, including neurexins (Luo et al., 2020a), 

other synapses may express different variants of VGCCs and neurexins, as shown by 

single-cell mRNA profiling (Fuccillo et al., 2015). Finally, other molecular signaling 

pathways from both pre- and postsynaptic components that also impact on VGCCs 

and neurexins make it difficult to determine the actual contribution of a specific in-

teraction. To circumvent many of these problems, I chose tsA-201 cells as a heterolo-

gous expression system to study the putative crosstalk between defined sets of recom-

binantly expressed VGCC and neurexins variants. This system offers additional ad-

vantages such as the efficient proliferation and easy maintenance in culture, the lack 

of endogenous neurexins VGCCs typical for fast central synapses (Berjukow et al., 

1996).  

Recordings from hippocampal neurons have shown that neurexin 1α facilitates Ca2+ 

influx, especially through P/Q-type channels with overexpressing the α2δ-1 but not 

α2δ-3 subunits (Brockhaus et al., 2018). In the HEK cells, neurexin 1α reduces the N-

type Ca2+-influx by binding to the α2δ-3 subunit (Tong et al., 2017). These studies 
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have distinct indications from different systems. Thus, to confirm the previous 

findings and understand how do neurexins regulate recombinant VGCCs with α2δ 

subunits, I compared the effects of neurexin 1α and neurexin 1β on the recombinant 

N-type channels and co-expressed different α2δ subunits. In preparation for patch-

clamp recording, I transfected the tsA-201 cells with the pore-forming α1 subunit，

which can be recognized via an intracellular enhanced green fluorescent protein 

(eGFP) tag (Voigt et al., 2016). The auxiliary β3 subunit was always co-expressed 

with the α1 subunit in all the experiments as β subunits are required for surface ex-

pression of channels on the plasma membrane and increasing channel open probabili-

ty (Buraei and Yang, 2010). One of the auxiliary α2δ-1, -2 or -3 subunit was also 

transfected since they play essential roles in regulating channel surface expression and 

channel gating properties (Dolphin, 2012).  

 

3.1.1. Epitope tag of α2δ subunits does not interfere with VGCC function  

Here, all the α2δ subunits contained a hemagglutinin (HA) tag at the N-terminus so 

that one can check their expression on the plasma membrane. I first tested whether the 

HA tag could interrupt the α2δ subunit associating with the different VGCCs. Evi-

dence has shown that extracellular-tagged N-type channels change in kinetic proper-

ties and Ca2+-influx because their association with the α2δ-1 subunit is limited (Voigt 

et al., 2016). Since α2δ subunits directly interact with the N-type channel extracellu-

larly, thus, it is pivotal to assure that the HA-tagged α2δ subunits can normally func-

tion.   

The cells were clamped at -80 mV as holding potential. First, current-voltage (I-V) 

relationship protocol was applied. The cells were clamped for 50 ms from -40 mV to 

+70 mV in 10 mV steps. The traces of each combination were compared (Figure 

3.1A, B; Figure 3.2 A, B). To normalize the maximal calcium current, I standalized 

the current densities by the peak amplitudes dividing the whole-cell capacitances. He-

re, the HA-tag of α2δ-1/3 subunits did not affect the current densities of P/Q-type 

(Non-tagged α2δ-1: 33.1 ± 8.9 pA/pF, n = 15; Tagged α2δ-1: 37.2 ± 12.4 pA/pF, n = 

14; p = 0.79; Non-tagged α2δ-3: 58.1 ± 15.3 pA/pF, n = 19; Tagged α2δ-3: 57.4 ± 14.7 

pA/pF, n = 16; p = 0.98)(Figure 3.1E, F) and N-type (Non-tagged α2δ-1: 31.1 ± 3.9 

pA/pF, n = 10; Tagged α2δ-1: 27.8 ± 7.3 pA/pF, n = 11; p = 0.69. Non-tagged α2δ-3: 

115.1 ± 21.5 pA/pF, n = 13; Tagged α2δ-3: 140.3 ± 27.7 pA/pF, n = 12; p = 0.48) 
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channels (Figure 3.2E, F). The L-type current densities also had no difference when 

co-expressing the ΗΑ-tagged α2δ-2 or non-tagged α2δ-2 subunit (Non-tagged α2δ-2: 

57.0 ± 11.1 pA/pF, n = 12; Tagged α2δ-2: 59.1 ± 4.9 pA/pF, n = 15; p = 0.86) (Figure 

3.3A).  

Even though the HA-tagged α2δ subunits did not change the maximal calcium current 

density, they may change the calcium channel biophysical properties. In the next step, 

I analyzed the voltage-dependent activation and inactivation of each combination. The 

voltage-dependent activation was plotted from the I-V curves and fitted by a modified 

Boltzmann equation (Figure 3.1C, D; Figure 3.2C, D; Figure 3.3B). I found no 

alternation of the voltage-dependent activation of P/Q-, N- or L-type channels, 

regardless of the non-tagged or HA-tagged α2δ subunit co-expression.  

 

 
Figure 3.1 The HA-tag of α2δ-1 and α2δ-3 subunit does not interrupt the function of P/Q-

type channels. 

The non-tagged or HA-tagged α2δ subunits were co-transfected with P/Q-type channels 

(α1A/β3) in the tsA-201 cells. (A,B) Representative traces of the P/Q-type calcium currents at 

+20 mV. (A) The P/Q-type channel co-expressed with the β3 subunit and either the HA-

tagged α2δ-1 (orange) or the non-tagged α2δ-1 (black) subunits. (B) The P/Q-type channel 

was together transfected with either the HA-tagged α2δ-3 (green) or the non-tagged α2δ-3 

(black) subunits. (C, D) The I-V curve of the average Ca
2+

 current from -40 mV to 70  mV in 

the 10 mV step. The P/Q-type channel was co-expressed with (C) the non-tagged α2δ-1 

(black) or the HA-tagged α2δ-1 (orange). (D) The P/Q-type channel was co-expressed with 

either the non-tagged α2δ-3 (black) or the HA-tagged α2δ-3 (green) subunits. (E, F) Bar graph 

of the average maximal current densities. (E) The P/Q-type channel was co-transfected with 

non-tagged α2δ-1 (black) or the HA-tagged α2δ-1 (orange) subunits. (F) The P/Q-type channel 

was co-transfected with non-tagged α2δ-3 (black) or the HA-tagged α2δ-3 (green) subunits. 

(E-F) Data are shown in mean ± SEM; the statistical comparison was calculated by the 

unpaired Student’s t-test with Welch’s correction, n.s.= not significant. (G, H) Steady-state 

inactivation of P/Q-type channels with the (G) non-tagged α2δ-1 (black) subunit or the HA-

tagged α2δ-1 (orange) subunit. (H) The P/Q-type channels were co-transfected with the non-

tagged α2δ-3 (black) subunit or the HA-tagged α2δ-3 (green) subunit. The upper right of (G, 

H) shows the representative traces from the steady-state inactivation protocol at +20 mV for 

500 ms after the testing potential at -40 mV.  
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To investigate if the HA-tag disturbs the N-type channel voltage-dependent inactiva-

tion properties, I applied the steady-state inactivation protocol in each combination. In 

brief, at every testing potential, every cell was clamped for two seconds until it 

reached the voltage-dependent steady-state inactivation. The test potentials were from 

-70 mV to +20 mV in 10 mV steps. Then, a 500 ms step at +20 mV was followed to 

open the non-inactivate calcium channels. There was a 20 s interval between every 

step. Finally, the first peak current from the testing potential and the second peak cur-

rent from +20 mV were used to calculate the voltage-dependent inactivation curve by 

a modified Boltzmann equation. Compared to the non-tagged α2δ subunit co-

expression, the half-inactivation voltage and slope factor of P/Q-type and N-type 

channels with the HA-tagged α2δ-1/3 subunit (Figure 3.1G, H; Figure 3.2G, H), and 

L-type channel with the HA-tagged α2δ-2 subunit remained unchanged (Figure 

3.3C). These results indicated that the HA-tagged α2δ auxiliary subunits maintained 

the normal functions in regulating VGCCs, and they can be further applied to the 

following experiments.     

 
 Figure 3.2 The HA-tagged α2δ-1 and α2δ-3 subunits do not alter N-type channel func-

tion. 

The non-tagged or HA-tagged α2δ subunits were co-transfected with N-type channels (α1B/β3) 

in the tsA-201 cells. (A,B) Representative traces of the N-type currents at +20 mV. (A) The N-

type channel was co-expressed with the non-tagged α2δ-1 (black) or the HA-tagged α2δ-1 

(orange) subunits. (B) The N-type channel was transfected with either the non-tagged α2δ-3 

(black) or the HA-tagged α2δ-3 (green) subunits. (C,D) The I-V relation was recorded from the 

cells transfected with the N-type channel. (C) The N-type channels were co-transfected with 

the non-tagged α2δ-1 (black) or the HA-tagged α2δ-1 (orange). (D) The N-type channels were 

co-expressed with either the non-tagged α2δ-3 (black) or the HA-tagged α2δ-3 (green) 

subunits. (E,F) Bar graph of the average maximal current densities. (E) The N-type channel 

was co-transfected with non-tagged α2δ-1 (black) or the HA-tagged α2δ-1 (orange) subunits. 

(F) The N-type channel was co-transfected with non-tagged α2δ-3 (black) or the HA-tagged 

α2δ-3 (green) subunits. (E-F) Data are shown in mean ± SEM; the statistical comparison was 

calculated by the unpaired Student’s t-test with Welch’s correction, n.s.= not significant. (G,H) 

Steady-state inactivation of N-type channels with the (G) non-tagged α2δ-1 (black) subunit or 

the HA-tagged α2δ-1 (orange) subunit. (H) The N-type channels were co-transfected with the 

non-tagged α2δ-3 (black) subunit or the HA-tagged α2δ-3 (green) subunit. The upper right of 

(G, H) shows the representative traces from the steady-state inactivation protocol at +20 mV 

for 500 ms after the testing potential at -40 mV.  
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Figure 3.3 The HA-tag of the α2δ-2 subunits does not affect L-type channel function. 

The tsA-201 cells were transfected with α1C, β3, and either the non-tagged α2δ-2 or the HA-

tagged α2δ-2 subunit. (A) I-V curve shows voltage-dependent Ca
2+ 

influx through L-type 

channel with either the non-tagged α2δ-2 (gray) or the HA-tagged α2δ-2 subunit (light red). 

Data are shown in mean ± SEM; the statistical comparison was calculated by the unpaired 

Student’s t-test with Welch’s correction, Non-significant data is not labeled. (B) Bar graph with 

plot shows the maximum current densities. The L-type channel with the non-tagged α2δ-2 

(black) or the HA-tagged α2δ-2 subunit (light red). (C) The steady-state inactivation curve 

were recorded from the cells transfected with the L-type channels and either the non-tagged 

(black) or HA-tagged (light red) α2δ-2 subunit. 

 

3.1.2 Effect of neurexin 1α on recombinant N-type channels  

Tong et al. has shown that neurexin 1α decreases the Ca2+-influx through the N-type 

channel with the α2δ-3 subunits co-transfection in the HEK cells. Yet, with the α2δ-

1/2 subunits, neurexin 1α is not able to alter the N-type current densities (Tong et al., 

2017). The previous doctoral thesis has observed the compatible phenotype. 

(Schreitmüller, 2017). To confirm those findings, I first transfected α1B/β3 alone, or 

together with one α2δ subunit (α2δ-1/-2/-3). To compare the effect of neurexin 1α on 

the N-type channel under these combinations, I additionally expressed tagRFP-tagged 

neurexin 1α (Figure 3.5A-C, red; D, red border columns). The cells were identified 

based on the green fluorescence from the α1B subunits and the red fluorescence from 

the neurexins. Only the cells with moderate fluorescent signals were selected, consi-

dering that the strong fluorescence often indicates the unhealthiness (Figure 3.4) 

(Thomas and Smart, 2005). During the recording and analysis, the experimenter was 

blinded to the transfected plasmids. This way, the cell-selection was unbiased among 

groups. There were several suggestions about setting a minimum current value to re-

move the cells with low expressed recombinant calcium channels. However, it is still 

unclear if neurexins affect the surface expression of certain subunits. Thus, except for 
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the cells with the maximum current less than 200 pA, all the recorded data were eva-

luated.  

Using I-V relationship protocol, I first compared the traces of each group (Figure 

3.5A-C, left panel) and plotted the I-V curve from the calcium currents (Figure 

3.5A-C, right panel). The peak current densities of each group (Figure 3.5D) were 

calculated. Ιn line with the previous studies (Davies et al., 2006; Davies et al., 2010), 

each α2δ subunit was able to increase the maximal current densities (no α2δ: 20.8 ± 

3.5, n = 27; α2δ-1: 69.5 ± 11.2, n = 28, p < 0.0001; α2δ-2: 155.6 ± 24.6, n = 15, p < 

0.0001; α2δ-3: 113.0 ± 16.7, n = 41, p < 0.0001) (Figure 3.5D, black border 

columns). Without α2δ subunit, neurexin 1α alone could not change the N-type cur-

rent density (26.1 ± 1.5, n = 29, p = 0.2) (Figure 3.5D). In consistant with the finding 

in Tong et al., α2δ-1/2 subunits also did not alter the maximal N-type current densities 

(α2δ-1/Nrxn 1α: 83.2 ± 21.6, n = 14, p = 0.6; α2δ-2/Nrxn 1α: 108.0 ± 27.2, n = 14, p = 

0.2). Unexpectedly, neurexin 1α with the α2δ-3 subunit did not alter the N-type cur-

rent density (Figure 3.5D, column 8)(Ctrl: 113.0 ± 16.7 pA/pF, n = 41; Nrxn1α: 

134.0 ± 19.1 pA/pF, n = 27; p = 0.3), each data set also showed a large difference 

between the minimum and maximum value (Ctrl maximum 536.9 pA/pF, minimum: 

17.0 pA/pF; Nrxn1α maximum: 418.3 pA/pF, minimum 10.6 pA/pF).   
 

                

 

Figure 3.4 The round-shaped tsA-201 cell with strong red fluorescence indicates the 

unhealthiness. 

(A, B) The live-staining image shows an example of an unhealthy tsA-201 cell. The cell was 

transfected with extracellular domain-tagged neurexin 1β (pCMV-EtagRFP-N1b). (A) The cell 

shows recognizable red fluorescence. (B) The green fluorescence is from the anti-tagRFP 

antibody, which indicates low neurexin 1β on the plasma membrane. The scale bar 

represents 20 µM. 
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Several reasons may contribute to this data variability. For instance, an individual cell 

could express each plasmid differently, and the genes expression copy number cannot 
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be quantified. Besides, not every red fluorescent cell might express the neurexin well 

on the plasma membrane (Figure 3.4). Therefore, the maximal Ca2+ amplitude may 

not be an accurate parameter to determine the effect of neurexin 1α on the N-type 

channels in the transfected tsA-201 cells in this project. By contrast, the biophysical 

properties analysis is able to identify whether the N-type channels on the surface 

change their gating kinetics, as it did not reflect on the whole-cell maximum Ca2+ 

currents.  

 
Figure 3.5 Neurexin 1α does not change the maximum N-type calcium current densities 

with α2δ auxiliary subunits. 

The tsA-201 cells were transfected with α1B/β3, and either α2δ-1, α2δ-2 or α2δ-3 alone, or 

together with the tagRFP-tagged Nrxn1α. (A-C) The representative traces (left) shows the ICa 

at +20 mV of α1B/β3 with one α2δ subunit (A, α2δ-1; B, α2δ-2; C, α2δ-3) subunit (with Nrxn1α, 

red; without Nrxn1α, black), and the I-V curves (right) of the corresponding expression 

combinations (with Nrxn1α, red; without Nrxn1α, black). (D) Bar graph with plots showed the 

maximum N-type current densities together with one α2δ subunit (From left to right: Column 1-

2, no Nrxn; Column 3-4, α2δ-1; Column 5-6, α2δ-2; Column 7-8, α2δ-3) subunits, with (red) or 

without Nrxn 1α (black). Data are presented in mean ± SEM. The statistical comparison was 

analyzed by unpaired Student’s t test or Mann-Whitney test. The non-significant comparison 

is not labeled. 

 

 In the next step, I analyzed the voltage-dependent activation of the N-type channel 

co-expressing α2δ-3 subunit using I-V relationship protocol and tail-current analysis. 

As described in 3.1.1, the I-V curves were fitted by the Boltzmann equation (Table 

3.1). First, the reversal potential (Vrev) showed no significant difference in every 

combination. The Vrev represents the Ca2+ ion driving force, depending on the ion 

concentration in the bath solution. Thus, this result assured the stable measuring 

condition (Table 3.1, row 1). The maximal conductance (Gmax) was not altered by 

neurexin 1α co-expression (Table 3.1, row 2), which is in agreement with the 

maximal current densities. Neurexin 1α co-expression also did not change the half-

activation voltage (V1/2act) and the slope factor (Kact) (Table 3.1, row 3-4).  
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Figure 3.6 Tail current analysis of N-type channel co-expressing neurexin 1α and the 

α2δ-3 subunit. 

(A - B) Tail-currents evaluated the voltage-dependent activation-deactivation. The tsA-201 

cells were transfected with α1B/β3/α2δ-3, and without (black) or with Nrxn1α (red). (A) The 

representative traces of tail-currents were captured from the I-V relationship protocol. Under 

the trace presents, the voltage steps and the tail currents were generated after each voltage 

step jumping back to -40 mV for 10 ms. (B) The voltage-dependent activation-deactivation 

curve was plotted and fitted by a modified Boltzmann equation. 

 

The tail-currents (Figure 3.6A) were obtained from I-V relationship protocol. In 

brief, after 50 ms depolarization steps from -40 mV to +70 mV, the holding potential 

jumped to -40 mV for 10 ms. When many channels were still opening, this repolariza-

tion caused a large ion driving force from testing pulse to -40 mV, and generated the 

tail current. It represent the process of channel activation to deactivation, which lasts 

within 2 ms. Thus, the tail-current analysis is a sensitive tool to determine the activa-

tion kinetics of the channels via analyzing the half-activation voltage (V1/2act) and 

slope factor (Kact) by fitting the tail-current to a modified Boltzmann equation. In con-

sistent with the I-V curve analysis, the N-type channel tail currents curve (Figure 

3.6B) indicated that the V1/2act and Kact were not affected by neurexin 1α co-expression 

(Table 3.2). These data reconciled with Tong’s observation that neurexin 1α does not 

affect the V1/2act and Kact of the N-type channel co-expressing with α2δ-3 subunit 

(Tong et al., 2017). 
 

Figure 3.7 The effect of neurexin 1α on the N-type channel voltage-dependent inactiva-

tion  

(A - B) The voltage-dependent inactivation curve was evaluated using the steady-state inacti-

vation protocol. The tsA-201 cells were transfected with α1B/β3, either (A) the α2δ-2 or (B) α2δ-

3 subunit, and without (black) or with Nrxn 1α (red). The pre-potential shows the first testing 

pulse in the recording protocol. The relative current was calculated by the modified Boltzmann 

equation. 
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Next, to investigate if the N-type channel inactivation kinetics was affected by neu-

rexin 1α, I evaluated the voltage-dependent inactivation using the steady-state inacti-

vation protocol mentioned in 3.1.1. Interestingly, together with α2δ-3 subunit, the N-

type channel half-inactivation voltage (V1/2inact) shifted ∼-5 mV when neurexin 1α 

was expressed (Ctrl: -33.5 ± 0.9 pA/pF, n = 32; Nrxn1α: -38.9 ± 0.9 pA/pF, n = 29; p 

= 0.001) (Figure 3.7B; Table 3.2, row 4-6). This shift indicated that the N-type 

channels could be inactivated at a more negative potential when neurexin 1α was 

present with α2δ-3 subunit. However, the change in the inactivation did not appear 

when the α2δ-2 subunit was co-expressed with neurexin 1α (Figure 3.7A, Table 3.2, 

row 1-3). Thus, neurexin 1α affected the N-type channel inactivation kinetics, 

specifically with the α2δ-3 subunit. 

 
 

Table 3.1 Neurexin 1α with α2δ-3 subunit does not alter the N-type channel voltage-

dependent activation  

The voltage-dependent activation was analyzed by the I-V curves of the N-type Ca
2+

 influx  

with α2δ-3 subunit, and without (/) and with neurexin 1α (Nrxn1α) co-transfection. The I-V cur-

ves were fitted by the modified Boltzmann equation. Data are in mean ± SEM. Statistic analy-

sis was tested by the unpaired Student’s t-test with Welch’s correction. 
 

VGCCs  α2δ subunit  Activation / (42) Nrxn1α (35) P 

N α2δ-3 

Vrev (mV) 72.2 ± 0.9 69.5 ± 1.4  0.09 
Gmax (nS) 28.3 ± 3.4  34.5 ± 4.8 0.30 

V1/2 act (mV) 5.0 ± 1.1  5.5 ± 2.6  0.88 
Kact 4.1 ± 0.4  7.0 ± 1.5  0.07 

 

 

In sum, the finding of neurexin 1α suppressing the Ca2+ influx through N-type chan-

nel in concert with the α2δ-3 subunit was not be confirmed (Tong et al., 2017). In line 

with Tong’s findings, neurexin 1α did not change the N-type channel activation ki-

netics co-expressing with the α2δ-3 subunit. Interestingly, the inactivation kinetics of 
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the N-type channel was altered by neurexin 1α with the α2δ-3 subunit co-transfection, 

suggesting a potential interaction between neurexin 1α and N-type channels together 

with the α2δ-3 subunit. 

 
Table 3.2 Tail-current analysis shows no change of N-type activation properties by co-

expressing neurexin 1α and α2δ-3 subunit. 

The tail-currents were fitted by the Boltzmann equation to analyze the voltage-dependent ac-

tivation. The cells were transfected with α1Β/β3/α2δ-3 with (Nrxn1α) or without Nrxn1α (No 

Nrxn1α). Data are in mean ± SEM. Statistical analysis was tested by the unpaired Student’s t-

test with Welch’s correction.  

 

 VGCCs  α2δ subunit Nrxn   V1/2act (mV) Kact 

 

N 

 

α2δ-3 

No Nrxn (25) 15.0 ± 1.7  9.5 ± 0.6  
Nrxn1α  (21) 16.2 ± 1.4  9.2 ± 0.7  

  P 0.6 0.7 
 

 
Table 3.3 Neurexin 1α affects the steady-state inactivation of the N-type channel with 

α2δ-3 subunit. 

The steady-state inactivations were analyzed by the Boltzmann equation. The cells were 

transfected with α1Β/β3/α2δ-2 or with α1Β/β3/α2δ-3 (Nrxn1α) or without Nrxn1α (No Nrxn1α). 

Data are in mean ± SEM. Statistic analysis was tested by the unpaired Student’s t-test with 

Welch’s correction. The bold font shows a significant p-value. 

 

VGCCs α2δ subunit Nrxn V1/2 inact (mV) Kact 

N 

α2δ-2 

No Nrxn (14) -38.1 ± 1.6 -6.1 ± 0.2 
Nrxn1α  (12) -39.8 ± 1.9 -8.0 ± 1.5 

P 0.49 0.21 
 

α2δ-3 

No Nrxn (32) -33.5 ± 0.9 -6.5 ± 0.2 
Nrxn1α  (29) -38.9 ± 0.9 -6.2 ± 0.2 

  P 0.0001 0.26 
 

 

3.1.3. Incubating neurexin 1α protein decreases the N-type Ca
2+

 influx with α2δ-3 

subunit 

Since there was evidence of neurexin 1α regulating the N-type channel by altering the 

inactivation kinetics, yet the N-type Ca2+ influx was not altered by neurexin 1α with 

α2δ-3 subunit, possibly due to the large data variability. To reduce the data variability 

in transient transfection, I transfected the cells only with the recombinant N-type 

channel and added neurexin protein in the medium. This way, the cell may have less 

expression variance and have healthier morphologies. The concentration of neurexin 
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protein is also controlled. Dr. Carsten Reissner kindly designed the neurexin construct 

and provided the protein materials. 

In brief, the extracellular domains of neurexin 1α protein contain 6 LNS domains and 

3 EGF domains, which was followed by an Fc-tag (Figure 3.8A). There was a HRV 

3C protease cutting-site after the LNS6. Hence, this protein did not contain the trans-

membrane and intracellular domains; it went through the secretory pathway and fused 

in the medium. Later, the Fc-tag was cutted off by the protease, the neurexin proteins 

were collected from the medium and purified for the patch-clamp recordings. The 

cells were transfected with the N-type channel complex (α1B/β3/α2δ-3). On the day of 

recording, I incubated those cells with the neurexin 1α protein in different concentra-

tions (0-150 mg/ml) for two hours. The control group was incubated with the same 

storage solution as the neurexin 1α protein (0 mg/ml). Before measuring, the neurexin 

protein solution was quickly washed away, and the cells were directly measured in the 

recording bath solution. One replication of all groups was finished in a day. This way, 

one can eliminate random errors such as the experimental set-up and the cells from 

different days. The I-V relation protocol was applied, and the peak Ca2+ current densi-

ties were evaluated (Figure 3.8B). Interestingly, the N-type current densities decrea-

sed along with the increase of the neurexin concentration. The current density reached 

the lowest, when the neurexin concentration was 150 mg/ml (Ctrl: -168.7 ± 39.1 

pA/pF, n = 7; Nrxn 1α: -52.8 ± 12.5. pA/pF, n = 8; p = 0.02). This decreased N-type 

current density was not consistent with the results when the neurexin 1α was co-

transfected. These conflicting results could have several possible interpretations. First, 

since only three plasmids were transfected, the maximal current amplitudes may have 

less variation, supporting the assumption that the high data variability in the tsA-201 

cells recording was attributed to the transient transfection. Second, the more neurexin 

was added, the lower the Ca2+-influx the cells had, meaning the amount of neurexin 

1α is crucial to limit the Ca2+-influx through the N-type channel on the cell surface. 

Third, only the extracellular domain of neurexin 1α was sufficient to limit the N-type 

Ca2+-influx. These results may reflect on the immunoblotting observation, in which 

the extracellular domain of neurexin 1α binds to the α2δ-3 subunit, and thereby regu-

lates the N-type Ca2+-influx (Tong et al., 2017). Nevertheless, the contradicting ma-

ximal current densities between transfecting Nrxn and incubating neurexin protein 

approaches left an open question of whether neurexin 1α reduces N-type current with 

α2δ-3 subunits co-expression.  
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Figure 3.8 Extracellular domains of neurexin reduce N-type current density together 

with α2δ-3 subunit. 

(A) The scheme shows the structure of the neurexin 1α extracellular domain with an Fc-tag. 

(B) The bar graph shows the maximal N-type current densities after neurexin 1α protein incu-

bation (The neurexin concentration is in mg/ml. 0: 168.7.0 ± 39.1 pA, n = 7; 5: 145.1 ± 22.9 

pA, n = 10, p = 0.9; 15: 114.3 ± 19.8 pA, n = 12, p = 0.6; 30: 91.1 ± 17.4 pA, n = 11, p = 0.2; 

90: 69.5.0 ± 19.1 pA, n = 12, p = 0.04; 150: 52.8 ± 12.5 pA, n = 8, p = 0.02). Data are pre-

sented as mean ± SEM. Statistical comparisons were analyzed by one-way ANOVA test (*p < 

0.05, non-significant columns are not labeled). 
 

3.1.4. Neurexin 1α does not affect N-type channel surface expression 

Since evidence from neurexin 1α protein incubation and biophysical properties 

analysis supported that neurexin 1α regulates the N-type Ca2+-influx with α2δ-3 

subunit, however, whether neurexin 1α affects the α1Β subunit surface expression 

remain to be clarified. In the neurexin protein incubation experiment (3.1.3), since the 

neurexin was not co-expressed with the N-type channel, it did not interfere with the 

channel forward trafficking and surface expression. Every group of the cells was re-

corded within an hour. However, it has been demonstrated that less than 10% of the 

N-type channel will be internalized in six hours (Bernstein and Jones, 2007), and the-

re is no significant change in N-type surface expression level in an hour (Altier et al., 

2006). Thus, channel internalization may not correlate with the reduced current densi-

ty.  

Next, to investigate whether neurexin 1α suppresses the N-type channel forward traf-

ficking to the cell surface, Dr. Daniele Repetto kindly performed the co-

immunoprecipitation (Figure 3.9). He transfected the tsA-201 cells with different 

construct combination (α1Β, α1Β/β3, α1Β/β3/α2δ-3, α1Β/β3/α2δ-3/Nrxn1α, α1Β/β3/α2δ-1). 
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Afterward, the cells were treated with 1 mg/ml impermeable biotin for 30 min at 4 °C 

(Figure 3.9A, B). Alternatively, they were treated by 3 µM biotinylated conotoxin for 

15 min at 4 °C (Figure 3.9C, D). The biotin could bind all the protein on the plasma 

membrane, while the biotinylated conotoxin only bound the N-type channels. Next in 

the cell lysate, the biotinylated protein bound to the avidin bead, and was specifically 

extracted for the co-immunoprecipitation (Figure 3.9A, C). The transfection of α2δ-1 

and α2δ-3 boosted up the α1B surface expression (Figure 3.9B, D; A, line 7, 9; C, line 

5, 7), which confirmed the previous observations (Bernstein and Jones, 2007; 

Dolphin, 2012). Also, they were in line with the electrophysiological recordings in 

this project (Figure 3.6D) that co-expression of α2δ subunit increased the maximal 

current density. The additional neurexin 1α expression did not affect the surface 

expression of α1B (Figure 3.9B, D; A, line 8; C, line 6).  

Together, these data indicated that neurexin 1α did not affect the surface expression of 

the α1Β subunit. Since neurexin 1α could change the N-type channel inactivation 

properties, and its extracellular domain limited the N-type current densities in a dose-

dependent manner; thus, neurexin 1α interacting with the recombinant N-type 

channels could occur at the cell surface. 
 

 

Figure 3.9 Neurexin 1α does not change the N-type channel expression on the plasma 

membrane. 

Immunoprecipitation (IP) of tsA-201 cell lysates co-transfected with different constructs, and 

the cells were treated with biotin. The cells with no or only GFP transfection serve as the 

negative control (line 1,2). The cells with α1Β or α1Β/β3/α2δ-3 transfected but were not biotin 

treated serve as the positive control (line 3,4). Biotin treated cells were transfected with the 

α1Β expressed alone (line 5) or with β3 (line 6); the α1Β/β3/α2δ-1/3 (line 7,9), the α1Β/β3/α2δ-3 

and additional Nrxn1α transfection (line 8). (B) The bar graphs represent the intensity of α1Β 

subunit intensity from each combination in (A). (C) IP of tsA-201 cell lysates co-transfected 

with different constructs, and the cells were treated with biotinylated conotoxin. The cells with 

no or only GFP transfection serve as the control (line 1,2). The cells were transfected with α1Β 

alone (line 3) or with β3 (line 4); the cells were transfected with α1Β/β3/α2δ-1/3 (line 5,7), or 

α1Β/β3/α2δ-3 and additional Nrxn1α (line 6). (D) The bar graphs represent the intensity of α1Β 

subunit intensity from each combination in (C). Data are presented as mean ± SEM. Statisti-

cal comparisons were analyzed with ANOVA test (*p < 0.05, **p < 0.01, ***p < 0.001, non-

significant column are not labeled). A.U stands for the arbitrary unit; Tfr stands for transfer-

ase. Dr. Daniele Repetto kindly provided the experiment design and performance, data anal-

ysis and graphs. 
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3.1.5. TagRFP-tagged neurexin 1β expresses on the plasma membrane 

Neurexin 1β is the shorter isoform of Nrxn1, which also regulates synaptic functions 

with trans-synaptic binding partners (Anderson et al., 2015; Arac et al., 2007). Using 

transiently transfected tsA-201 cells, whether neurexin 1β affects N-type channel 

functions was examined. 

First, the Nrxn1β expression vector was generated with a tagRFP-tag at the N-

terminus. Before electrophysiology recording, live-staining experiments were perfor-

med to guarantee that this neurexin 1β could normally express on the plasma mem-

brane. Here, the anti-tagRFP antibody bound to the tagRFP-tag and was used to detect 

the surface-expressed neurexin 1β (Figure 3.10D, G). There was no green fluo-

rescence and barely red fluorescence in the non-transfected cells (Figure 3.10A, B). 

One could also recognize the red signal from the tagRFP-tagged neurexin 1β (Figure 

3.10F).  
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Figure 3.10 TagRFP-tagged neurexin 1β expresses on the plasma membrane of the 

tsA-201 cells. 

Immunofluorescent live-staining was performed on the tsA-201 cells. The non-transfected 

tsA-201 cells (A - C) serve as the negative control. (A) No red signal was identified, and (B) 

no tag-RFP was identified on the cell surface from the same cells. (C) The merge image of 

tagRFP/anti-tagRFP/DAPI channel. (D-G) The tsA-201 cells were transfected tagRFP-tagged 

Nrxn 1β. (E) DAPI staining of the nuclei shows the localization of the cells. (F) The red signal 

shows the tagRFP of Nrxn 1β presented in the tsA-201 cells, and (G) the green fluorescence 

shows the same cell expressing the Nrxn 1β on the plasma membrane. The scale bars is 20 

µm. 

 

It is worth noting that many cells did not express the neurexins, which occurs due to 

the limitation of the transfection rate (Figure 3.10D); the tagRFP signals from neu-

rexins did not always overlap the green fluorescence, and they formed intracellular 

clusters (Figure 3.10F). Many cells with strong red fluorescence even had weak 

green signals. Hence, the cells with strong red signals may not have the corresponding 

strong surface neurexin expression. Those results indicated a potential drawback in 

selecting the cells in the electrophysiology based on the intensity of the tagRFP-tag, 
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as the cells with strong red signals may have much fewer neurexins on the surface. To 

ensure the measured cells have well-expressed neurexin on the surface, one should 

take precautions to choose the cells with well-distributed red signals.  

 

3.1.6. Neurexin 1β effects on N-type channels with α2δ-3 subunit 

To investigate if neurexin 1β affects the function of N-type channel with α2δ subunit, 

I transfected the tsA-201 cells with Nrxn 1β and the recombinant N-type channel (α1B, 

β3, α2δ-2/3). Same experiment procedure as 3.1.2, the transfected constructs were 

unknown during the test and analysis. To compare the maximal N-type Ca2+ influx 

with or without co-expressing neurexin 1β, I first recorded the voltage-dependent 

Ca2+-influx by I-V relation protocol and compared the traces (Figure 3.11A-B, left). 

The I-V curves were plotted (Figure 3.11A-B, right) from the amplitudes at each te-

sting potential; the average maximal current densities were calculated. Without any 

α2δ subunit, neurexin 1β did not facilitate the Ca2+ influx through N-type channel (no 

α2δ: 20.8 ± 3.5, n = 27; Nrxn 1β: 23.3 ± 3.9, n = 15, p = 0.6). Regardless to the α2δ 

subunits, the maximal N-type current densities were not further changed by neurexin 

1β (Figure 3.11C) (α2δ-2: 155.6 ± 24.6 pA/pF, n = 15; α2δ-2/Nrxn 1β: 161.2 ± 14.3 

pA/pF, n = 49; p = 0.9; α2δ-3: 113.0 ± 16.7, n = 41; α2δ-3/Nrxn 1β: 123.9 ± 17.8, n = 

29; p = 0.4). Each dataset presented a large variability, in which the maximum values 

were 10-40 folds of the minimum values. This large data variability also appeared in 

recording the N-type channel with neurexin 1α (Figure 3.5D).   

 
Figure 3.11 Neurexin 1β does not change the maximum Ca

2+
 influx of N-type channels 

with α2δ auxiliary subunits. 

(A, B) The representative trace (left) showed ICa at +20 mV of α1B/β3 with (A) α2δ-2 or (B) α2δ-

3. The corresponding I-V curves are shown on the right of the traces. The scale bar present 

the 10 ms and 1 nA. (C) The bar graph shows the maximum N-type current densities from the 

transfected cells (from left to right: column 1-2: no α2δ subunit; column 3-4: α2δ-2 subunit; co-

lumn 5-6: α2δ-3 subunit) without or with Nrxn1β (blue columns). Data are shown in mean ± 

SEM. The statistical comparison of α2δ-2 and α2δ-2/Nrxn1β was calculated by the Welch’s 

unpaired t-test. The statistical comparison of α2δ-3 and α2δ-3/Nrxn1β was calculated by the 

Mann-Whitney test. None significant group is not labeled. 
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Considering the large data variability in current densities co-expressing neurexin 1β, I 

then analyzed whether neurexin 1β changed the channel biophysical properties. I first 

evaluated the N-type channel voltage-dependent activation by analyzing the I-V 

curves and tail-currents based on the I-V relationship protocol (Table 3.4, 3.5). With 

the α2δ-2 subunit, the voltage-dependent activation parameters from I-V curve (Fig-

ure 3.11A, right) and tail-current (Figure 3.12A) analysis were not altered by neu-

rexin 1β (I-V, Table 3.4, row 1-4; Tail current, Table 3.5, row 1-3). Interestingly, 

with the α2δ-3 subunit, the half-activation voltage from I-V curve analysis (Figure 

3.11B, right) (Table 3.4, row 5-8) and tail current analysis (Figure 3.12C) (Table 

3.5, row 4-6) both were consistently shifted to the depolarizing direction by co-
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expressing neurexin 1β. As for steady-state inactivation, the N-type inactivation pa-

rameters remained unchanged when the α2δ-2 subunit was co-expressed with neurexin 

1β (Figure 3.13A) (Table, 3.6, row 1-3). In contrast, when neurexin 1β co-expressed 

with the α2δ- subunit, the V1/2inact of the N-type channel slightly shifted to be more 

negative (Figure 3.13B) (Table 3.6, row 4-6). These data demonstrated that neurexin 

1β could modulate N-type channels function specifically with the α2δ-3 subunit co-

expression. 

Table 3.4 Neurexin 1β co-expression with α2δ-3 alter half-activation voltage of the N-

type channel 

The I-V curves from control groups (No Nrxn) and neurexin 1β co-expression group (Nrxn1β) 

were fitted by the Boltzmann equation to analyze the voltage-dependent activation. Data are 

in mean ± SEM. Statistical analysis was tested by the Welch’s unpaired Student’s t-test. The 

bold font shows a significant p-value. 

 

VGCC type α2δ subunit 
 Activation No Nrxn (14) Nrxn 1β (34) P 

N 

 

 

α2δ-2 

Vrev (mV) 70.7 ± 1.3  72.5 ± 1.8 0.42 
Gmax (nS) 41.7 ± 7.5  43.3 ± 4.3 0.85 

V1/2 act (mV) 0.71 ± 2.1 0.68 ± 1.2 0.99 
Kact 6.3 ± 2.7 3.4 ± 0.6 0.32 

  

α2δ-3 

Activation No Nrxn (42) Nrxn 1β (38) P 

Vrev (mV) 72.2 ± 0.9 70.2 ± 1.4  0.2 

Gmax (nS) 28.3 ± 3.4  26.6 ± 3.1 0.7 

V1/2 act (mV) 5.0 ± 1.1  1.2 ± 0.9  0.008 

Kact 4.1 ± 0.4  4.5 ± 0.5  0.5 
 

Table 3.5 Neurexin 1β co-expression with α2δ-3 alter half-activation voltage of the N-

type channel 

The tail-currents from the control (No Nrxn) and neurexin 1β co-expression group (Nrxn1β) 

were generated from I-V relationship protocol and fitted by the modified Boltzmann equation 

to analyze the voltage-dependent activation-deactivation. Data are in mean ± SEM. Statistical 

analysis was tested by the Welch’s unpaired t-test. The bold font shows a significant p-value. 

 

VGCC type α2δ subunit   Nrxn V1/2act (mV) Kact 

N 

α2δ-2 

No Nrxn (24) 16.1 ± 1.6  8.0 ± 0.6 
Nrxn 1β  (13) 16.9 ± 2.7  10.8 ± 1.4  

P 0.8 0.09 
 

α2δ-3 

No Nrxn (25) 15.0 ± 1.7  9.5 ± 0.6  
Nrxn 1β  (15) 10.2 ± 1.5  8.1 ± 0.6  

  P 0.04 0.1 
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Figure 3.12 Tail-current analysis of the N-type channel by neurexin 1β coexpression 

(A-C) Tail-currents evaluated the voltage-dependent activation-deactivation properties. The 

tsA-201 cells were transfected with α1B/β3/α2δ-2 (black) or α1B/β3/α2δ-3 (green), and without or 

with Nrxn1β (green). (A) The representative trace of tail-currents was captured from the I-V 

relationship protocol. The scheme under the trace presents the I-V relationship voltage steps, 

and the scale bar of 1 nA in 10 ms is for the I-V voltage-step traces. The scale bar of 1 nA in 

2 ms presents the size of the tail currents. (B, C) The voltage-dependent activation-

deactivation curve was plotted and fitted by a modified Boltzmann equation. The cells were 

transfected with (B) α1B/β3/α2δ-2 or (C) α1B/β3/α2δ-3. 

 

Table 3.6 Neurexin 1β changes the inactivation property of the N-type channel. 

The steady-state inactivation was fitted by the Boltzmann equation. Data are in mean ± SEM. 

Statistic analysis was tested by the Welch’s unpaired t-test with correction. The bold font 

shows the significant p-value. 

 

VGCC type α2δ subunit   Nrxn V1/2 inact (mV) Kact 

N 

α2δ-2 

No Nrxn (14) -38.1 ± 1.6 -6.1 ± 0.2 

Nrxn 1β  (29) -39.1 ± 1.1 -6.0 ± 0.2  
P 0.63 0.79 

 

α2δ-3 

No Nrxn (32) -33.5 ± 0.9  -6.5 ± 0.2 
Nrxn 1β  (20) -39.0 ± 1.5 -6.7 ± 0.2  

  P 0.003 0.61 
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In sum, despite the cautious cell-selection, the transfection of neurexin 1α/β and the 

recombinant N-type channels exhibit large data variability in the tsA-201 cells. Thus, 

neurexin 1α decreases N-type Ca2+-influx in concert with α2δ-3 subunit cannot be re-

produced in the transiently transfected cells. In contrast, minimizing the transfected 

plasmids and incubating neurexin 1α protein was able to reduce the N-type current 

densities. Neurexin 1β did not show any effect on the N-type current densities with 

α2δ subunits in those transfected cells. These data variabilities have pointed out the 

unstable expression level of transient transfection. In the tsA-201 cells, the expression 

quality and quantity of each plasmid cannot be monitored. In perspective, a more sta-

ble and robust expression system should be developed to re-confirm whether neu-

rexins affect the N-type Ca2+-influx. Nevertheless, neurexin 1 was able to alter the N-

type channel biophysical properties especially with the α2δ-3 subunit, and neurexin 1α 

did not affect the N-type channel surface expression. These data gave hints of 

neurexin 1 modulating the functions of the N-type channels by interacting with the 

specific α2δ subunit on the cell surface. 

 
 
Figure 3.13 Neurexin 1β affects voltage-dependent inactivation of the N-type channel.  

(A - B) The voltage-dependent inactivation curve of the N-type channel were generated from 

steady-state inactivation protocol and was fitted by the modified Boltzmann equation. The 

tsA-201 cells were transfected with α1B/β3 and either the (A) α2δ-2 or (B) α2δ-3 subunit. Those 

cells were transfected without (black) or with additional Nrxn1β (green) transfection.  

 

3.2. Spontaneous transmitter release from neurexins knockout neurons 

Neurexins are the essential modulators in evoked and spontaneous neurotransmitter 

release at synapses (Anderson et al., 2015; Brockhaus et al., 2018; Kattenstroth et al., 

2004; Luo et al., 2020b; Missler et al., 2003; Zhang et al., 2005). For studying the 

evoked neurotransmission regulated by neurexins and VGCCs, the tsA-201 cells pro-
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vide a platform to simulate the depolarization in neurons by changing the testing po-

tentials to activate the channels. Apart from the transient transfection approach in this 

study should be improved, however, it would be challenging to study spontaneous 

neurotransmission in these cells. First, spontaneous release occurs at the resting po-

tential, and the calcium channels open stochastically. Second, the molecular mecha-

nism of spontaneous release is still unclear, and it is only partially VGCCs-dependent 

(Williams and Smith, 2018); therefore, many other essential synaptic proteins for this 

process may not be expressed in the tsA-201 cells. Third, it is unknown how much 

spontaneous neurotransmission in different synapses depends on neurexins. Therefo-

re, to investigate the roles of neurexins and VGCCs in spontaneous neurotransmissi-

on, I used the cultured hippocampal neurons of the conditional αβ-neurexins knockout 

and recorded the miniature postsynaptic currents.  

Several studies of neurexins knockout models have demonstrated the crucial roles of 

neurexins in functioning spontaneous neurotransmission in many types of neurons 

(Anderson et al., 2015; Brockhaus et al., 2018; Kattenstroth et al., 2004; Missler et al., 

2003; Zhang et al., 2005). Some evidence indicated the neurexin-modulated mecha-

nisms are involved in calcium channels (Missler et al., 2003; Zhang et al., 2005). 

Compare to these models, the cultured hippocampal neurons of the complete neurexin 

knockout model have several advantages. First, these cultured neurons do not have 

the complex spatial neuronal network in the brain, and they still maintain the key neu-

ronal features such as synaptic neurotransmission. Second, as all the neurexins are de-

leted, these neurons provide the physiological background without neurexin; one can 

better overview the important neurexin functions in all the neurons. Third, in perspec-

tive, one can focus on investigating the single neurexin variant by expressing neurexin 

in these neurons. The functional crosstalk between different neurexin variants can be 

avoided. 

Conditional αβ-neurexins knockout (Nrxn123 cKO) mice were generated and descri-

bed in Chen et al. 2017, which revealed a decreased evoked EPSC amplitude and a 

small increased paired-pulse ratio in the excitatory climbing-fiber synapses in the ce-

rebellum, a loss of parvalbumin-positive synapses, and a decrease of Ca2+ transient 

amplitude in the somatostatin-positive synapses on pyramidal layer five neurons in 

the medial prefrontal cortex (Chen et al., 2017). In the calyx of Held, this deletion of 

αβ-neurexins also impairs evoked neurotransmission but does not affect Ca2+ influx. 

Instead, it demolishes the tight coupling of VGCCs to the release machinery (Luo et 
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al., 2020b). These phenotypes indicate that deleting αβ-neurexins leads to neuro-

transmission dysfunction, yet different synapses are involved in the specific molecular 

signaling pathways. Here I studied the first time hippocampal neurons from αβ-

neurexins deletion mice line in vitro.  

 

3.2.1. Deleting neurexins impairs spontaneous release in hippocampal neurons 

The first goal was to investigate whether the knockout of all three neurexin genes/ 

homologs leads to spontaneous neurotransmission defects. Using electrophysiology, I 

recorded miniature postsynaptic currents in those hippocampal neurons. In brief, 500 

nM TTX was applied to block sodium channel-induced action potentials, and the hol-

ding voltage was clamped at resting potential -70 mV; mEPSCs and mIPSCs were 

pharmacologically isolated. To ensure the recording condition was stable, I recorded 

each neuron for at least five minutes. During the recording, the leak current and the 

size of the current should maintain stable. When the amplitude was decreasing during 

the recording, it might indicate the resealing of the cell; the whole-cell configuration 

was readjusted, and the cell was remeasured. The primary hippocampal neurons from 

Nrxn 123 mice were first isolated from the neonate and put into culture. In these 

cultured neurons, all three Nrxn genes were flanked by loxP sites. On the day in vitro 

(DIV) 4, these neurons were infected by the lentiviruses, which were encoded with 

the active or mutated Cre recombinase and a coupled eGFP. The cre recombinase was 

able to recombine the loxP sites and led to the deletion of all αβ-neurexins. After in-

fection, the neurons stayed in culture and were recorded from DIV 17-20. In the lenti-

virus-infected neurons can be recognized by the eGFP protein in the nuclei. Since the 

recorded neuron received presynaptic input from the surroundings, and neurexins re-

gulate neurotransmission at the presynaptic site, thus, the infection rate should be very 

high in the neuron preparation. 

I first recorded mEPSCs by adding 10 µM bicuculline to inhibit GABAA receptors. 

The traces from control neurons (Figure 3.14A, Ctrl) and KO neurons (Figure 

3.14A, Cre) were compared, each of the current represented as an event. To study the 

effect of deleting neurexins on spontaneous glutamate release, I analyzed the mEPSCs 

event frequency, amplitude and kinetics. The average event frequency is generally 

considered as the reflection of modulating release machinery and the numbers of re-

lease sites (Kaeser and Regehr, 2014). Here, the mEPSCs in the cKO neurons events 

frequencies was strongly reduced by around 80% (Cre: 2.4 ± 0.6 Hz, n = 24; p < 
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0.0001) than the control neurons (Ctrl: 14.0 ± 1.1 Hz, n = 15) (Figure 3.14B). Several 

other neurexin KO models also find the deficiencies in mEPSCs. For example, the 

deletion of α-neurexins reduced AMPARs–regulated mEPSCs frequency by around 

60% in the brainstem and neocortical neurons (Missler et al., 2003). In the β-

neurexins knockout model, the cortical neurons show around 50% mEPSCs frequency 

(Anderson et al., 2015). Although deleting neurexin is differently effective depending 

on the neuronal subtype and genetic model, yet these indications suggest that both α 

and β neurexins are crucial for the functional spontaneous glutamate release in many 

brain regions. Next, the amplitude reflects the postsynaptic responsiveness to the 

quantal release (Malgaroli and Tsien, 1992; Ropert et al., 1990). Here, the cKO neu-

rons had a considerable dropped mEPSC amplitude value by ~ 70% (Figure 3.14C) 

(Cre: 25.0 ± 2.0 pA, n = 26, Ctrl: 35.6 ± 2.7 pA, n = 17; p = 0.004). The mEPSCs am-

plitude reduction in the Nrxn3αβ knockout neurons is around 30% (Aoto et al., 2013), 

yet it reduced 20% in the cortical neurons when all the β-neurexins are deleted 

(Anderson et al., 2015). Again, even though the amount of amplitude reduction after 

deleting neurexin variants are different, these data all indicate the lack of neurexins 

also could affect postsynaptic modulation. To further investigate whether the alterna-

tion of amplitude reflects the current kinetics, I evaluated the average decay time and 

rise time of all the events. Decay time constant τ reflects the duration of postsynaptic 

channel openings during single exocytosis (Ropert et al., 1990). Here, mEPSCs did 

not show the change of the decay time in the cKO neurons (3.2 ± 0.3 ms, n = 26; p = 

0.5) comparing to the control neurons (3.6 ± 0.5 ms, n = 17) (Figure 3.14D). Rise 

time was calculated by mono-exponential fit from postsynaptic current (10% - 90%). 

The mEPSCs rise time was also not affected by the deletion of neurexins (Ctrl: 0.8 ± 

0.1 ms, n = 16; Cre: 0.8 ± 0.1 ms, n = 22) (Figure 3.14E). 
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Figure 3.14 The mEPSCs in the Nrxn123 cKO neurons are impaired. 

 (A) Representative mEPSC traces were recorded from the control (upper dark red) and the 

Nrxn123 cKO neurons (lower light red) at -70 mV in 10 s. The scale bar shows the 250 ms 

and 100 pA. (B - D) The bar graphs show the mEPSCs (B) events frequency, (C) amplitude, 

(D) decay time and (E) rise time in the control (dark red) and cKO neurons (light red). Data 

present in mean ± SEM. Statistical analysis was tested by Welch’s unpaired  t-test (*p < 0.05, 

**p < 0.01, ***p < 0.001, n.s. = not significant). The non-labeled data were non-significant.  

 

Since mEPSCs in the cKO neurons showed functional impairment, in the next step, I 

studied if mIPSCs in the cKO neurons were defective as well. To isolate the mIPSCs, 

I applied 10 µM CNQX and 25 µM AP-5 before the recording to inhibit AMPA- and 

NMDA receptors, respectively, and they were recorded from control neurons (Figure 

3.15A, Ctrl) and cKO neurons (Figure 3.15A, Cre). Here, the frequencies of mIPSCs 

were reduced by 60% in the cKO neurons (Cre: 2.8 ± 0.5 Hz, n = 19; p < 0.0001) 

compared to the control neurons (Ctrl: 7.4 ± 0.7 Hz, n = 21) (Figure 3.15B). These 

results confirmed the impaired GABA spontaneous release in the parvalbumin-
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positive interneurons in the medial prefrontal cortex (Chen et al., 2017) that the lack 

of αβ-neurexins reduces around 30% mIPSCs frequency. In the neocortex and brain-

stem, the α-neurexin triple knockout neurons decrease even around 80% of mIPSCs 

frequency (Missler et al., 2003; Zhang et al., 2005). As the exact phenotypes are diffe-

rent in the distinct neurexin KO models and brain regions, yet they all point out the 

essential roles of neurexins in presynaptic mIPSCs modulation. 

              
 

Figure 3.15 The mIPSCs event frequency in the Nrxn123 cKO neurons are reduced. 

(A) Representative mIPSC traces were recorded from the control (upper dark blue) and the 

Nrxn123 cKO neurons (lower light blue) at -70 mV in 10 s. The scale bar shows the 250 ms 

and 100 pA. (B-E) The bar graphs show the mIPSCs (B) events frequency, (C) amplitude, (D) 

decay time and (E) rise time in the control (dark blue) and cKO neurons (light blue). Data 

show in mean ± SEM. Statistical analysis was tested by Welch’s unpaired  t-test (*p < 0.05, 

**p < 0.01, ***p < 0.001, n.s. = not significant). The non-labeled data were non-significant.  

 

Different from the mEPSCs, the cKO neurons showed no alternation in the mIPSCs 

amplitude (Cre: 42.3 ± 3.2 pA, n = 20; p = 0.09) comparing to the control neurons 
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(Ctrl: 50.0 ± 3.0 pA, n = 20) (Figure 3.15C). This result suggested that mIPSCs 

might be differently regulated as mEPSCs in the hippocampal neurons. As for the cur-

rent kinetics, neither the decay time (Figure 3.15D) (Ctrl: 22.8 ± 2.0 ms, n = 21; Cre: 

23.2 ± 2.6 ms, n = 20; p = 0.9) nor the rise time (Figure 3.15E) (Ctrl: 1.9 ± 0.1 ms, n 

= 21; 2.3 ± 0.3 ms, n = 19; p =  0.2) of the mIPSCs was altered in the cKO neurons.  

Together, these findings demonstrated the glutamate and GABA spontaneous neuro-

transmission deficiencies when all the α/β-neurexins are deleted. Only the mIPSCs 

frequency changed in the cKO neurons, suggesting a presynaptic modification by 

neurexins. In contrast, the cKO neurons reduced in the mEPSCs frequency and ampli-

tude, implying the neurexins-regulated pre- and postsynaptic mechanisms. These re-

sults were in line with the findings in several neurexin knockout models that the lack 

of neurexins impairs spontaneous neurotransmission. However, it remains unclear 

whether neurexins modulate excitatory and inhibitory spontaneous release via the 

overlapping signaling pathways or dissociated molecular mechanisms.  
 

3.2.2 VGCC contribute to the phenotype of reduced spontaneous release 

CaV2 channels are essential for the functional neurotransmitter release and synaptic 

plasticity in the CNS. Each subtype of CaV2.1-CaV2.3 plays distinct roles in the va-

rious neuronal activities, depending on their locations and associated molecular pa-

thways (Ricoy and Frerking, 2014). In the αβ-neurexin cKO neurons, both mEPSCs 

and mIPSCs showed the reduced event frequencies, suggesting the possible alternati-

on at the presynaptic compartment. Hence, whether these changes are related to a 

specific CaV2 subtype was studied.  

To investigate if the mPSCs can be changed in the control and cKO neurons when 

certain CaV2 channel is dysfunctional, I separately inhibited the P/Q-, N- and R-type 

calcium channels by 200 nM ω-agatoxin-IVA, 500 nM ω-conotoxin-GIVA, and 500 

nM SNX-482, respectively. Each type of channel was blocked at least five minutes 

before recording to ensure the successful blockade. It is possible when the neurons 

stay too long in the recording solution at room temperature and have lower activities; 

therefore, one recording session lasted for a maximum of four hours. The recording 

protocol was identical to the one in 3.2.1 mentioned. 

Several studies have applied the non-selective VGCCs blocker Cd2+ to investigate the 

Ca2+-dependent spontaneous neurotransmission. However, evidence shows that Cd2+ 

could permeate into cytosol (Lopin et al., 2012) and directly induces the elevated 
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fluorescence from the Ca2+ indicator Fluo-4 fluorescence in the resting state 

(Ermolyuk et al., 2013). These observations suggest that Cd2+ can induce the elevati-

on of intracellular Ca2+ release or off-target effect, which might cause the depletion of 

vesicles. Moreover, recent data has shown that the treatment with 10-20 µM Cd2+ 

within 24 hrs results in apoptosis in the neuronal cells (Yuan et al., 2018), increasing 

the intracellular Ca2+ concentration (Yuan et al., 2013). Under those mentioned expe-

rimental conditions, the concentration of Cd2+ applied to block calcium channel is 

much higher (100-200 µM). Therefore, to bypass any undesirable secondary effect of 

Cd2+, only organic specific calcium channel blockers were used.  

First, I analyzed the effect of blockers on mEPSCs and the traces were compared bet-

ween the control neurons (Figure 3.16A, dark red) and the cKO neurons (Figure 

3.16A, light red). Surprisingly, the blockade of the P/Q- or N-type channels did not 

show the statistic difference in the mEPSCs event frequency from the control neurons 

(Ctrl: 14.0 ± 1.1 Hz, n = 15; P/Q-type: 8.6 ± 2.6 Hz, n = 12, p = 0.06; N-type: 9.3 ± 

1.5 Hz, n = 17, p = 0.06) (Figure 3.16B). These results were not expected, since 

another report indicated that the blockade of either N-type or P/Q-type channels signi-

ficantly reduces the mEPSC frequencies in the hippocampal neurons (Ermolyuk et al., 

2013). Moreover, a recent study has shown that N-type and P/Q-type should contribu-

te the most Ca2+-transient in the hippocampal neurons (Brockhaus et al., 2019). Ne-

vertheless, it is worth mentioning that the dataset variability increased when the P/Q- 

and N-type channels were blocked (Standard deviation Ctrl: 4.3, P/Q-type: 8.9, N-

type: 6.0, R-type: 5.6). In specific, many neurons exhibited very low mEPSCs fre-

quencies, but others were not affected or even had high frequencies (Figure 3.16B). 

Similarly to the control neurons, the blockade of N-type and P/Q-type calcium chan-

nels did not change the mEPSCs frequencies in the cKO neurons (Cre: 2.4 ± 0.6 Hz, n 

= 24; P/Q-type: 2.2 ± 0.4 Hz, n = 19, p = 0.9; N-type: 4.6 ± 0.8 Hz, n = 13, p = 0.06) 

(Figure 3.16C). 
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Figure 3.16 The VGCCs-regulated mEPSCs frequencies in the cKO neurons are altered. 

(A) The exemplary mEPSCs traces were recorded from the control neurons (upper, dark red) 

and the Nrxn123 cKO neurons (lower, light red) added ω-conotoxin-GIVA (row 2, 4), ω-

agatoxin-IVA (row 3, 6), or SNX-482 (row 4,8). The scale of the traces presents 100 pA and 

250 ms. (B - C) The bar graphs show the mEPSCs event frequencies from the (B) control 

neurons and the (C) cKO neurons. (D) The bar graphs show that the mEPSC amplitude in the 

control neurons (Ctrl: 35.6 ± 2.7 pA n = 17; Aga: 30.7 ± 2.1 pA, n = 13, p = 0.6; Con: 37.3 ± 

3.3 pA, n = 18, p = 0.9; SNX: 32.5 ± 2.4 pA, n = 18, p = 0.8) and in the cKO neurons (E) (Cre: 

25.0 ± 2.0 pA, n = 26; Aga: 27.6 ± 1.7 pA, n = 22, p = 0.8; Con: 31.5 ± 2.4 pA, n = 17, p = 0.1; 

SNX: 29.1 ± 2.2 pA, n = 15, p = 0.5). Data show in mean ± SEM. Statistical comparisons we-

re analyzed with ANOVA test (***p < 0.001, non-significant column are not labeled). 

 

Different from the blockade of P/Q- and N-type channels, the mEPSCs frequency of 

the control neurons showed a 25% reduction when the R-type channels were inhibited 

(4.8 ± 1.3 Hz, n = 18, p = 0.0003) (Figure 3.16B); this observation was in agreement 

with the previous finding in the cultured hippocampal neurons (Ermolyuk et al., 

2013). Interestingly, this R-type channel-associated frequency reduction was not 
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shown in the cKO neurons (R-type: 2.5 ± 0.6 Hz, n = 14, p = 0.9), suggesting a defect 

of R-type channel regulated mEPSCs in the cKO neurons. The application of any 

blocker did not affect mEPSC amplitude (Figure 3.16D, E), the rise time, and the de-

cay time of the control and cKO neurons (Figure 3.17A-D). Together, these data ex-

hibited the importance of R-type channel in glutamate spontaneous release in the hip-

pocampal neurons. This regulation is impaired when all the αβ-neurexins are deleted. 

Since the data displayed an especially large variability when either the P/Q-type or N-

type channels were inhibited, whether P/Q-type and N-type channels modulate 

mEPSCs in those neurons requires further confirmation.  

                  
 

Figure 3.17 Blocking CaV2 channels does not alter the mEPSCs properties. 

(A - B) The bar graphs show the mEPSC decay time in the control neurons (A) (Ctrl: 3.6 ± 0.5 

ms, n = 17; Aga: 5.0 ± 0.9 ms, n = 13, p = 0.4; Con: 4.1 ± 0.9 ms, n = 18, p = 9; SNX: 2.7 ± 

0.4 ms, n = 15, p = 0.7) and the cKO neurons (B) (Cre: 3.2 ± 0.3 ms, n = 26; Aga: 4.0 ± 0.3 

ms, n = 21, p = 0.3; Con: 3.4 ± 0.4 ms, n = 17, p = 0.9; SNX: 2.7 ± 0.3 ms, n = 15, p = 0.7). (C 

- D) The bar graphs plot the mEPSC rise time in the control neurons (C) (Ctrl: 0.6 ± 0.05 ms, 

n = 16; Aga: 0.7 ± 0.05 ms, n = 13, p > 0.9; Con: 0.7 ± 0.08 ms, n = 17, p > 0.9 ; SNX: 0.5 ± 

0.03 ms, n = 18, p = 0.2) and in the cKO neurons (D) (Cre: 0.7 ± 0.05 ms, n = 22; Aga: 0.7 ± 

0.03 ms, n = 21, p > 0.9; Con: 0.6 ± 0.06 ms, n = 17, p = 0.5; SNX: 0.5 ± 0.04 ms, n = 15, p = 

0.3). Data in summary are presented as mean ± SEM. Statistical comparisons were analyzed 

with ANOVA test, and non-significant columns are not labeled. 

 

To investigate whether the defect of mIPSCs in the cKO neurons was due to the dys-

function of CaV2 channels, I examined the mIPSCs after adding the specific blockers 
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in the control neurons (Figure 3.18A, dark blue) or in the cKO neurons (Figure 

3.18A, light blue). The procedure is identical to the mEPSCs recordings, and the 

event frequency (Figure 3.18B, C), amplitude (Figure 3.18D, E) and kinetics (Figu-

re 3.19) were analyzed. Several previous reports have exhibited the importance of 

P/Q- and N-type channels in mIPSCs in the different neurons (Missler et al., 2003; 

Tsintsadze et al., 2017; Zhang et al., 2005). In the brainstem, these channels even af-

fect around 80% of the VGCCs-dependent mIPSCs (Zhang et al., 2005). Surprisingly, 

in my study, the blockade of the P/Q- or N-type in the control neurons showed no 

change in the mIPSCs frequencies (Ctrl: 7.4 ± 0.7 Hz, n = 21; P/Q-type: 5.3 ± 0.8 Hz, 

n = 14, p = 0.1; N-type: 6.8 ± 0.8 Hz, n = 13, p = 0.5).  

Interestingly, the blockade of the R-type channels reduced the event frequency by 

~60% in the control neurons (2.7 ± 0.5 Hz, n = 16, p < 0.0001) (Figure 3.18B). This 

frequency reduction did not occur in the cKO neurons (cKO: 1.3 ± 1.0 Hz, n = 10, p = 

0.1) (Figure 3.18C). Unexpectedly, the mIPSCs frequency in the cKO neurons show-

ed a slight decrease when the P/Q-type channels were blocked (cKO: 2.8 ± 0.5 Hz, n 

= 19; P/Q-type: 1.1 ± 1.0 Hz, n = 19, p = 0.01) (Figure 3.18C). The amplitude (Figu-

re 3.18D, E), the decay time, and the rise time of mIPSCs were not affected in the 

control neurons and cKO neurons (Figure 3.19A-D). For the first time, these data 

showed R-type channels functionally impact spontaneous GABA release in the 

cultured hippocampal neurons. However, this regulation was abolished when all αβ-

neurexins were absent. The P/Q-type channels are surprisingly affected in the cKO 

neurons but not in the control neurons. Recent evidence in the calyx of Held proposed 

that the pan-neurexin deletion could disturb the spatial coupling of the channel in the 

active zone (Luo et al., 2020b), which gives a hint that the calcium channel organiza-

tion might be changed in the cKO neurons. Together, these results suggest an alterati-

on in the VGCCs-dependent GABA spontaneous release in the αβ-neurexin cKO neu-

rons. 
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Figure 3.18 The CaV2 channels-regulated mIPSCs are changed in the cKO neurons  

(A) The exemplary mIPSC traces were recorded of the control neurons (upper, dark blue) and 

the Nrxn123 cKO neurons (lower, light blue) added ω-conotoxin-GIVA (row 2, 4), ω-agatoxin-

IVA (row 3, 6), or SNX-482 (row 4, 8). The scale of the traces shows 100 nA and 250 ms. (B, 

C) The bar graphs show the mIPSC event frequencies in the control neurons (dark blue) and 

in the Nrxn123 cKO neurons (light blue). (D, E) The bar graphs summarize the mIPSC ampli-

tude in the control neurons (D) (Ctrl: 50.0 ± 3.0 pA n = 20; Aga: 47.9 ± 2.1 pA, n = 15, p = 0.9; 

Con: 46.1 ± 2.6 pA, n = 14, p = 0.8; SNX: 45.9 ± 2.8 pA, n = 16, p = 0.7) and the Nrxn123 

cKO neurons (E) (Cre: 25.0 ± 2.0 pA, n = 26; Aga: 27.6 ± 1.7 pA, n = 22, p = 0.8; Con: 31.5 ± 

2.4 pA, n=17, p = 0.4; SNX: 29.1 ± 2.2 pA, n=15, p = 0.4). Data in summary are presented as 

mean ± SEM. Statistical comparisons were analyzed with ANOVA test (*p < 0.05, **p < 0.01, 

***p < 0.001, non-significant columns are not labeled.) 

 

In summary, the lack of neurexins impairs glutamate and GABA spontaneous neuro-

transmission. This mechanism is at least partially VGCCs-dependent. These data re-

vealed the importance of the R-type channel in the spontaneous neurotransmission in 
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those neurons. However, it remains to be elucidated about how R-type channel modu-

lates spontaneous release together with neurexins. Moreover, since the observation of 

blocking P/Q- and N-type channels conflicted to the previous finding (Ermolyuk et 

al., 2013) and the data exhibited variability, thus, whether these channels regulate the 

spontaneous release in those neurons should be further investigated. 

 

                   
 

Figure 3.19 Blocking CaV2 channels does not affect the mIPSCs properties. 

(A–B) The bar graphs show the mIPSC decay time in the control neurons (A) (Ctrl: 22.8 ± 2.0 

ms, n = 21; Aga: 22.9 ± 1.7 ms, n=15, p > 0.9 ; Con: 23.9 ± 3.0 ms, n = 15, p > 0.9; SNX: 27.5 

± 2.0 ms, n = 16, p = 0.4) and the Nrxn123 cKO neurons (B) (Cre: 3.2 ± 0.3 ms, n = 26; Aga: 

4.0 ± 0.3 ms, n = 21, p = 0.06; Con: 3.4 ± 0.4 ms, n = 17, p = 0.6; SNX: 2.7 ± 0.3 ms, n = 15, 

p = 0.08). (C–D) Summary of the mIPSC rise time in the control neurons (C) (Ctrl: 1.7 ± 0.2 

ms, n = 21; Aga: 1.5 ± 0.2 ms, n = 15, p > 0.9; Con: 1.3 ± 0.2 ms, n = 14, p = 0.7; SNX: 2.0 ± 

0.2 ms, n = 16, p = 0.9) and the Nrxn123 cKO neurons (D) (Cre: 0.7 ± 0.05 ms, n = 22; Aga: 

0.7 ± 0.03 ms, n = 21, p > 0.9; Con: 0.6 ± 0.06 ms, n = 17, p > 0.9; SNX: 0.5 ± 0.04 ms, n = 

15, p > 0.9). Data in summary are presented in mean ± SEM. Statistical comparisons are 

analyzed by the ANOVA test, and non-significant columns are not labeled. 
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4. Discussion 

 
It is acknowledged that neurexins have crucial roles in maintaining normal neuro-

transmission (Reissner et al., 2013; Sudhof, 2017), which is partially related to 

VGCCs. Yet it remains obscure of how are neurexins involved in the VGCCs-

regulated synaptic neurotransmission. This doctoral study focused on the possible re-

lationships of neurexins and VGCCs in modulating evoked and spontaneous release. 

First, I expressed the recombinant N-type channels and neurexin 1 in the tsA-201 

cells by transient transfection approach. To simulate the voltage change in evoked 

neurotransmission, I used the whole-cell patch-clamp and depolarizing the cell to re-

cord the Ca2+-influx from the transfected cells. I observed that neurexin 1 could alter 

the recombinant N-type channel biophysical properties, especially with the α2δ-3 

subunits. However, this project cannot reproduce the phenotype of decreased N-type 

Ca2+-influx by co-transfecting neurexin 1α with α2δ-3 subunits, which was found in a 

previous study (Tong et al., 2017). These results revealed the potential pitfalls of tran-

sient transfection in the heterologous expression system. Furthermore, to understand 

the roles of neurexins contributing to spontaneous release, I studied mPSCs in the 

primary hippocampal neurons. My results supported the functional significance of 

neurexins in controlling spontaneous release in the hippocampal neurons. It de-

monstrated a link between neurexins and R-type channels in modulating spontaneous 

release in those neurons for the first time. 

 
4.1 The effect of neurexin on the recombinant N-type channels  

Tong speculated that the postsynaptic neurexin 1 in C.elegans suppresses the activity 

of N-type channels through binding the presynaptic α2δ subunit. As a consequence, 

the acetylcholine (ACh) release is reduced. To support this hypothesis, they provided 

a compatible observation in the HEK cells, which showed that the mouse neurexin 1α 

reduced the N-type Ca2+ current together with the α2δ co-transfection (Tong et al., 

2017). Moreover, the previous doctoral thesis also supported the N-type current was 

decreased by neurexin 1 co-expressing with α2δ subunits in the tsA-201 cells 

(Schreitmüller, 2017). Unexpectedly, those findings are not reproducible in my pro-

ject (Figure 3.6D). The individual data set presented a large value variability, which 
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wiped out the difference of the Ca2+ maximum current densities with or without Nrxn 

1α transfection. 

Notwithstanding those present indications from Tong, several concerns of the biologi-

cal interpretations are questionable. First, the neurexin 1 in C.elegans is located at the 

postsynaptic site, and its binding to the presynaptic α2δ subunit is supposed to be 

trans-synaptic. Therefore, it is a dubious proof for the trans-synaptic interaction hypo-

thesis when neurexin 1α suppresses Ca2+ influx through N-type channels by interac-

ting with the α2δ subunit at the same plasma membrane. Besides, previously our 

group revealed that although neurexin 1α and α2δ subunits can be pulled down toge-

ther in the co-immunoprecipitation, yet this pull-down appears to be unspecific in the 

transiently transfected HEK cells. This result proposed that neurexins rather have no 

stable binding with α2δ subunits (Brockhaus et al., 2018). Second, the CaV2 channels 

in C.elegans are coded by a single unc-2 gene, an ortholog to N- or P/Q-type channels 

in mammals (Mathews et al., 2003). In comparison, the N- and P/Q-type channels in 

mammals have many kinetic and functional differences (Cao and Tsien, 2010; Wadel 

et al., 2007; Zaitsev et al., 2007). Thus, whether the UNC2 channels can represent the 

functional specificities of the N- or P/Q-type channels is open to discussion. Third, 

since neurexin 1α of C.elegans is less than 30% regard as identical to the Nrxn 1α in 

M. musculus (Tabuchi and Südhof, 2002) Thus, the functions and related molecular 

pathways of neurexins across those species can be very different. To confirm whether 

the observation of neurexin 1 affecting the N-type channel in HEK cells can biologi-

cally explain the evidence in the neurons in C.elegans, one may need an alternative 

method that is closer to the physiological characters of C.elegans. 

 

4.1.1 Transient transfection in the tsA-201 cells 

Nevertheless, my project still did not reproduce the phenotype that mouse neurexin 1α 

decreases the Ca2+ influx through the rat N-type channel together with the α2δ-3 

subunit in the HEK cells. In comparison these two studies, there are several dissimila-

rities of the experimental design regarding transient transfection in the HEK cells, 

which may contribute to the different phenotypes. First of all, Tong et al. uses the 

non-tagged cDNA plasmids. Instead, they co-transfect eGFP to detect the successfully 

transfected cells. However, depending on the designed vector structure and size, the 

plasmid can express differently (Hornstein et al., 2016; Xu et al., 2018). Since the size 

of Nrxn 1α is three-fold larger than eGFP (Arpino et al., 2012; Tabuchi and Südhof, 



Discussion 

	 91	

2002), the cells might have the preferences of expressing eGFP than Nrxn1α. Hence, 

the eGFP expression can not guarantee other plasmids, and the expression preference 

can cause cell-selection bias. By contrast, although the neurexins and α1Β subunit we-

re fluorescence-tagged in my experiments, many tagRFP-tagged neurexins were not 

co-localized with the tagRFP antibody on the cell surface; some of the neurexins 

formed the saturated fluorescent cluster intracellularly (Figure 3.10F). This circum-

stance can result from the fluorescent tags assemble into complexes at high intracellu-

lar concentrations and expressed in diffuse localization (Rizzo et al., 2009). The in-

tracellular cluster can be wrongly recognized as the neurexin expression on the cell 

surface, emphasizing on the obstacle of the transient transfection approach in this tsA-

201 cells study. Together, both studies could not avoid the possibility that the experi-

menter might measure the cells with poorly expressed neurexin based on the fluo-

rescence from the transfected cells.  

Second, in these transiently transfected cells, neither the DNA copy number nor the 

protein surface expression can be manipulated. In my project, the Nrxn1α was 

expressed under the neuron-specific human synapsin 1 (SYN1) promoter (Kügler et 

al., 2003), the α2δ and β3 subunits were under the human cytomegalovirus (CMV) 

promoter, and α1B subunit was under chicken β-actin promoter;  Differently, the 

Nrxn1α and N-type channel complex from Tong et al. are under CMV promoter. As 

for the neurexin expression, the SYN1 promoter exhibits a considerably lower activity 

than the CMV promoter in the HEK cells (Boulos et al., 2006). Thus, the neurexin 1α 

from Tong et al. may express a higher level than in this project. Since the higher 

amount of neurexin protein reduced the N-type current densities (Figure 3.8B), the 

expression level of neurexin 1α on the surface may make a difference in the N-type 

current densities. In comparison to synapses, only a few neurexins are expressed in 

the specific groups of neurons (Fuccillo et al., 2015). Depending on the SS code and 

the isoform, each of the neurexin variants enriches in the different brain regions 

(Schreiner et al., 2014). Thus, it is difficult to justify whether the high expressed 

neurexins in the HEK cells can maintain their functions as them in the neurons.  

As for the recombinant N-type channel expression, the CMV and chicken β-actin 

promoter can mediate strong gene expression in the HEK cells (Fregien and 

Davidson, 1986; Xia et al., 2006). In contrast, there are low numbers of VGCCs 

clustered in the active zone. Only 16% of channels will open during an action potenti-

al, which is sufficient to trigger neurotransmitter release (Sheng et al., 2012). For in-
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stance, in the rat hippocampal basket cell-granule cell synapse, three or fewer calcium 

channels are sufficient to trigger neurotransmitter release (Bucurenciu et al., 2010). In 

the mouse hippocampal Schaffer collateral synapses, even a single channel is able to 

initiate vesicle release (Scimemi and Diamond, 2012). On the contrary, this physiolo-

gical condition does not resemble the HEK cells, since the transiently transfected vec-

tors commonly are over-produced (Stepanenko and Heng, 2017). Many of those 

channels on the cell surface will open in response to membrane depolarization, lea-

ding to an overall drastic Ca2+-influx. Moreover, an overexpressed protein may have 

unspecific protein interactions. They can form protein subcomplexes, which generates 

distorted biological output (Gibson et al., 2013). This aspect may explain why the 

transfected α2δ subunit is co-immunoprecipitated together with neurexins and other 

unrelated proteins (Brockhaus et al., 2018). No evidence in neurons shows that neu-

rexins directly bind to VGCCs, or they interact through other molecules. Accordingly, 

it is reluctant to determine whether neurexins stably bind to α2δ subunits by the mean 

of the transiently transfected HEK cells. Together, whether this highly expressed 

neurexin 1α and the N-type channels in the HEK cells represent their interaction in 

the neurons remains to be clarified. 

Last but not least, the N-type channel shows different activation kinetics based on the 

Boltzmann-equation in Tong et al. In my project, co-expressing with either α2δ-2 or 

α2δ-3 subunit, the N-type channels half-activation voltages were around 10 mV more 

positive. Moreover, the N-type channels in my project exhibited around 15-20 mV 

more positive reverse potential (Table 3.1, Table 3.4). These kinetics differences 

might be due to several reasons. (1) The reverse potential represents the ion driving 

force, and its difference reflects the ion concentration in the recording bath solution. 

In my thesis, the bath solution contained 3 mM Ca2+, while the author used 1 mM 

Ca2+. This Ca2+ concentration difference can lead to gating properties change 

(Rodríguez-Contreras and Yamoah, 2003). (2) In Tong et al., the N-type channel 

recordings are performed at room temperature. To get closer to physiological 

temperature, I performed the recordings at 32 °C. It has been shown that the gating of 

the N-type channels is significantly faster at a higher temperature than at room 

temperature (J. Darwin King and Meriney, 2005). (3) In my project, the N-type 

channel had an intracellular eGFP-tag, yet the channel is untagged in Tong et al.. 

Hence, the tag position might affect channel gating properties (Voigt et al., 2016). It 

might be possible that N-type channels interact with neurexin at certain activation sta-
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tus. Thus, whether shifting the gating properties affects their interaction pattern is un-

clear. In summary, the experimental set-up may contribute to the conflicting phenoty-

pes in the two independent studies, suggesting some critical pitfalls of transiently 

transfected tsA-201 cells in this project.  

Apart from the different experimental set-up between studies, the conflicting pheno-

types and the large data variability could also be attributed to the transient transfection 

approach and some characters of the tsA-201 cells. In agreement with the reports 

from other groups, the transient transfection efficiency can vary dramatically if the 

experiments are performed on different days (de Los Milagros Bassani Molinas et al., 

2014; Jordan et al., 1996), which adds in another factor of data variation. This effi-

ciency depends on the personal error and the transfection protocol.  In theory, if the 

range of values in the replicating experiments is robust enough, the personal error will 

not strongly influence the result. Since the maximum amplitude of single combina-

tions varied time by time, it seems necessary to improve the transfection protocol. 

Following this aspect, the solution pH, chemical/nucleic acid ratio, and incubation 

time (Jordan et al., 1996; Kim and Eberwine, 2010) can impact transfection efficiency. 

For example, the soluble DNA in the reaction can bind to calcium phosphate within 

one minute, while extending the reaction time results in aggregation and reduce the 

level of expression. High DNA concentration (> 25-35 µg/ml) inhibits the formation 

of the precipitates, causing less DNA associates with an insoluble precipitate complex 

(Jordan et al., 1996). In sum, although the calcium-phosphate transfection protocol is 

simple and quick in practice, yet it is still challenging to reproduce the optimal co-

precipitation of calcium phosphate and DNA, maintain the stable transfection effi-

ciency. Additionally, HEK cells have been indicated exhibiting neuronal characters 

and expressing neuronal genes (Campbell et al., 2005; Shaw et al., 2002), making it 

inappropirate to study neuronal development. It is unknown whether neurexin-related 

genes or transcription factors also express in the HEK cells; More importantly, if tho-

se genes could induce functional crosstalk and interrupt the transfected Nrxn in those 

cells. 

Moreover, the Ca2+-influx through the N-type channel was reduced when the cells 

were only transfected the N-type channel complex, and the neurexin protein in de-

fined concentration was added in the medium (Figure 3.8). This evidence did support 

the hypothesis that neurexin cooperates with α2δ subunit and regulates the N-type 

channel function, in contrast to the phenotype when neurexin 1α was co-transfected 



Discussion 

	94	

(Figure 3.5D). These conflicting results demonstrate two aspects. (1) The quadruple 

transient transfection is unstable to record the maximal amplitude in my project. 

Reducing the number of transfected plasmids may minimize the expression variation 

in the cells. (2) The maximal current density should not be the only parameter to iden-

tify whether neurexin regulates the function of calcium channel in a heterologous ex-

pression system.  

Although neurexin 1 did not change in the maximal N-type current densities, they did 

change the biophysical properties of the N-type channel with the α2δ-3 subunit in tho-

se tsA-201 cells (Table 3.3-3.5). The whole-cell Ca2+ influx depended on the number 

of activated N-type channels on the cell surface. Thus, regardless of the total amount 

of Ca2+ influx in one cell, analyzing the channel gating properties could still determi-

ne neurexin effecting on the calcium channels. In line with Tong et al., the voltage-

dependent activation of N-type channels was not altered by the co-expression of neu-

rexin 1α (Table 3.1-3.2) (Tong et al., 2017). Interestingly, the half-inactivation 

voltage of N-type channels was shifted to be more negative by co-expressing neurexin 

1α (Table 3.3), suggesting more channels might inactivate at the same voltage when 

neurexin 1α was present. This shifting occurred specifically with the α2δ-3 subunit, as 

the α2δ-2 subunit did not change the inactivation kinetics of the channel. In addition, 

the altered inactivation kinetics might result from the α2δ-3 subunit binding to neu-

rexin 1α in the HEK cells (Tong et al., 2017). Co-expressing neurexin 1β shifted both 

the half-activation and half-inactivation of the N-type channel to the depolarizing di-

rection when the α2δ-3 subunit was co-expressed (Table 3.4-3.6). These results revea-

led that neurexin 1β might interact with the α2δ-3 subunit to regulate N-type channels. 

However, it remains obscure if neurexin 1β affects the Ca2+- influx through the N-

type channel. Nonetheless, these activation/inactivation voltage shifts of calcium 

channel by neurexin 1 may imply a great influence in neurotransmission in neurons. 

For example, a recent study has indicated that the depolarizing phase of the action po-

tential only open around 20% of the total calcium channels. However, most calcium 

channels continue opening during the repolarization phase, generating a larger local 

calcium concentration and increasing release probability (Scarnati et al., 2020). Thus, 

the amount of activable VGCCs is pivotal for the success of neurotransmission. Ne-

vertheless, one should also confirm those observations in neurons, since other 

synaptic molecules might also be involved. 
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In conclusion, neurexin 1 affects the functions of N-type channels with the α2δ-3 

subunit by changing the channel biophysical properties. It cannot be confirmed that 

neurexin effects on the Ca2+-influx through N-type channel in the transiently transfec-

ted tsA-201 cells, resulting from the large dataset variability in the maximal current 

densities. This result demonstrates the double-edged sword of transient transfection in 

the HEK cells. On the one hand, the heterologous cells offer the opportunity to sim-

plify the addressed scientific question and efficiently perform the experiments. On the 

other hand, the unstable transfection efficiency and the poor cell-selection criteria ge-

nerate the experiments' biases and variances, leading the phenotype inconclusive. As 

a result, this project challenges some of the findings and interpretations performed by 

similar cell model and electrophysiology methods (Tong et al., 2017). The biophysi-

cal properties analysis provide more sensitive and essential parameters to investigate 

the interaction between neurexins and calcium channels using electrophysiology. Fi-

nally, considering the evidence of the functional correlation between VGCCs and 

neurexins in the neuronal studies (Luo et al., 2020b; Missler et al., 2003; Zhang et al., 

2005), the hypothesis is still worthy of testifying by different robust methods and al-

ternative experimental models. 

4.1.2 Alternative approach: stable genome-manipulation in the HEK cell lineage 

One feasible approach to resolve the disadvantages of transient transfection and ex-

press exogenous proteins in the mammalian cell is to generate a stable cell line. Simi-

lar to the transient transfection, the stable cell line also expresses foreign genes. Those 

integrated genes bring another gene displaying antibiotic resistance. As a result, the 

stably transfected cells will survive under antibiotic selection and be brought into 

long-term cell culture (Hunter et al., 2019).  

The stable cell-line establishment first provides a reliable and long-lasting solution for 

recombinant protein expression, yet each approach has its prerequisites and challen-

ges. The DNA random integration method (Soo Min Noh, 2019) requires ordinary 

cell culture facilities. However, it generally takes six to twelve months until the stable 

cell line is successfully established (Soo Min Noh, 2019; Wurm, 2004). My study 

focused on three to four large-size genes; all these genes could take a long time to in-

tegrate into the hosting genome (Hunter et al., 2019). When the cell clones are genera-

ted, one needs to characterize whether all the genes of interest are well expressed. De-

spite the time-consuming drawback, the genes of interests are randomly engaged in 
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the hosting genome. This random integration may cause gene silencing and induce a 

heterogenetic phenotype (Liu et al., 2014), making it more complicated to identify the 

right cell clone. 

                        
Figure 4.1 Scheme of stable cell-line development process 

The vector is designed to express the gene of interest (GOI) and selection gene and transfec-

ted to the host cells. The transfected cells further are proceeded the selection process, until 

the single-cell clones are selected and separated. Those clones are expanded into culture 

and characterized. The right clones will be kept for further experiments. The scheme is modi-

fied from Soo, 2019 (Soo Min Noh, 2019). 

 

Alternatively, site-specific recombination provides a more stable and efficient repro-

duction (Hacker and Balasubramanian, 2016). Such as CRISPER/Cas system in the 

Chinese hamster ovary cells (CHO) and the HEK cells genome editing and deve-

lopment (Chin et al., 2019; Lee et al., 2015), the zinc finger nuclease (Porteus, 2006), 
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and the adeno-associated virus (AAV) infection (Liu et al., 2014). On top of that, the 

amplification of the targeted genes will be highly restrained and quantifiable, avoi-

ding the DNA overexpression (Soo Min Noh, 2019). These cell-line development 

strategies ascertain the genes inserting site and reduce the development time down to 

four to six months. For example, lentivirus can infect the host cells at the defined site 

and bring the genes of interest into the genome. However, it is very time-consuming 

to design a functional virus vector. Additionally, this procedure requires a biosafety 

level 2 contaminants for the lab (Hacker and Balasubramanian, 2016). Thus, esta-

blishing a virus-based experimental setup can be very expensive. The CRISPR/Cas9 

system is easier to design and prepare the experiments; it also has a lower financial 

and time cost. Yet this technique is widely used in gene interruption on HEK cells 

(Lee et al., 2015). As for gene insertion purposes, the CRISPR/Cas9 system usually 

combine the AAV-virus infection technique (Lino et al., 2018). Despite all the pros 

and cons of each method, the genes of our interests are several calcium channel sub-

types, auxiliary subunits, and neurexin variants. Thus, it will be an enormous effort to 

bring every protein combination into every stable cell line.  

In summary, to replace the transient transfection and develop a stable cell-line for this 

project, one should overcome technical challenges and complex procedures. Once the 

cell-line is successfully established, it has great potential to become a reliable tool to 

study the interactions between the VGCCs and neurexins. 

 

4.2 Roles of neurexins in spontaneous release in the CNS 

Spontaneous neurotransmission is a powerful tool to capture the change in synaptic 

properties and numbers. This can be sometimes difficult to test in the evoked neuro-

transmission, since the stimulation can trigger multiple synaptic release cocurrently 

(Kavalali et al., 2011). Conditional knockout of all α/β isoforms of the neurexins mice 

(Nrxn123 cKO) are engineered to investigate the functions of neurexins in the deve-

loped neuronal network (Chen et al., 2017). For the first time, the spontaneous activi-

ties of the hippocampal neurons from these mice were recorded in vitro. Using the 

complete neurexin knockout model and electrophysiology, I have investigated the role 

neurexins contribute to the spontaneous release in these neurons, extensively, if neu-

rexins collaborate with the CaV2 channels to regulate this process. 
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4.2.1 Spontaneous release in the pan-αβ-neurexin knockout hippocampal neu-

rons 

The Nrxn123 cKO neurons have deficiencies of spontaneous glutamate and GABA 

release based on the strong reduction in the mEPSCs and mIPSCs events frequencies 

(Figure 3.14B, 3.15B). The mEPSC amplitude also decreased by 70% in the cKO 

neurons, while the mIPSCs amplitude was not affected (Figure 3.14C, 3.15C). These 

results support the crucial roles of neurexins in maintaining the normal spontaneous 

release in the different neurexin knockout models (Sudhof, 2017). However, the phe-

notypes of mPSCs are more complex in the other neurons in vivo.  For example, in the 

Nrxn123 cKO mice model, the mIPSCs showed a 20% reduced frequency in the par-

valbumin-positive interneurons but no change in the somatostatin-positive interneu-

rons (Chen et al., 2017). The amplitude and frequency of the mEPSCs also remain 

unchanged in the calyx of Held (Luo et al., 2020b). Other neurexin-deletion models 

exhibit diverse spontaneous release phenotypes in different neurons. In the conventio-

nal α-neurexin triple knockout (TKO) mice, the mIPSCs frequency from the brain-

stem neurons reduced by 80% (Missler et al., 2003; Zhang et al., 2005). In contrast, 

the β-neurexin TKO mice do not show the impairment in mIPSCs in the cortical neu-

rons (Anderson et al., 2015). However, those neurons exhibit 50% less in the mEPSCs 

frequency and 20% less mEPSCs amplitude (Anderson et al., 2015). 

As mEPSCs showed a considerable decrease in the frequency (~80%)(Figure 3.14B) 

and the amplitude (Figure 3.15C), indicating the neurexin-related glutamate sponta-

neous release is modulated pre- and postsynaptically. This mEPSCs may be modu-

lated differently by AMPARs and NMDARs. For example, in the neocortical neurons 

of the conventional α-neurexin TKO mice, the AMPAR-mediated mEPSCs exhibit 

reduced event frequency compared to the control neurons, but the amplitude remains 

unchanged (Missler et al., 2003). However, the NMDAR-mediated mEPSCs have 

reduced 50% amplitude than the wide-type mice (Kattenstroth et al., 2004).  

There are several possible explanations about the heterogeneous phenotypes in the 

different synapses and neurexin knockout models. First, neurexin variants have 

specific expression preferences in neuronal subgroups. For instance, single-mRNA 

profiling data shows the cell-type-specific expression pattern of neurexins in the mice 

brain (Fuccillo et al., 2015). In situ hybridization data in the hippocampus have indi-

cated that the α-neurexins are highly expressed in the pyramidal neurons and the par-

valbumin-positive interneurons. Especially, the loss of SS4 insertion in Nrxn1/3 im-
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pairs the circuit functions of those neurons (Nguyen et al., 2016). Furthermore, in the 

early developing human cerebral cortex, NRXN1/3 expresses highly in the cortical 

plate and weakly expresses in the synaptogenic presubplate. By contrast, NRXN2 

highly expresses in neurites of the presubplate and growing axons of the intermediate 

zone (Harkin et al., 2017). Therefore, the neurexin variants may dominate differently 

on various synapses, which causes the distinct spontaneous release phenotypes. 

Next, different genetic manipulations strategies can also contribute to the heterogenic 

phenotypes. As all the neurexins have many similar sequences in the LNS6, trans-

membrane and intracellular domains. They are likely to share the functional redun-

dancy as well. Depending on the neuronal subtype, the loss of certain neurexin vari-

ants may not result in the dramatic phenotype change in the central functions (Aoto et 

al., 2015). In the conventional α-neurexins TKO model, it has been demonstrated that 

α-neurexins are not essential for primary synaptogenesis (Dudanova et al., 2007). Yet, 

other synaptic proteins might rearrange the organization and compensate the knockout 

genes during development (Sudhof, 2017).  

On the other hand, the conditional knockout approach provides a flexible and precise 

solution because one can define the gene background and target specific tissues 

(Sudhof, 2017). However, there are also several concerns regarding this strategy. (1) 

So far, no evidence shows whether a single neurexin gene cKO induces any change in 

other neurexins, since different neurexin genes can express in the same brain region 

(Aoto et al., 2013). Accordingly, there might be potential functional crosstalk in other 

neurexin-related molecular pathways when certain neurexin variant is absent. (2) 

Many synapses may not rely on neurexins to regulation spontaneous neurotransmissi-

on. For example, although β-neurexins are expressed much less than the α-neurexins 

in the brain, they still play important roles in modulating spontaneous release 

(Anderson et al., 2015). Thus, those neurons that have few β-neurexins might have 

other strategies to regulate spontaneous release. (3) To study cKO in vivo, one should 

inject the virus in the specific brain region (Chen et al., 2017). This method allows the 

synaptic function closer to the physiological condition. However, as different brain 

regions network together, it is hard to determine whether this network will compensa-

te for the loss of function. As for in vitro studies, the mechanisms of neurotransmissi-

on between neurons may have altered since the cultured neurons do not have the net-

work with other brain regions and tightly cooperate with the glial cells (Chai et al., 

2017). In total, as the phenotype in the neurexin KO model varies, the related mecha-
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nisms appear to depend on the synaptic type, the brain region, and the specific neu-

rexin variants. In sum, it is important to compare the function of neurexins in the sa-

me group of neurons and brain regions from different neurexin KO models. This way, 

one can assure that those findings are consistent and are the representative biological 

outputs. 

 

4.2.2 VGCCs-modulated spontaneous release 

Although VGCCs are partially responsible for spontaneous release in neurons, little is 

known whether they are involved in the neurexin-regulated spontaneous release. In 

the primary hippocampal neurons, the blockade of R-type channels by SNX-482 

reduced the mPSCs event frequencies (Figure 3.16B, 3.18B). Interestingly, this R-

type channel-related glutamate and GABA release were abolished in the cKO neurons. 

Surprisingly, the blockade of P/Q- or N-type calcium channels did not significantly 

differ in the mIPSCs and mEPSCs event frequencies in the control neurons, not-

withstanding the large data variability. Several reports have indicated the importance 

of P/Q- and N-type channels on the synapse. For example, in the cultured hippocam-

pal neurons, P/Q- and N-type channels contribute to the most Ca2+ influx than L-type 

and R-type channels (Brockhaus et al., 2019). They play the dominant role in modula-

ting excitatory synaptic release (Cao and Tsien, 2010), and also take over ~30% of the 

excitatory spontaneous release (Ermolyuk et al., 2013). In the brainstem, P/Q- and N-

type channels control predominately inhibitory spontaneous release (Zhang et al., 

2005). 

Since it has been well reported that P/Q- and N-type channels jointly mediate synaptic 

transmission, why does the blockade of these two channels in the control neurons si-

gnificantly decrease spontaneous release? The first question is whether the spontane-

ous release of the hippocampal neurons in these experiments is Ca2+-dependent. One 

can answer the question by altering extracellular Ca2+ concentration or adding calci-

um channel blockers. To change the extracellular Ca2+ concentration, one can chelate 

free Ca2+ ion by adding EGTA/ BAPTA or substitute Ca2+ for Mg2+ by changing the 

bath solution. However, these two solutions may directly interrupt ionic homeostasis, 

since the absolute and the relevant concentration of Mg2+ also modifies spontaneous 

release (Smith et al., 1989; Vyleta and Smith, 2011; Young, 1986). Besides, there is 

also no valid control group that the neurons have completely Ca2+-independent spon-
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taneous neurotransmission. Therefore, the application of the calcium channel blockers 

seems to be a better solution. 

Then, specified synapse may differently depend on VGCCs in spontaneous release. 

However, in the mPSCs recording, the patched hippocampal neurons received many 

inputs from various synapses, and the results collectively represent the overall change 

in many neurons. To have an overview on VGCCs-dependent spontaneous release, 

several studies use Cd2+ to overall block the calcium channel does not reduce mEPSC 

frequency (Eggermann et al., 2011; Tsintsadze et al., 2017; Vyleta and Smith, 2011) 

whereas several studies have (Bao et al., 1998; Dai et al., 2015). As mentioned before, 

this phenotype can be due to the drawback of applying Cd2+ per se.  

Using the specific calcium blocker, the neocortical neurons does not change the 

mEPSCs frequency when the N-type channels are blocked (Tsintsadze et al., 2017). In 

contrast, P/Q-, N- and R-type channels all contribute to the mEPSCs in the hippocam-

pal synapses (Ermolyuk et al., 2013). The T-type channels are also involved in regula-

ting the excitatory spontaneous release in the medial prefrontal cortex neurons (Liu et 

al., 2016). Apart from those studies that have focused on distinct brain regions and 

neuronal type, these diversified VGCCs-dependent mEPSCs may be affected by the 

depolarized material or neuronal developing stages (Williams and Smith, 2018). In 

comparison to mEPSCs, P/Q- and N-type channels consist of 20% and 60% of the 

GABA spontaneous release in the brainstem, respectively (Zhang et al., 2005). In the 

neuromuscular junctions of C.elegans, CaV1 and CaV2 both play roles in mIPSCs (Liu 

et al., 2018). Together, those studies have demonstrated that the VGCCs are crucial 

for the spontaneous release, and those underlying mechanisms could be neuron-

specified. 

Next, although the mPSCs in the wide-type neurons were not significantly changed 

when the P/Q- and N-type channels were blocked (Figure 3.16B, 3.18B), yet these 

phenotypes may be overlooked. Especially in the mEPSC of the control neurons, 

blocking the P/Q-type channel induced a larger data difference (Figure 3.16B), and 

many neurons had significantly lower frequencies.  

The first concern of these conflicting results is the technical problem. Some P/Q- or 

N-type channels might not completely be blocked. The report from our group used the 

same concentration of blockers (0.2 µM ω-Agatoxin, 0.5 µM ω-Conotoxin, 0.5 µM 

SNX-482) on the hippocampal neurons (Brockhaus et al., 2019). However, Ermolyuk 

et al. reported both the higher concentration of P/Q- and N-type channel blockers 
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(0.25 µM ω-Agatoxin, 5 µM ω-Conotoxin, 0.5 µM SNX-482). Since this is the first 

time that the mPSCs in the cultured hippocampal neurons were recorded from the 

cKO mice model and the experimental set-up in my study, therefore, the concentrati-

on of each blocker should be further adjusted. Interestingly, one study has reported 

that adding 100 nM agatoxin initially triggers the spontaneous firing for more than 

five minutes in the Purkinje cells. This initial increase in firing rate might result from 

a decreased activation of BK/SK channel current (Donato et al., 2006). Since the con-

centration of agatoxin was double of 100 nM, some neurons may have spontaneous 

activation of P/Q-type channels during recording. Together, it seems to be crucial to 

improve the protocol of the calcium blocker application in perspective. 

Apart from the potential technical issue, this data variability may also result from the 

uneven distribution and utilization of VGCCs in the individual neurons (Nimmervoll 

et al., 2013). Studies show that N- and P/Q-type channels distribute unevenly at the 

distinct synapses, leading to the different spontaneous release mechanisms at the 

specific synapses (Condliffe et al., 2010; Currie and Fox, 2002; Poncer et al., 1997). 

When one of the subtype calcium channels is blocked, many neurons can be unaffec-

ted but not the others. Thus, it is still open to discussion about how much spontaneous 

release is VGCCs-dependent, and which calcium channel contributes to the spontane-

ous release.  

However, since blocking P/Q- and N-type channels showed large data variability and 

did not change the mPSCs frequencies, why the blockade of R-type channels was ef-

fective in the same experiment settings? 

The first question is still whether this is a technical artifact; apart from blocking the 

R-type channel, whether applying SNX-482 could induce off-target effects that might 

disturb the spontaneous release. Research has given evidence that the SNX-482 can 

block P/Q-type channels and Na+ channels at 300 nM (Arroyo et al., 2003). However, 

this non-specificity would not affect the outcome in this project, since blocking P/Q-

type channels did not result in frequency reduction and Na+ channels were already 

blocked in advance by TTX. Additionally, SNX-482 is also able to inhibit KV4.3 

channels (Kimm and Bean, 2014). So far, no evidence indicated that the stochastic 

opening of KV4.3 impact spontaneous release in the hippocampal neurons. Thus, 

SNX-482 is proved to be an effective antagonist to inhibit R-type channel in many 

studies (Gasparini et al., 2001; Li et al., 2007; Naidoo et al., 2010; Wilson et al., 
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2000), yet further study is required to determine if any off-target effect of SNX-482 

may induce a decrease of mPSCs in the hippocampal neurons. 

Several possible reasons may state the R-type channels unique in regulating sponta-

neous release. First of all, unlike the other CaV2 channels, the R-type channels both 

activate and inactivate faster at more negative potentials (Foehring et al., 2000; 

Randall and Tsien, 1995a; Randall and Tsien, 1997). This character of the R-type 

channel kinetics implies a more frequent channel opening and closing, which can be 

more efficient at triggering the spontaneous release than P/Q- and N-type channels 

(Ermolyuk et al., 2013). Secondly, the α1Ε subunits are partially localizing at synaptic 

bouton (Gasparini et al., 2001; Li et al., 2007), dendritic spine (Bloodgood and 

Sabatini, 2007; Day et al., 1996), and soma (Yokoyama et al., 1995). Those different 

located R-type channels show various voltage-dependent inactivation properties 

(Foehring et al., 2000), suggesting the functional diversity of the R-type channel vari-

ants in the specified neurons. For example, a study has reported that disrrupting the 

α1E subunit does not disturb the expression of other CaV2 channels in the central 

amygdala neurons. Instead, they are involved in neuronal excitability through the 

Ca2+-activated potassium channels (Lee et al., 2002). In the mossy fiber synapses, the 

R-type channels are found outside the release machinery. They can induce a long-

term potentiation by accumulating presynaptic Ca2+. Unlike P/Q- and N-type channels 

being closed to the release machinery, the Ca2+-influx through R-type channels can 

cause the local Ca2+ peak and triggering transmitter release (Dietrich et al., 2003). 

Therefore, it is tempting to speculate that R-type channels regulate spontaneous 

transmission by effecting vesicle release at synapses and extensively regulating the 

neuronal excitability.  

Finally, as the event frequency of the mPSCs reflects the presynaptic Ca2+-dependent 

regulation partially, are the reduced mPSCs frequencies in the cKO neurons all attri-

buted to the VGCCs-dependent mechanism?  

As mentioned before, although deleting neurexins in many studies demonstrate the 

impaired spontaneous release, little is known which molecular signaling pathway 

plays a role in it. In this study, the deletion of neurexins had more impact on the 

mEPSCs frequency than inhibiting R-type channels, and the release frequency of the 

cKO neurons did not further decrease by blocking the R-type channels. Accordingly, 

if neurexins-regulated mEPSCs are irrelevant to the VGCCs, the frequency should be 

reduced when the R-type channels are blocked. However, whether neurexins directly 
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interact with calcium channels to regulate spontaneous glutamate release remains un-

clear. Hence, at least neurexins modulate spontaneous release partially associated 

with the VGCCs. Blocking the R-type channel in the control neurons had a similar 

impact on mIPSCs frequency as neurexins abberation. Interestingly, there is also a 

decrease in the mIPSCs frequency in the cKO neurons when the P/Q-type channels 

were inhibited (Figure 3.18C). Therefore, it is unlikely that neurexins mainly under-

take VGCCs-dependent strategies to regulate GABA spontaneous release. Despite 

that, even deleting different neurexin variants can have distinct phenotypes on spon-

taneous release (Aoto et al., 2013), which implies that the individual neurexin variant 

may take part in the different spontaneous release machinery. Recent evidence found 

that the αβ-neurexin deletion does not disturb the function of the P/Q-type channels. 

Instead, it rather disrupts the spatial coupling of the VGCCs with the released vesicles. 

This spatial change also shows in the enlarged distance of P/Q-type channels to the 

active zone (Luo et al., 2020b). This evidence gives a hint that neurexins modifying 

spontaneous release could also by organizing the presynaptic compartment other than 

being engaged in VGCCs-dependent signaling. 

Altogether, my PhD study first pointed out that the normal spontaneous glutamate and 

GABA release in the hippocampal neurons requires the functional neurexins. To some 

extent, neurexins cooperate with VGCCs together to modulate spontaneous neuro-

transmission in those neurons. Next, these findings further lead to several open dis-

cussions. (1) To clarify the mechanism of VGCCs-dependent spontaneous release, 

one should specify the synapse and VGCCs subtype. (2) Neurexins regulate sponta-

neous release is partially related to VGCCs. It needs to be further elucidated  whether 

this is due to the functional alternation of the VGCCs. (3) The VGCCs-independent 

molecular signaling pathway of neurexin modulating spontaneous release remains to 

be identified. 
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Figure 4.2 Neurexin affects on VGCCs to modulate synaptic neurotransmission. 

Neurexin modulates neurtransmission is neuron specific. Neurexin interacts with VGCCs by 

changing channel gating kinetics, which might affect VGCCs-regulated evoked release ma-

chinery. Neurexins are also essential for normal spontaneous release, which is partially re-

lated to VGCCs. 

 

4.3 Conclusion and outlook  

This doctoral study focused on how neurexins modulate evoked/spontaneous neuro-

transmission and whether VGCCs are involved in this process. As for the evoked neu-

rotransmission, this study revealed the importance of neurexin 1 regulate the recom-

binant N-type channels by changing the channel gating properties when the α2δ-3 

subunit was co-expressed. These alternations may impact the dynamic of neurotrans-

mission in neurons. Moreover, this study demonstrated that neurexin 1α expression 

does not affect the N-type surface expression, implying the interaction rather occurs 

on the cell surface. The results also challenged Tong’s finding that neurexin 1α reduc-

es the Ca2+-influx through the N-type channel via interacting with the α2δ-3 subunit. 

In this study, the transfected tsA-201 cells showed the large data variability and did 

not exhibit the difference in the maximal N-type current densities with or without 

neurexin 1α co-expression (Tong et al., 2017). For reducing the expression variability, 

by adding neurexin 1α extracellular protein in the medium, the N-type current densi-
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ties were decreased in a dose-dependent manner. These conflicting results have point-

ed out several disadvantages of the transient-transfection approach in this study. Nev-

ertheless, the tsA-201 cells provide an efficient and simple solution to isolate the ex-

ogenous protein interactions in a highly defined system. Thus, it is worthy of improv-

ing this heterologous expression system. For future improvement, the stable cell lines 

should be established to encode the recombinant calcium channels and neurexin vari-

ants (Soo Min Noh, 2019). This way, the expression of proteins can be monitored and 

quantified, and one can avoid the expression variance of the transfected plasmid. In 

perspective, one should confirm these findings in neurons, as neurexins and VGCCs 

have a more complex molecular network at synapses, and the expression pattern of 

neurexin variants and VGCCs subtypes is specified.  

For the spontaneous neurotransmission, using the conditional αβ-neurexins knockout 

model (Chen et al., 2017), this study first complemental evidence that the lack of neu-

rexins impairs the spontaneous release in the cultured hippocampal neurons. Further-

more, this study gave a hint that at least R-type channels contribute to the neurexins-

associated spontaneous release. It remains obscure whether the impaired spontaneous 

release is also comparable to the hippocampal neurons as the other neurexin knockout 

models. More importantly, the primary hippocampal neurons were cultured and rec-

orded in vitro, a relatively simplified environment compared to the brain. Some glia 

cells and neurons also express neurexins (Fuccillo et al., 2015; Trotter et al., 2020), 

and the hippocampal neurons have a strong network with other glia cells and other 

neuronal subtypes. Thus, it is crucial to confirm these observations in the brain. Final-

ly, considering the discrepant phenotypes of spontaneous release in the neurexin-

deletion models, one should specify the neurexin variants and neuronal types, and 

deepen the understanding of the mechanisms of spontaneous neurotransmission. 
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Summary 

Neurexins are known as cell adhesion molecules, primarily located at the synapse in 

the brain. It has been well acknowledged that neurexins regulate evoked and sponta-

neous neurotransmission. The dysfunctional evoked neurotransmission by deleting 

neurexins dysfunctional is related to synaptic VGCCs in many investigations. How-

ever, it is unclear how neurexins affect VGCCs-related evoked neurotransmission, 

more importantly, whether neurexins affect the functions of VGCCs to regulate evo-

ked release. Recently, studies have exhibited that neurexin 1α impacts the functions of 

P/Q- and N-type channels via interacting with auxiliary subunits, leading to further 

modulating neurotransmission. To gain in-depth insight into the relationships between 

neurexins and VGCCs, I focused on whether neurexin 1 affects the functions of the 

recombinant N-type channels by evaluating Ca2+-influx, gating properties, and surface 

expression. Using transiently transfected tsA-201 cells and whole-cell patch-clamp 

recording, my results indicated that neurexin 1 affects the N-type channel biophysical 

properties, specifically with the α2δ-3 subunit co-expression. By immunoblotting, 

neurexin 1α does not impact the surface expression of the N-type channel, suggesting 

that the interaction between neurexin and the N-type channel might occur on the cell 

surface. However, transfecting Nrxn1α does not change the N-type Ca2+-influx, and 

those data showed large variability. By contrast, the N-type current density decreases 

when incubating neurexin 1α protein in defined concentrations. These conflicting re-

sults suggested several pitfalls of the transient-transfection approach in the tsA-201 

cells. In perspective, a more robust and stable approach should be established to re-

confirm those findings of the transiently transfected cells, such as establishing geno-

me-manipulated cell lines.  

Furthermore, there is less clear about how much neurexins regulate the spontaneous 

release and whether VGCCs are associated with signaling pathways. I used the 

cultured hippocampal neurons of the conditional αβ-neurexins knockout mice and the 

whole-cell patch-clamp to address these questions. In agreement with several different 

neurexin knockout models, this study confirmed that the deletion of αβ-neurexins 

causes substantial impairment in the glutamate and GABA spontaneous release.  This 

study revealed that R-type channels modulate spontaneous firing in the hippocampal 

neurons. However, this modulation is abrupted in the knockout neurons. For the first 

time, this study connects the neurexin-regulated spontaneous with the R-type channel. 
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Nevertheless, it requires further investigation of whether other calcium channels are 

also involved in the neurexin-regulated spontaneous release. 

Altogether, this doctoral thesis elaborates on evidence that neurexins associating with 

VGCCs regulate evoked and spontaneous neurotransmission. Synapses are highly de-

fined structure, varying from neuron to neuron. Accordingly, neurexins and VGCCs 

also exhibit their expressing preferences, structural and functional specialties in diffe-

rent neurons. Thus, it is essential to specify the neuronal type, the neurexin variant, 

and the VGCCs subtype to understand the functional crosstalk of neurexins and 

VGCCs in modulating synaptic neurotransmission.	
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Abbrevations 

	

AAV Adeno-associated virus  
Ach Acetycholine 
ADP Afterdepolarization 
AID Alpha-interaction domain  
AMPA α-amino-hydroxy-5-menthyl-4-isoxazole propionic acid 
AP Action potential 
AP-5 2R-amino-5-phosphonovaleric acid  
BAPTA 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid 
BK Big-conductance calcium-activated potassium channel 
BSA Bovine serum albinum  
Cas CRISPER associated protein 
CaV Voltage-gated calcium channel 
Cbln1 Cerebellin precursor protein 1  
CCD Charge-coupled device 
CHO Chinese hamster overy cells  
cKO Conditional knockout 
CMV cytomegalovirus 
CNQX 6-cyano-7-nitroquinoxaline-2, 3-dione 
CNS Central nervous system 
CRISPER Clustered regularly interspaced short palindromic repeats 
DAPI 4′,6-diamidino-2-phenylindole 
DHP Dihydropyridines  
DIV Days in vitro 
DMEM Dulbecco’s Modified Eagle’s Medium  
DMSO Dimethyl sulfoxide 
DOC2 Double C2 domain  
E-C Excitation-contraction 
EDTA ethylenediaminetetraacetic acid 
EGF Epidemal growth factor-like  
eGFP Enhanced green fluorescent protein 
EGTA Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid 
EPSC Excitatory postsynaptic current 
EtOH Ethanol denatured  
FCS Fetal calf serum  
GABA γ-aminobutyric acid 
GK Guanylate kinase-like  
GluR Glutamate receptor  
GPI Glycosyl-phosphatidylinositol  
H3K9me3 Histone 3 lysine 9 trimethylation 
HA Hemagglutinin 
HBSS Hank's Balanced Salt Solution  
HEK Human embryonic kidney 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
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HRV 3C Human Rhinovirus 3C 
HS Horse serum  
HVA High voltage-activated 
IPSC Inhibitory postsynaptic current 
kb Kilobase 
KO Knockout 
LB Lysogeny broth 
LNS Laminin-neurexin-sex hormone binding globulin  
loxP Locus of X-over P1 
LRRTM Leucine rich repeat transmembrane  
LVA Low voltage-activated 
MEM Minimum Essential Medium  
mEPSC Miniature excitatory postsynaptic current 
MIDAS Metal ion-dependent adhesion site 
mIPSC Miniature inhibitory postsynaptic current 
MNTB medial nucelus of the trapezoid body 
Na2 - ATP Adenosine-5’-triphosphate disodium salt  
Na2 - GTP Guanosine-5’-triphosphate disodium salt  
NGS Normal Goat Serum  
NGS Normal goat serum  
NMDA N-menthyl-D-aspartic-acid  
pA Picoampere 
PBS Phosphate buffered saline  
PCR Polymerase chain reaction 
PDZ Post-synaptic density 95, Drosophila Discs-large, and Zonula occludens-1  
pF Picofarad 
PFA Paraformaldehyde 
PLL Poly-L-Lysine 
PMSF phenylmethylsulfonyl fluoride 
PPF Paired-pulse facilitation 
rpm Revolutions per minute 
RRP Readily releasable pool 
SH3 Src homology 3  
SK  Small-conductance calcium-activated potassium channel 
SS Splicing sites  
SV Synaptic vesicle 
SYN synapsin 
TEA Tetraethylammonium 
TKO Triple knockout 
TTX Tetrodotoxin 
UNC-36 UNCoordinated-36 
VGCC Voltage-gated calcium channel 
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Figure 3.16 The VGCCs-regulated mEPSCs frequencies in the cKO neurons are altered. 

Figure 3.17 Blocking CaV2 channels does not alter the mEPSCs properties. 

Figure 3.18 The CaV2 channels-regulated mIPSCs are changed in the cKO neurons  

Figure 3.19 Blocking CaV2 channels does not affect the mIPSCs properties. 

Discussion 

Figure 4.1 Scheme of stable cell-line development process.  

Figure 4.2 Neurexin affects on VGCCs to modulate synaptic neurotransmission. 
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