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II   SUMMARY  

 

Protein ubiquitination is one of the core regulatory post-translational modification in 

neuronal development. In this study, we used brain specific KO mice to identify novel 

substrate proteins of several Nedd4 family E3 ligases, i.e. Nedd4-1, Nedd4-2, WWP1 and 

WWP2.  We developed a highly reliable approach to identify transmembrane substrate 

proteins of Nedd4-1 and Nedd4-2 by combining iTRAQ quantitative mass spectrometry 

with synaptic membrane purification. We showed that levels of the main inwardly rectifier 

potassium channel in astrocytes, Kir4.1, and the main gap junction protein in astrocytes, 

Connexin-43, are upregulated in Nedd4-1 and Nedd4-2 brain specific double KO mice. 

Furthermore, we showed that Kir4.1 is ubiquitinated in vivo and in vitro by Nedd4-1 and 

Nedd4-2 whereas Connexin-43 is ubiquitinated by Nedd4-2 in vivo via a K63-linked 

polyubiquitin chains. In addition, we showed that glial loss of Nedd4-1 and Nedd4-2 leads 

to the reduced averaged power of gamma oscillatory activity in the CA3 region of the 

hippocampus in Nedd4-1; Nedd4-2 double KO and Nedd4-2 single KO as compared 

control mice, indicating that Nedd4-1 and Nedd4-2 play a crucial role in the regulation of 

neuronal network through astrocytic network in the hippocampus. Moreover, we showed 

that Prr7 is a novel substrate of Nedd4-2 at postsynapses and Nedd4-2 conjugates K63-

linked polyubiquitin chains to cytoplasmic region of Prr7. Such ubiquitination of Prr7 

might play a role in spine maturation during the development. Additionally, we identified 

CAPZA1, VCP and PKM2 as the novel substrate proteins of WWP1 and WWP2 E3 

ligases. We showed that genetic deletion of WWP1 and WWP2 conditionally in neurons 

leads to enhanced dendrite growth in hippocampal neurons, indicating that WWP1 and 

WWP2 are negative regulator of dendrite development. Overexpression of CAPZA1 in 

wild type hippocampal neurons phenocopies the enhanced dendrite growth in WWP1; 

WWP2 double knockout neurons indicating that ubiquitination of CAPZA1 by WWP1 

and WWP2 might play a crucial role in regulation of CAPZA1 activity thereby regulation 

of dendrite development.  
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1 INTRODUCTION 

 

 The brain is the most complex human organ, perceiving all of the information from the 

environment, processing this information, and storing it as memories. The human brain has 

approximately 108 neurons, each of which is connected to other neurons through a specialized 

subcellular compartment called the synapse. Neurites extending from the neuronal cell body 

provide the platform for synapse formation. Thus, neurite morphology is critical for determining 

the framework of neuronal connectivity. Because synaptic transmission is the temporal limiting 

factor for information transfer in the brain, studies on the development and the function of 

synapses and neurites are of particular importance for our understanding of brain action. The 

development and the function of neurons are regulated by numerous intracellular signaling 

pathways, which involve, for example, protein and lipid phosphorylation, calcium influx, and 

cyclic nucleotides. In this thesis, I describe how specific protein ubiquitination pathways 

regulate brain development and function.  

1.1 Ubiquitination  

 Ubiquitination is a posttranslational modification by which a substrate protein is 

conjugated with one or more ubiquitin moieties. Ubiquitin is a protein composed of 76 amino 

acids with a molecular weight of approximately 8.5 kDa. Ubiquitination is achieved by a 

sequential reaction involving three classes of enzymes: ubiquitin-activating enzymes (E1), 

ubiquitin-conjugating enzymes (E2), and ubiquitin ligases (E3). In the first step, ubiquitin is 

activated at the expense of ATP hydrolysis by an E1 enzyme and linked with a high-energy 

thioester bond to the cysteine residue on an E1 enzyme. In the second step, ubiquitin is 

transferred to an E2 enzyme that directly interacts with an E3 enzyme. In the last step, the E3 

enzyme assists with the transfer of the ubiquitin moiety onto a target protein through an 

isopeptide bond between the ε-amino group of the lysine residue on the substrate and the 

carboxyl group of the glycine at the C-terminus of the ubiquitin protein (Figure 1-1A-C). Based 

on their mode of action, E3 ligases fall into two families: Really Interesting New Gene type E3 

ligases (RING type E3 ligases) and Homologous to E6-AP C-terminus (HECT) type E3 ligases. 

RING type E3 ligases form protein complexes with an E2-ubiquitin conjugate and the substrate. 

By leading the ubiquitin moiety into molecular proximity of the substrate protein, RING-type 
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E3 ligases facilitate the transfer of ubiquitin onto a substrate protein. In HECT type E3 ligases, 

on the other hand, ubiquitin is transferred from an E2 enzyme to the cysteine residue on the 

catalytic HECT domain. The thioester bond between ubiquitin and the HECT domain is transient 

and the ubiquitin moiety is transferred to the substrate, forming a complex with the HECT type 

E3 ligase. Thus, the RING type E3 ligases act as a scaffold protein to bridge the E2 ligase and 

the substrate to facilitate ubiquitination while the HECT type E3 ligases act as a ubiquitin 

acceptor and then transfer it to their substrates. In vertebrates, E3 ligases are highly diverse. 

While only two E1 enzymes and thirty-seven E2 enzymes are encoded by the human genome, 

more than 600 genes encode vertebrate E3 ligases, of which 28 belong to the HECT type E3 

ligase family (Komander, 2009; Rotin and Kumar, 2009). All E3 ligases form complexes with 

their cognate substrate proteins, so that E3 ligases are the main determinants of substrate 

specificity in ubiquitination.  

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

Figure 1-1. Mechanism of protein ubiquitination. 

Protein ubiquitination includes 3 sequential reactions. (A) First, ubiquitin is activated in an ATP-

dependent manner by a ubiquitin activating enzyme (E1). Ubiquitin forms a thioester bond on a 
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cysteine residue of the E1 enzyme. (B) Activated ubiquitin is transferred to a cysteine residue 

on a ubiquitin conjugating enzyme (E2), which is recognized by a ubiquitin ligase. (C) Ubiquitin 

ligase (E3 or E3 ligase) facilitates the transfer of ubiquitin from E2 to the substrate protein. 

Substrate specificity of ubiquitination is mainly defined by E3 enzymes.      

 

1.1.1 Forms of Ubiquitination 

 A single ubiquitin moiety can be conjugated to a defined lysine residue 

(monoubiquitination) or to multiple lysine residues (multimonoubiquitination) of a substrate 

protein. Moreover, ubiquitination can occur in the form of polyubiquitin chains. Chain 

formation is achieved by the modification of the N-terminal methionine residue on ubiquitin or 

by one of seven lysine residues on ubiquitin (K6, K11, K27, K29, K33, K48, K63: Figure 1-3A-

B). All seven lysine residues on ubiquitin can be processed in vivo to form different types of 

polyubiquitin chains, which then may have different functional consequences on the target 

protein (Figure 1-2C). For instance, K48 polyubiquitin chain formation leads a substrate protein 

to proteasomal degradation, whereas mono- or multimonoubiquination leads to endocytosis of 

plasma membrane proteins. K63 polyubiquitin chains play crucial roles in the NF-kappaB-

mediated signaling pathway, DNA damage response, and endocytosis and lysosomal 

degradation of substrate proteins. K11 polyubiquitin chains are important for cell cycle 

regulation and endoplasmic reticulum-associated degradation (ERAD), while K29 polyubiquitin 

chains are involved in lysosomal degradation and the regulation of protein functions (Ikeda and 

Dikic, 2008; Komander, 2009). Mass spectrometric analysis of S. cerevisiae revealed that 29% 

of polyubiquitin chains are K48 polyubiquitin chains whereas 17% of chains are K63 

polyubiquitin chains. Surprisingly, K11 polyubiquitin chains are the second most abundant 

chain type making up 28% of the polyubiquitin chains, whereas K6, K27, K29 and K33 

polyubiquitin chains have relative abundances of 11, 9, 3 and 3% respectively (Xu et al., 2009). 

Recent studies have shown that mouse and rat brains have a relatively high abundance of K63 

and K48 polyubiquitin chains, ~55% and ~30% respectively, indicating that lysosomal 

degradation of ubiquitinated transmembrane proteins may be as important as proteasomal 

degradation for neuronal development and function (Dammer et al., 2011).    
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Figure 1-2. Forms of ubiquitination  

(A) A single ubiquitin is conjugated on a defined lysine residue of a specific substrate protein 

(monoubiquitination). Conjugated ubiquitin can act as a ubiquitin acceptor for chain formation. 

Ubiquitin chains can be formed by modification of lysine residues at the position of K6, K11, 

K27, K29, K33, K48, K63 on ubiquitin. (B) Ubiquitin chains are formed in a lysine specific 

manner. (C) Different forms of ubiquitination have different functional consequences in the cell. 

Monoubiquitination is involved in endocytosis of a substrate protein, DNA repair, protein 

sorting and trafficking. K6-linked polyubiquitin chains are involved in DNA repair mechanism 

while K11-, K27- and K48-linked chains are involved in proteosomal degradation. K33-linked 

polyubiquitin chains are involved in stress responses, while K63-linked polyubiquitin chains 

play roles in endocytosis, protein-protein interactions and DNA repair process.  

 

1.1.2 HECT type E3 ligases 

 HECT type E3 ligases are composed of 28 members with a common catalytic HECT 

domains at their C-termini. The HECT domain is a bilobal domain with approximately 350 

amino acids. The N-terminal part of the HECT domain is known as the N lobe and is responsible 

for the interaction of the E3 ligase with an E2 enzyme, whereas the C-terminus, called the C 

lobe, accepts the ubiquitin moiety on its catalytic cysteine residue (Figure 1-3B). Structural 

studies on the HECT domain of the human papilloma virus E6-associated protein (E6AP) 

revealed that the N and C lobes are bridged with a flexible hinge loop (Huang, 1999). The chain 

type specificity of HECT type E3 ligases is dependent on the structure of the C-terminus of the 
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C lobe (Kim and Huibregtse, 2009; Maspero et al., 2013). Based on the similarities in the amino 

acid sequences, the HECT type E3 ligase superfamily is further divided into three subfamilies. 

The Nedd4 family has nine members, the HERC family has six members, and the other HECT 

type E3 ligases have thirteen members (Rotin and Kumar, 2009). 

   

1.1.3 Role of Nedd4 family E3 ligases in the brain 

 The members of the Nedd4 family of E3 ligases have a common domain structure that 

includes a C2 domain at the N terminus, two to four WW domains, and a HECT domain at the 

C terminus (Figure 1-3A). The C2 domain binds to phospholipids in a calcium-dependent 

manner and determines the localization of the E3 ligase within the cell (Dunn et al., 2004; Plant 

et al., 1997). The C2 domain also plays a regulatory role in autoinhibition by interacting with 

HECT domain on the same protein (Wiesner et al., 2007). The WW domain is named due to 

two conserved tryptophan residues and is composed of approximately 35 amino acids. In the 

Nedd4 family of E3 ligases, the WW domains mainly mediate substrate interaction and 

recognize PPXY, PPXYXXL, and LPXY motifs on substrates, where X can be any amino acid 

(Ingham et al., 2004). However, it has been reported that the C2 domain can also be involved in 

substrate recognition. The C2 domain of Smurf1 directly interacts with RhoA and this 

interaction is necessary for the ubiquitination of RhoA by Smurf1 (Tian et al., 2011).  

 Based on their homologies, the members of the Nedd4 family of E3 ligases fall into four 

subfamilies: the Nedd4 subfamily (Nedd4-1 and Nedd4-2), the WWP subfamily (WWP1, 

WWP2 and Itch), the Smurf subfamily (Smurf1 and Smurf2), and the NeddL subfamily 

(NeddL1, NeddL2) (Figure 1-3C: Scheffner and Kumar, 2014). Nedd4-1 acts as a crucial, 

positive regulator of dendrite branching by conjugating monoubiquitin to Rap2A (Kawabe et 

al., 2010), and is also important for the regulation of axonal growth in hippocampal neurons 

downstream of PTEN (Hsia et al., 2014). Finally, Nedd4-2 has been reported as a regulator of 

several voltage-gated sodium and potassium channels (Arevalo, 2015). 

 

 

 

 



6 
 

Figure 1-3. Structure and ubiquitination mechanism of Nedd4 lamily HECT-type E3 

ligases 

(A) Main structure of Nedd4 family E3 ligases. Nedd4 family HECT-type E3 ligases have a 

conserved domain structure consisting of an N-terminal C2 domain followed by 2 to 4 WW 

domains, and a C-terminal HECT domain. The C2 domain is responsible for autoinhibition and 

localization of the ligase protein, while WW domains are involved in substrate recognition. The 

HECT domain is responsible for the catalysis of ubiquitination. (B) Ubiquitination mechanism 

of Nedd4 family E3 ligases. Substrate protein is recruited by the interaction of WW domains of 

the E3 ligase and a PPXY motif in the substrate protein. The N-lobe, the N-terminal region of 

the HECT domain, interacts with E2 enzyme conjugated to ubiquitin. Subsequently, ubiquitin 

is transferred from the E2 enzyme to the C-terminal region of the HECT domain, C lobe. Next, 

ubiquitin is conjugated to a defined lysine residue on the substrate protein. (C) Subfamily of 

Nedd4 family E3 ligases. According to their homologies, Nedd4 family E3 ligases are grouped 

into 4 subfamilies; Nedd4 subfamily, WWP subfamily, Smurf Subfamily, NEDL subfamily 

(NEDL, Bul1).    
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1.2 Development of Neuronal Cells 

 In the mammalian embryonic brain, cortical neurons differentiate and develop in four 

partially overlapping stages. In the first stage, neurogenesis, neuronal progenitor cells generate 

immature neurons. This process is followed by the second stage, neuronal migration. During 

and after this migration, in the stage of neuritogenesis, the axons and dendrites of neurons extend 

and branch, providing the framework for the fourth stage, synapse formation (Figure 1-4: 

Kawabe and Brose, 2011).      

Figure 1-4. Main steps of neuronal development in mammalian brain.  

(A) After neural tube closure, neuroepithelial cells divide and differentiate to radial glial cells 

(RGCs). The RGCs proliferate and enlarge their population. (B) RGCs give rise to premature 

neurons or basal progenitor cells upon asymmetric division (C) Neurons migrate along the RGC 

processes and termination of migration is regulated by extracellular cues from Catjal-Retzius 

cells which are generated in the very early phase of neurogenesis. (i)  Upon receiving the 

termination signal, migrating newborn neurons detach from RGCs and distribute in the proper 

cortical layer. (ii) Neurons generated at a later stage of development migrate further towards to 

marginal zone. (D) Neurons in appropriate cortical layers establish their polarity and generate 

neurites which are specified later into axon and dendrites. (E) Neurons form synapses by 

synaptogenesis and synapse elimination and integrate into neuronal networks. Adapted by 

permission from Macmillan Publishers Ltd: Nat. Rev. Neurosci. License number 

3693560392918, Copyright, 2011 (Kawabe and Brose, 2011). 

 

1.2.1 Neurogenesis 

 In the developing neocortex, neurons originate from three types of neurogenic progenitor 

cells: neuroepithelial cells, radial glial cells (RGCs), and basal progenitors (BPs). Before 

neurogenesis, the neural tube is composed of a single type of cells called neuroepithelial cells, 

which undergo symmetric and proliferative cell divisions to increase the number of epithelial 

cells and to form the neuroepithelium. The neuroepithelium is a pseudostratified epithelial tissue 

due to the interkinetic nuclear migration along the apico-basal axis during symmetric cell 
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division. Neuroepithelial cells are connected to each other through tight junctions and adherens 

junctions. Like most epithelial cells, these cells are highly polarized along their apico-basal axis. 

As development proceeds, neuroepithelial cells divide asymmetrically to generate neurons, 

forming a tissue with multiple cell layers. The layer facing the ventricle is referred to as the 

ventricular zone (VZ). After the onset of neurogenesis, neuroepithelial cells can give rise to 

RGCs upon asymmetric, differentiative divisions (Götz and Huttner, 2005).  

 RGCs are more fate-restricted progenitors than neuroepithelial cells and subsequently 

replace neuroepithelial cells during the development. In contrast to neuroepithelial cells, RGCs 

are connected to each other through adherens junctions without functional tight junctions, and 

they exhibit several astroglial properties. Although apico-basal polarity in RGCs is less 

prominent than in neuroepithelial cells, RGCs share important features with neuroepithelial 

cells, including an apical surface rich in cilia and interkinetic nuclear migration. RGCs can 

generate neurons by either symmetric, neurogenic division or an asymmetric division to form 

one neuron and one RGC. Through asymmetric cell division, RCGs and neuroepithelial cells 

can generate another type of progenitor cells, BPs. As the name indicates, BPs divide once to 

generate two neurons at the basal side of the VZ, while neuroepithelial cells and RGCs undergo 

neurogenic cell division at the apical side of VZ. Subsequent to migration of their nuclei to the 

basal side of the VZ, basal progenitors retract their processes from the apical surface. In the later 

stage of the development, at the basal side of VZ, BPs form a mitotic cell layer called the 

subventricular zone (SVZ). BPs in the SVZ differ from the neuroepithelial cells and the RGCs 

with their specific gene expression patterns. Some differentially expressed genes include the 

non-coding RNA, SVET1, and the transcription factors TBR2, CUX1, and CUX2.  

     

1.2.2 Neuronal Migration 

 In the developing cortex, neurons originating from the progenitor cells migrate radially 

along the projections of radial glial cells (from the VZ or the SVZ towards the cortical plate) to 

their final destination. Neuronal migration is regulated by numerous intracellular and 

extracellular cues. Reelin is an extracellular protein secreted from Cajal-Retzuis cells at the 

marginal zone (MZ) of the developing cortex, forming a gradient of Reelin that decreases in 

concentration from the MZ to the VZ (Ogawa and Miyata, 1995). Transmembrane receptors 

such as very-low density lipoprotein receptor (VLDLR), low-density lipoprotein receptor 
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related protein 8 (also known as apolipoprotein E receptor 2, APOER2), and photocadherins 

interact with Reelin, triggering intracellular signaling cascades (Arcangelo et al., 1999; Senzaki 

et al., 1999). Upon Reelin binding to receptors, SRC family tyrosine kinases, SRC or FYN, 

phosphorylate the adaptor protein Disabled Homologue 1 (DAB1), which interacts with several 

signaling proteins (Hiesberger et al., 1999; Trommsdorff et al., 1999).  Phosphorylated DAB1 

interacts with (CRK) and CRK-like (CRKL) proteins, leading to the activation of C3G, a 

guanine nucleotide exchange factor for the small GTPase RAP1. Activation of RAP1 mediates 

the activation of integrin, resulting in the adhesion of neurons to fibronectin in the MZ and the 

termination of migration (Sekine et al., 2012). Phosphorylated DAB1 is also involved in the 

formation of the dynein motor complex, composed of lissencephaly type 1 (LIS1), distribution 

protein nude-like 1 (NUDEL) and cytoplasmic dynein 2 heavy chain 1. This complex affects 

microtubule organization, thereby playing an important role in arresting neuronal migration by 

arresting nucleokinesis (Kawabe and Brose, 2011; Sasaki et al., 2000). Therefore, the Reelin 

gradient from the MZ to the VZ supports the migrating neurons to form an inside-out pattern. 

Early-born neurons stop migrating shortly after starting their migration, staying in the deep 

cortical layers of the mature cortex, while late-born neurons migrate to reach and get ahead of 

early-born neurons, and form the surface layers of the cortex (Lambert de Rouvroit and Goffinet, 

2001).  

 

1.2.3 Neuritogenesis; Axon and Dendrite Growth 

 Neurons have a highly polarized structure with one long axon and multiple highly 

branched dendrites. The dendrites of many neurons harbor numerous synaptic spines rich in 

neurotransmitter receptors. Upon binding of neurotransmitters to the channel type receptors, 

channels open and allow sodium or calcium ions to pass from the extracellular space into the 

cytoplasm, causing depolarization of the membrane potential. Upon the membrane potential 

reaching its threshold, neurons fire an action potential. Myelinated axons conduct action 

potentials with a high speed to the presynaptic terminals, where neurotransmitters are released. 

Neuronal polarity is essential for this flow of electrical and chemical signals. Neurons develop 

axons and dendrites in three stages. Before starting radial migration, newborn neurons at the VZ 

have a multipolar structure with several immature neurites. Upon attaching to the RGCs, they 

convert to a bipolar spindle-like shape with the leading process directed towards the direction 
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of the migration and the trailing process directed to the VZ. In the final stage, the neuron 

detaches from the RGC, and the leading process develops into a highly branched dendrites while 

the trailing process acquires axon characteristics, such as the accumulation of voltage dependent 

sodium channels at the proximal axon initial segment, fast conductance by being myelinated, 

and assembly of neurotransmitter release machinery at presynaptic terminals (Barnes and 

Polleux, 2009).  

 Extension of neurites involves three main molecular pathways: (1) the local activation 

of signaling molecules that provide the accumulation of new plasma membrane by vesicle 

transport and fusion, (2) microtubule assembly, and (3) an alteration in the dynamics of the actin 

cytoskeleton (Arimura and Kaibuchi, 2007a). These molecular pathways are tightly regulated 

by extracellular cues. Extracellular cues that affect neurite growth include secreted 

chemoattractants and chemorepellants [e.g. Netrin, WNT, nerve growth factor (NGF), brain-

derived neurotrophic factor (BDNF), and neurotrophin 3 (NT3)], membrane anchored or 

transmembrane ligands [e.g. neuron-glia cell adhesion molecule (NgCAM), semaphorines, 

ephrins, and slit], and extracellular matrix proteins (e.g. laminin) (Arimura and Kaibuchi, 2007a; 

O’donnell et al., 2009). Stimulation of neurons with neurotrophic factors such as BDNF or NT3 

leads to the activation of PI3K, which converts phosphatidylinositol 4,5-biphosphate 

(PtdIns(3,4,5)P2) to phophotidylinositol-3,4,5-triphospahte (PtdIns(3,4,5)P3) at the tips of 

neurites (Schwamborn and Püschel, 2004; Shi et al., 2003; Yamada et al., 1997). PtdIns(3,4,5)P3  

recruits PDK1 to the plasma membrane, where PDK1 phosphorylates AKT1, resulting in 

inactivation of GSK3β (Burgering and Coffer, 1995; Jiang et al., 2005). In most cases, the 

recruitment of signaling molecules in the axon is established through active transport 

mechanisms involving kinesins and cargo receptors (Arimura and Kaibuchi, 2007b; Shi et al., 

2004). However, within the neurite that develops into an axon, the enrichment of AKT1 is 

achieved by the proteasomal degradation of AKT1 in the dendrites (Yan et al., 2006). The 

disruption of the polarized localization of AKT1 by proteosomal inhibitors results in an increase 

in the number of axons projected from a single neuron. 

 Actin filaments (F-actins) are important for bud formation, where the polarity of growth 

depends on the orientation of F-actin. Organization of the actin cytoskeleton is regulated by 

several small GTPases, including the negative regulator, RhoA, and the positive regulators, 

Rac1 and Cdc42 (Puram and Bonni, 2013; Scott and Luo, 2001). RhoA activates Rho-associated 
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kinase (ROK) which phosphorylates and controls myosin light chains and actomyosin 

contractility (Kimura et al., 1996; Mulder et al., 2004; Winter et al., 2001). Rac1 and Cdc42 

activate an actin-binding protein complex called the Arp2/3 complex through their effector 

proteins, WASP, N-WASP, Scar/WAVE1, Scar/WAVE2 and Scar/WAVE3 (Goley and Welch, 

2006). The Arp2/3 complex interacts with the side of an existing F-actin (mother filament), 

where it promotes the nucleation of another F-actin (daughter filament) to form a branch of F-

actin. Such branched F-actin often appears at the leading edge of migrating cells or at the tip of 

extending neurites (Jan and Jan, 2011; Nicholson-Dykstra et al., 2005). Newly formed branched 

actin filaments generate a force from the actin cytoskeleton to the adjacent plasma membrane, 

triggering the formation and extension of neurites. The generation and maintenance of this force 

are regulated by several actin-binding proteins, such as profilin, capping proteins, and 

ADF/cofilin. When actin monomers (G-actin) assemble into F-actin, G-actin is added faster to 

one end of the filament known as the ‘barbed’ end than to the other end known as the ‘pointed’ 

end. Profilin binds to G-actin and inhibits its spontaneous nucleation. In addition, G-

actin/profilin complexes are only added to barbed end, limiting elongation effectively to the 

barbed end. ADF/cofilin elevates the rate of depolymerization and actin monomer recycling 

(Carlier et al., 1997; Svitkina and Borisy, 1999). The capping proteins, on the other hand, bind 

to the end of actin filaments and prevent further elongation. However, high concentrations of 

barbed-end capping proteins are essential for force generation by actin cytoskeleton, because 

the capping of barbed ends distal from the plasma membrane limits and channels actin 

polymerization to the barbed ends that are in close proximity to the membrane. Thus, the 

temporal and spatial regulation of capping proteins plays an essential role for neurite formation 

(Schafer and Cooper, 1995; Vignjevic et al., 2003).      

    

1.3 Contribution of Astrocytes to Neuronal Networks 

 The nervous system consists of two main cell types; neuron and glia (Virchow, 1856). 

In vertebrates, glial cells within the central nervous system (CNS) can be categorized as 

astrocytes, oligodendrocytes, and microglia (Corty and Freeman, 2013). As the word glia 

originates from the Greek word for glue, glia cells are commonly known by their supportive 

functions of surrounding neurons as a connective tissue, supplying nutrients and oxygen to 

neurons, forming myelin sheaths, insulating neurons, protecting neurons from pathogens, and 
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cleaning up dead cells within the nervous system (Verkhratsky and Butt, 2013). However, after 

the pioneering study by Kuffler and Potter (Kuffler and Potter, 1964), the idea of glia function 

not being limited to support roles within the nervous system has emerged and subsequent studies 

have focused on other glial functions. Advanced techniques in genetics, imaging, and 

electrophysiology have greatly expanded our knowledge of the essential roles of glia in 

regulating neuronal stem cell proliferation and precursor differentiation (Ables and Drummond-

Barbosa, 2011; Callan et al., 2012; Chell and Brand, 2010), neuronal migration, axon guidance 

(Chotard and Salecker, 2004; Rakic, 1971; Shapiro et al., 2005), and programmed cell death 

during the development (Marín-Teva et al., 2004). In recent years, astrocytes were shown to 

play key roles in the formation of both excitatory and inhibitory synapses (Christopherson et al., 

2005; Elmariah et al., 2005; Mauch et al., 2001), in synapse maturation (Allen et al., 2012; 

Benediktsson et al., 2005; Haber et al., 2006), and in the regulation of synapse function by 

secretion- or contact-dependent signal transduction pathways. Thus, astrocytes have direct 

effects on synapse number, synapse strength and the function of neuronal circuits (Barker and 

Ullian, 2010). 

        

1.3.1 Potassium Spatial Buffering 

 In the 1990s, the concept of the 'tripartite synapse' emerged. Several lines of evidence 

revealed the presence of bidirectional communication between astrocytes and neurons. 

Astrocytes obtain information from synaptic elements and they respond to synaptic activity, 

contributing to neuronal networks. In fact, astrocytes release various neuroactive substances 

such as D-serine, ATP, or neurotrophic factors when they are depolarized or stimulated at certain 

receptors (mGluR2 or mGluR5) (Coco et al., 2003; Mothet et al., 2005). These substances act 

on their receptors to modulate synaptic activity (Newman, 2003; Panatier et al., 2006). Thus, 

brain function depends on the activity of a neuron-glia network rather than on the neuronal 

network alone (Olsen and Sontheimer, 2008).  

 Following the onset of the action potential, the neuronal membrane potential repolarizes 

by an efflux of potassium, which causes a transient increase in the local extracellular potassium 

concentration. Despite such a transient elevation, the extracellular potassium concentration is 

maintained at approximately 3 mM, independent from the concentration changes in blood serum 

levels (Katzman, 1976; Somjen, 1979).  In the tripartite synapse, one of the main functions of 
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astrocytes is the clearance of excess potassium in the extracellular space, a function known as 

potassium spatial buffering (Orkand et al., 1966). Within the CNS, astrocytes are characterized 

by their highly selective membrane permeability to potassium and their strong negative resting 

membrane potential (Kuffler, 1967; Ransom and Goldring, 1973). Electrophysiological studies 

demonstrated that these two unique features of astrocytes arise from inwardly rectifying 

channels (Kir) expressed specifically within astrocytes (Kofuji and Newman, 2004). The family 

of Kir genes is composed of 16 members, sharing a common membrane topology with two 

transmembrane domains and cytoplasmic N and C terminals. Each channel has four subunits 

that assemble as homomultimers or heteromultimers. The Kir channel family is divided into 

seven subfamilies, which are named Kir1.x-Kir7.x (Nichols and Lopatin, 1997). Although 16 

different subunits exist, all Kir channels exhibit several common features. First, they 

preferentially conduct potassium toward the inside of the cell in spite of also having some 

outward currents. Second, the potassium current increases with a high extracellular potassium 

concentration. Finally, the currents are blocked by micromolar concentration of Ba2+ (Olsen and 

Sontheimer, 2008).  

 Although several Kir channel subunits have been identified in astrocytes, numerous 

studies revealed that Kir4.1, encoded by KCJN10 gene, is the main subunit of astrocytic Kir 

channels. Indeed, knock-out studies have shown that in the absence of Kir4.1, astrocytes show 

a dramatic reduction of potassium permeability, depolarized resting membrane potential, and 

the lack of Ba2+ sensitive currents (Djukic et al., 2007; Neusch et al., 2006; Olsen et al., 2006). 

These results are supported by studies showing that siRNA-mediated knockdown of Kir4.1 in 

the spinal cord or cortical astrocytes results in the complete loss of Ba2+ sensitive currents, a 5-

fold increase in input resistance (i.e a decrease in the resting ion permeability), and a depolarized 

resting membrane potential (Kucheryavykh et al., 2007; Olsen et al., 2006).  

 Kir4.1 contributes to another important functional aspect of astrocytes within tripartite 

synapses: the uptake of glutamate released from presynaptic neurons (Anderson and Swanson, 

2000). Glutamate uptake by astrocytes mainly relies on the activity of two glutamate 

transporters, GLT1 and GLAST. These transporters function in an electrogenic fashion and the 

uptake of glutamate is more favorable at a negative resting membrane potential (Danbolt, 2001). 

The expression of Kir4.1 can affect the glutamate uptake through these transporters, because 

Kir4.1 sets the membrane potential of astrocytes to around -85 mV. Indeed Kir4.1 knock-down 
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using siRNA or blocking functional Kir4.1 by Ba2+ results in a 30% reduction of glutamate 

uptake via astrocytic GLT1 transporters (Kucheryavykh et al., 2007). Similar results were also 

reported in brain specific Kir4.1 conditional knockout mice. During Schaffer collateral 

stimulation, whole cell currents of astrocytes are mainly dependent on potassium influx through 

Kir channels and the uptake of glutamate by GLT1. Upon application of Ba2+ and/or DL-threo-

β-benzyloxyaspartic acid (a nonselective GLT1 inhibitor), whole cell current within astrocytes 

can be studied by Schaffer collateral stimulation.  GLT1 generated peak currents in astrocytes 

upon Schaffer collateral stimulation was reduced by 50% in brain-specific Kir4.1 conditional 

knockout mice, indicating a critical role of Kir4.1 in the glutamate uptake by astrocytes (Djukic 

et al., 2007).   

1.3.2 Intercellular Calcium Waves   

 Since the late 1980's, it has been known that astrocytes express many ion channels and 

membrane receptors by which they can change their membrane potential and intracellular 

calcium levels, e.g. upon the activation of neurons (Barres et al., 1990; Macvicar and Tse, 1988; 

Marrero et al., 1989; Salm and McCarthy, 1990; Usowicz et al., 1989). It was also proposed that 

astrocytes transmit increased calcium levels to adjacent astrocytes through GAP junctions, 

thereby creating intercellular calcium waves (ICWs) along their networks in the form of rapid 

long-distance signal transmission with a velocity of 15-20 µm/s (Charles et al., 1991; Cornell-

Bell et al., 1990). Interestingly, neuronal activity can modulate astroglial activity and vice versa. 

Low stimulation of neurons within the dentate gyrus of brain slices results in continuous calcium 

waves in astrocytes in the CA3 region (Dani et al., 1992), indicating that neuronal networks 

affect astrocytic function. In turn, it was also shown by utilizing both calcium imaging 

techniques and the dual patching of astrocytes and pyramidal neurons within the CA1 region 

that astrocytes are involved in the potentiation of miniature inhibitory postsynaptic currents 

(mIPSCs) in pyramidal neurons (Kang et al., 1998). The impact of astrocytic networks on 

excitatory neuronal function has been reported as spontaneous calcium increases in astrocytes, 

which is mediated by NMDA-dependent neuronal excitation (Parri et al., 2001).  Thus, there is 

an extraneuronal pathway composed of the astroglial network in the brain and the reciprocal 

communication between neuronal and astrocytic networks jointly control the function of the 

brain.   
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 The transfer of information from neurons to astrocytes in the form of a calcium signal 

occurs mainly through the spillover of synaptic neurotransmitters such as glutamate or ATP. 

These ligands bind to G-protein coupled receptors (GPCRs) on astrocytes to activate a Gq 

heterotrimeric G-protein. The Gaq subunit of a heterotrimeric G-protein activates phospholipase 

C (PLC), resulting in the synthesis of diacylglycerol and inositol triphosphate (IP3) from 

phosphatidylinositol biphosphate (PIP2). IP3 then binds to its receptor on the endoplasmic 

reticulum, leading to the release of calcium into the cytoplasm. ICWs can be blocked by 

thapsigargin, an inhibitor of sarco/endoplasmic reticulum calcium ATPase, indicating that 

calcium release from an internal calcium store is required for ICWs (Charles et al., 1993). 

However, calcium increases in astrocytic cells can also be induced by calcium permeable ligand-

gated ionotropic receptors (e.g. glial NMDA receptors in the cerebral cortex or glial AMPA 

receptors in the cerebellum), activity of Na+/Ca2+ exchangers, or Transient Receptor Potential 

A1 (TRPA1) channels (Kirischuk and Ketfenmann; Matsui and Jahr, 2006; Shigetomi et al., 

2011, 2013; Verkhratsky and Kirchhoff, 2007). An intracellular calcium increase in astrocytes 

results in the release of gliotransmitters, which can modulate neighboring glia, neurons and 

vascular cells (Bezzi and Volterra, 2001; Parpura et al., 1994). Upon a calcium increase, 

astrocytes release ATP through Connexin-43 hemichannels, and they stimulate intercellular 

calcium signaling through neighboring astrocytes. It has been shown, for example, that the 

connexin hemichannel activator quinine induces ATP release and a calcium increase in 

astrocytes (Stout et al., 2002).   

1.4 Neuronal Oscillations 

 The human brain is composed of 100 billion neurons, each of which can fire actin 

potentials at 5-50 Hz. Every neuron has 1,000 to 10,000 synapses,  thereby forming a functional 

network, wherein synchronized activities take place (Buzsaki and Wang, 2012; Kawabe and 

Brose, 2011). Neuronal oscillations within a neuronal network are rhythmic and repetitive 

fluctuations of activity, which can be measured as periodic local field potentials using electrodes 

or by electrocorticography, electroencephalography or magnetoencephalography. These 

oscillations have been characterized as sine waves of different frequencies, peak amplitudes, 

and phases (Mathalon and Sohal, 2015). The temporal frequencies of natural network 

oscillations range from 0.5 to 200 Hz. Based on these frequencies, they are divided into delta 

oscillations (0.5-3 Hz), theta oscillations (3-8 Hz), alpha oscillations (8-13 Hz), gamma 
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oscillations (30-90 Hz), and ultrafast oscillations (90-200 Hz). Oscillatory activities take place 

in various brain regions, including the neocortex, the hippocampus, the thalamus and the 

olfactory bulb (Bartos et al., 2007). The oscillatory activity of neuronal networks has been 

correlated with higher brain functions such as perception, attention, consciousness, and memory 

(Basar et al., 2000).  

  

1.4.1 Gamma Oscillations 

 Within the different frequency spectrums, gamma oscillations have mostly been related 

to cognitive functions such as temporal encoding, recall of information, sensory processing, and 

memory formation. Gamma oscillations can be detected in many cortical and subcortical areas; 

however, the hippocampus is the region containing one of the highest amplitudes and it is 

important for exploratory behavior, working memory, encoding memories, and the retrieval of 

memory (Bragin et al., 1995; Colgin and Moser, 2010; Fuchs et al., 2007; Hájos and Paulsen, 

2009). Gamma oscillations can be induced in acute hippocampal slices in vitro by the application 

of agonists such as 3,5 dihydroxyphenylglycine (DHPG) for metabotropic glutamate receptors 

(mGluRs), carbachol for muscarinic acetylcholine receptors (mAChRs), or kainate for kainate 

receptors (KR; Fellous and Sejnowski, 2000; Fisahn, 2004; Fisahn et al., 1998; Whittington et 

al., 1995), as well as by application of high potassium solutions (LeBeau et al., 2002). The 

gamma oscillations induced by the individual stimuli differ from each other in terms of their 

dependencies on pharmacological inhibitors, indicating that multiple mechanistic pathways are 

involved. For example, in the CA1 region of the hippocampus, mGluR-induced gamma 

oscillations and kainate-induced gamma oscillations are blocked by bicuculline (a GABAA 

receptor antagonist) but are not affected by AMPA receptor antagonists, indicating that mGluR- 

and KR-mediated oscillations are dependent mainly on GABAergic activation (Fisahn, 2004; 

Whittington et al., 1995). Carbachol-induced oscillations in the CA3 region, on the other hand, 

are blocked by both GABAA receptor antagonists and AMPA receptor antagonists, indicating 

that mAChR-mediated oscillations are dependent on both excitatory and inhibitory pathways 

(Fisahn et al., 1998; Mann et al., 2005). Interestingly, potassium-induced oscillations in the CA1 

and the CA3 regions are blocked completely by GABAA receptor antagonists but are only 

partially inhibited by AMPA receptor blockers (LeBeau et al., 2002). These differences in the 

dependency of gamma oscillations on inhibitory and excitatory pathways can be explained by 
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the expression profiles of receptors within the relevant networks. KRs and mGluRs are mainly 

expressed in interneurons, so the agonists of them are thought to activate the interneurons 

directly, and this occurs without assistance from glutamatergic neurons. mAChRs are mainly 

expressed in hippocampal pyramidal neurons and the activation of interneurons by pyramidal 

neurons depends on the excitation of mAChRs. In potassium induced oscillations, potassium 

activates both interneurons and pyramidal neurons; thus, the oscillations are partially dependent 

on excitation from pyramidal neurons (Bartos et al., 2007).    

1.5 Aims of the Present Study 

 The present study was designed to unveil the roles of Nedd4 Family E3 ligases (Nedd4-

1, Nedd4-2, WWP1 and WWP2) in mouse brain by identifying novel substrate proteins of these 

E3 ligases.  

 In first part of this study, we focused on the roles of Nedd4-1 and Nedd4-2 E3 ligases in 

mouse brain by identifying novel substrate proteins of these ligases at synapses. In the second 

part of this study, we focused on characterizing the roles of the WWP subfamily E3 ligases, 

WWP1 and WWP2, in the developing nerve cells by identifying novel substrate proteins in 

mouse brain homogenates.  
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2 MATERIAL and METHODS 

2.1 Animals 

 All experiments conducted on mice were performed in compliance with the guidelines 

for the welfare of experimental animals approved by the State Government of Lower Saxony 

(Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit Permission 

33.9.42502-04/103/08) and the Max Planck Society (comparable to National Institute of Health 

Guidelines). To obtain conditional knock-out mice, the Nedd4-1f/f, Nedd4-2f/f, WWP1f/f, and 

WWP2f/f mouse lines were generated by Dr. Hiroshi Kawabe and Prof. Dr. Nils Brose. The 

EMX1-Cre line was generated and provided by Kevin R. Jones (Jessica A. Gorski et al. 2002). 

The NEX1-Cre line was generated and provided by Sandra Goebbels and Prof. Dr. Klaus A. 

Nave (Goebbels et al. 2006) 

2.2 Reagents 

2.2.1 Chemicals 

Table 1. List of chemicals used in this study 

Product Company 

Acrylamide/N,N-Methylene-bis-Acrylamide National Diagnostics 

Adenosine Triphosphate Sigma-Aldrich 

Agarose  Invitrogen 

Ammonium Persulfate Sigma-Aldrich 

Ampicilin Invitrogen 

Aprotinin Roche 

Bacto-Agar Invitrogen 

Bovine Serum Albumin (BSA), Fraction V Thermo Scientific 

Boric acid Sigma-Aldrich 

Bromophenol Blue Sigma-Aldrich 

Calcium Chloride Sigma-Aldrich 

CHAPS Biomol Feincgemikalien 

Comassie Brillant Blue R250 Biomol Feincgemikalien 

Cycloheximide Sigma-Aldrich 

Dimethyl Sulfoxide (DMSO) Sigma-Aldrich 

Dithiothreitol (DTT) Sigma-Aldrich 

DNA Ladder Mix Sample, GeneRuler Fermentas 

DNAase Sigma-Aldrich 

dNTPs GE Healthcare 
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Skim Milk Nestle 

ECL Reagents GE Healthcare 

Ethanol Sigma-Aldrich 

Ethidium Bromide Carl Roth 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich 

Fish Skin Gelatin Sigma-Aldrich 

GelRed Biotium 

Glucose Monohydrate Sigma-Aldrich 

Glutathione Sigma-Aldrich 

Glycerol 99% Merck 

Goat Serum Invirogen GIBCO 

HEPES Sigma-Aldrich 

Hydrochloric acid (HCl) Sigma-Aldrich 

IPTG Biomol Feincgemikalien 

Kanamycin Invitrogen 

Leupeptin Roche 

Lysozyme Roche 

Luria Broth (LB) Invitrogen 

Magnesium Chloride Sigma-Aldrich 

Methanol Sigma-Aldrich 

N-ethylmaleimide (NEM) Sigma-Aldrich 

N'N'N'-Tetramethylethyl Enediamine (TEMED) BioRad 

Photassium Chloride (KCl) Sigma-Aldrich 

Phenymethylsulfonyl Fluoride (PMSF) Roche 

Sodium Butyrate Merck 

Sodium Chloride Sigma-Aldrich 

Sodium Dodecyl Sulfate (SDS) Roche 

Sodium Phosphate Roche 

Sucrose Sigma-Aldrich 

Tris Base Sigma-Aldrich 

Triton X-100 Roche 

Tween 20 Sigma-Aldrich 

X-Gal BioMol 
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2.2.2 Bacterial strains 

Table 2. List of bacteria strains used during this study 

E. coli XL-1 Blue Electrocompotent cells Stratagene 

E. coli Electro10-Blue Electrocompetent cells Stratagene 

E. coli TOP10 Electrocompotent cells Invitrogen 

E. coli JM109 Electrocompotent cells Promega 

E. coli BL21 Rosetta Electrocompotent cells Stratagene 

 

2.2.3 Kits and apparatus 

Table 3. List of kits and apparatus used in this study 

PureLink Quick Plasmid Miniprep Kit Invitrogen 

PureLink HiPure Plasmid Midiprep Kit Invitrogen 

EndoFree Plasmid Maxi Kit QIAGEN 

PureLink Gel Extraction Kit Invitrogen 

TOPO-TA Cloning Kit Invitrogen 

Bradford Protein Assay Kit Bio-Rad 

 

2.2.4 Enzymes from commercial sources 

Table 4. List of commercial enzymes used in this study 

Alkaline Phophatase Roche 

Cloned Pfu DNA Polymerase AD Agilent 

DNaseI Sigma-Aldrich 

Pfu Turbo DNA Polymerase Agilent 

Taq Polymerase (RedTaq) Sigma-Aldrich 

 

2.2.5 Oligonucleotides 

 Oligonucleotides used in this study were synthesized in MPI-EM DNA Core Facility 

and listed below.  
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Table 5. List of oligonucleotides used in this study (Restriction enzyme sites employed for 

molecular cloning are underlined.  RS; Restriction sites) 

Number Sequence (5'-3') RS 

30925 5'-TCTAGTCGACCTATACGGCTGTAGTCCTCCCGAACAAG -3' Sal I 

30954 5'-TATAGAATTCCGCCGCCGCCTCAAACGG -3' EcoRI 

30660 5'-AGGGAATTCCTTGCAAAGATTGCCCGGCC -3' EcoRI 

30661 5'-CCTCTCGAGTCAGACGTTGCTGATGCGCACAC -3' XhoI 

 

2.2.6 Vector plasmids 

Table 6. List of vector used in this study  

pcDNA3.1-myc-VCP Provided by Dr. Hemmo Meyer 

pcDNA3.2-HA-Connexin-43 Addgene  #49851 

pCMV2-FLAG-Nedd4-1 Provided by Hiroshi Kawabe 

pCMV2-FLAG-Nedd4-2 Provided by Hiroshi Kawabe 

pCMV2-FLAG-Prr7 Provided by Dr. Yoshinori Fujiyoshi 

pCMV2b-FLAG-Kir4.1 Cyt Generated in this study 

pCRII-TOPO Invitrogen 

pCR2.1-TOPO-Prr7 Cyt Generated in this study 

pCR2.1-TOPO-Kir4.1 Cyt Generated in this study 

pDEST-hNedd4-1 Provided by Dr. Daniela Rotin 

pDEST-hNedd4-2 Provided by Dr. Daniela Rotin 

pET28-mE1 Addgene #32534 

pEF1-CAND1 Provided by Dr. Hiroshi Kawabe 

pEGFP-C1-Nedd4-1 Provided by Hiroshi Kawabe 

pEGFP-C2-Nedd4-2 Provided by Hiroshi Kawabe 

pEGFP-CMV-Kir4.1  Provided by Dr. Johannes Hirrlinger 

pGEX4T-1 GT Healthcare Life Sciences 

pGEX4T-1-WWP1 WT Provided by Dr. Hiroshi Kawabe 

pGEX6P-1 GT Healthcare Life Sciences 

pGEX6P-1-WWP2 WT Provided by Dr. Hiroshi Kawabe 

pGEX4T-1- UbcH5b Provided by Dr. Andrea Pichler  

pGEX6P-1- UbcH5c Provided by Dr. Andrea Pichler  

pGEX4T-1- UbcH6 Provided by Dr. Andrea Pichler  

pGEX4T-1- UbcH7 Provided by Dr. Andrea Pichler  

pRaichuMyc Provided by Dr. Hiroshi Kawabe 

pRaichuMyc-CAPZA1 Provided by Dr. Hiroshi Kawabe 
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pRaichuMyc-Prr7 Cyt Generated in this study 

pRaichuMyc-Pkm2 Provided by Dr. Hiroshi Kawabe 

pQE9-p97 Provided by Dr. Hemmo Meyer 

 

2.2.7 Antibodies 

Table 7. List of antibodies used in this study  

Antibody 
Host 

Species 
Origin 

Usage and Dilution 

WB ICC 

Actin (AC40) Mouse Sigma-Aldrich a1:2000 - 

Actin  Rabbit Sigma-Aldrich a1:1000 - 

Nedd4-1 Mouse BD  a1:500 - 

Nedd4-2 Rabbit Cell Signaling a1:2000 - 

MAP2 Chicken Novus - a1:1000 

EGFP Mouse  Roche a1:1000 a1:1000 

EGFP Rabbit SySy a1:1000 a1:1000 

PSD-95 Mouse  BD a1:500 - 

RabGDI Mouse SySy a1:1000 - 

Prr7 Mouse Acris a1:1000 - 

Prr7 Rabbit from Dr. Yoshinori Fujiyoshi a1:2000 - 

Kir4.1  Rabbit Labome a1:1000 - 

Cnx43 Rabbit from Dr. Irina Majoul a1:2000 - 

c-myc Rabbit Sigma-Aldrich a1:1000 - 

c-myc (9E10) Mouse  Sigma-Aldrich a1:1000 a1:1000 

HA Rabbit Sigma-Aldrich a1:1000 - 

FLAG Mouse  Sigma-Aldrich a1:1000 - 

FLAG Rabbit Cell Signaling a1:1000 - 

β-Tubulin Mouse Sigma-Aldrich 1:10 000 - 

Ubiquitin P4D1 Mouse Santa Cruz a1:1000 - 

Ubiquitin K48 Rabbit Cell Signaling a1:500 - 

Ubiquitin K63 Rabbit Cell Signaling a1:100 - 

Table 8. List of secondary antibodies used in this study 

Antibody 
Host 

Species 

Conjugated 

Substrate/Dye 
Origin Usage Dilution 

anti-Mouse 

IgG 
Goat  

Horse Radish 

Peroksidase 
BioRad WB; 1:10000 

anti-Rabbit 

IgG 
Goat  

Horse Radish 

Peroksidase 
BioRad WB; 1:10000 
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anti-Mouse 

IgG 
Goat  

IL-COR IRDye 

800 
Rockland WB; 1:3000 

anti-Mouse 

IgG 
Goat  

IL-COR IRDye 

700 
Rockland WB; 1:3000 

anti-Rabbit 

IgG 
Goat  

IL-COR IRDye 

800 
Rockland WB; 1:3000 

anti-Rabbit 

IgG 
Goat  

IL-COR IRDye 

700 
Rockland WB; 1:3000 

anti-Mouse 

IgG 
Goat  

Alexa Fluor 

488/555/633 
Invitrogen 

IHC/ICC; 

1:1000 

anti-Rabbit 

IgG 
Goat  

Alexa Fluor 

488/555/633 
Invitrogen 

IHC/ICC; 

1:1000 

anti-Chicken 

IgG 
Goat  

Alexa Fluor 

488/555/633 
Invitrogen 

IHC/ICC; 

1:1000 

2.3 Molecular Biology 

2.3.1 Plasmid DNA preparation using miniprep, midiprep and endofree maxiprep 

 The plasmid DNA preparation was performed using the PureLinkTM Quick Plasmid 

Miniprep Kit, HiPure Plasmid Filter Midiprep Kit, HiPure Plasmid Maxiprep Kit (Invitrogen), 

or EndoFree Plasmid Maxi Kit (Qiagen). For each kit, manufacturers’ instructions were 

followed and DNA was resuspended in TE buffer. Final concentration of the plasmid DNA was 

adjusted to 2 mg/mL with TE Buffer.    

TE Buffer: 10 mM Tris-HCl pH 7.4 (Sigma-Aldrich), 1 mM EDTA (Sigma-Aldrich) 

2.3.2 Glycerol stocks 

 800 µL of an overnight grown culture of E. coli electro-transformed with a construct was 

mixed with 200 µL of 80% autoclaved glycerol, vortexed and stored at -80oC. To grow fresh 

cultures, small piece of glycerol stock was picked up using a pipette tip and transferred into LB 

medium with appropriate antibiotic.  

2.3.3 Plasmid transformation into bacteria 

 Electroporation of electro-competent E. coli cells was carried out using Bio-Rad E. coli 

Pulser at 1.8 kV, 25 μF with pulse controller set at 200 . Briefly, 50 ng of plasmid DNA or 1-

2 uL of the ligation reactions (T4 Ligation or pCR2.1-TOPO Ligation) was mixed with 50 μL 

of appropriate electro-competent E. coli cells thawed and kept on ice. The mixture of DNA and 

competent cell was transferred into pre-cooled electroporation cuvette (0.1 cm, Bio-Rad). After 
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application of the electric pulse, E. coli cells were resuspended in 800μL of LB medium and 

incubated for 1 h at 37oC for recovery. E. coli cells were centrifuged at 10 000 g for 1 min and 

the pellet was resuspended in 100 L of LB medium and plated on the selection plate 

supplemented with appropriate antibiotic.   

LB medium: 25 g of Luria Broth (Invitrogen) powder was dissolved in 1L of ultrapure water 

(with conductivity of 18.2 M.cm at 25oC) and autoclaved.  

LB plate: 25 g of Luria Broth (Invitrogen) powder and 15 g of Bacto-agar (Invitrogen) was 

dissolved in 1L of ultrapure water and autoclaved. After cooling down, stock solution of 

ampicillin or kanamycin was added to be at the final concentration of 50g/mL or 25 g/mL 

respectively.   

2.3.4 DNA concentration measurements 

 DNA samples were diluted 1:100 by TE buffer and UV absorbance of DNA solution at 

260, 280 and 320 nm wavelength was measured by UltraSpec 3100pro (Amersham). Solutions 

with 1.8-2.0 OD260/OD280 ratio were accepted as pure DNA preparations (free from protein and 

RNA contamination) 

2.3.5 DNA sequencing 

 All DNA sequencing was done by the Max Planck Institute of Experimental Medicine 

DNA Core Facility on an Applied Biosystems 373 DNA Sequencer.  

2.3.6 Polymerase Chain Reaction (PCR) 

 DNA fragments of interest were amplified in 25 or 50 uL PCR reaction mixtures 

containing the double stranded DNA template, oligonucleotide primers, dNTPs, DNA 

polymerase and appropriate buffer supplied for each DNA polymerase. For cloning, Pfu 

polymerase (Cloned Pfu Polymerase AD or Turbo Pfu Polymerase AD, Agilent Technologies) 

was used. For genotyping, Red-Taq DNA polymerase (Sigma-Aldrich) was used. All reactions 

were run on a Gene Amp 9700 PCR cycler (Applied Biosystems) with the following program;  

Step 1: 94oC for 3 minuntes, 

Step 2: 94oC for 30 seconds, 

Step 3: annealing temperature for 30 seconds, 

Step 4: 72oC for an appropriate extension time (30 cycles from Step 2 to 4) 
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Step 5: 72oC for 7 min 

 Annealing temperature was at least 5oC lower than the estimated melting temperature of 

primers used in reaction. Extension time was set as 1 minute per 250 bp and 500 bp of DNA for 

Cloned Pfu Polymerase and Turbo Pfu Polymerase respectively.        

2.3.7 TOPO-cloning kit  

 In order to subclone the PCR products, pCR2.1-TOPO- or pCRII-TOPO-TA cloning kit 

(Invitrogen) was used following the manufacturer’s protocol. 

2.3.8 DNA digestion with restriction endonucleases 

 DNA digestion with specific restriction endonucleases was done using 20 U of a given 

restriction endonuclease enzyme per g of plasmid DNA for 3 hours with appropriate 

temperature and buffer condition according to the New England Biolabs (NEB) manual.  

2.3.9 Agarose gel electrophoresis 

 For size analyses and purification of DNA, PCR products or digested DNA were 

subjected to agarose gel electrophoresis in 1-2% TBE-based agarose gel containing 0.1% 

GelRed (Biotium). DNA fragments were separated at the constant voltage of 100V in TBE 

buffer and then visualized under UV-light system (Intas). Gene Ruler DNA Ladder Mix 

(Fermantas 100bp or 1kb) was used to estimate approximate DNA size.  

TBE buffer: 50 mM Tris-Base, 50 mM boric acid, 2 mM EDTA, pH 8.0 

DNA Loading Dye: 10mM Tris-HCl pH 7.6, 0.03% (w/v) bromophenol blue (Sigma-Aldrich), 

0.03% (w/v) xylene cyanol FF (Sigma-Aldrich), 60% (v/v) glycerol (Merck), 60 mM EDTA.  

2.3.10 DNA extraction and purification from agarose gel 

 After agarose gel electrophoresis, DNA band of interest was excised using a surgical 

scalpel and DNA fragment was purified from gel piece using PureLink Gel Extraction Kit 

(Invitrogen) following manufacturer’s protocol.   

2.3.11 De-phosphorylation of 5’-DNA ends 

 The 5’-ends of DNA fragments with compatible ends were subjected to de-

phosphorylation in order to prevent the self-ligation of vectors in further ligation procedures. 

Briefly, plasmid DNA was treated with 2 µL of shrimp alkaline phosphatase (Roche) in the 
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supplied buffer for 1 h at 37oC in 50 µL final volume of reaction. Alkaline phosphatase was 

inactivated upon incubation at 65oC for 20 minutes for further steps of cloning.  

2.3.12 DNA ligation 

 Digested vector DNA and digested insert DNA with compatible end were mixed in a 

molar ratio of 1:1 to 1:10, each reaction supplemented with 2 mM ATP, T4 DNA Ligase 

(Invitrogen), and the ligation buffer in 20 µL of reaction mixture. The ligation reaction was 

performed in ice bucket/water, which provides little temperature increments from 4oC to room 

temperature for 20-24 hours.   

2.3.13 Cloning strategies for construct generated in this study 

pCRII-TOPO-Kir4.1 Cyt 

cDNA fragment encoding cytoplasmic C-terminal region of mouse Kir4.1 was amplified by 

PCR from the pEGFP-C2-Kir4.1 vector using primers 30660/30661 and subcloned into pCRII-

TOPO vector 

pCMV2b-FLAG-Kir4.1 Cyt 

The cytoplasmic C terminal region of Kir4.1 cDNA was excised from the pCRII-TOPO-Kir4.1 

Cyt vector using EcoRI/XhoI and ligated to the EcoRI/XhoI sites of pCMV2bFLAG vector 

pCRII-TOPO-Prr7 Cyt 

cDNA fragment encoding the cytoplasmic C-terminal region of mouse Prr7 was amplified by 

PCR from the pCMV2b-FLAG-Prr7 vector using primers 30925/30954 and subcloned into 

pCRII-TOPO vector 

pRaichuMyc-Prr7 Cyt 

The cytoplasmic region of mouse Prr7 was excised from the pCRII-TOPO-Prr7 Cyt vector using 

EcoRI/SalI and ligated to the EcoRI/SalI sites of pRaichuMyc   

2.4 Cell Biology 

2.4.1 Chemical and reagents 

Product Company 

Bovine Serum Albumin Sigma-Aldrich 

B27 Serum-Free Supplement (50X) Thermo-Fischer 

Calcium Chloride dihydrate Sigma-Aldrich 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich 
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Dulbecco's Modified Eagle Medium (DMEM) Gibco, Invitrogen 

Dulbecco's Phosphate Buffered Saline (DPBS) Gibco, Invitrogen 

EDTA Sigma-Aldrich 

Fetal Bovine Serum (FBS) Gibco, Invitrogen 

Glutamax (200mM) Gibco, Invitrogen 

Glucose Sigma-Aldrich 

Hank's Balanced Salt Solution (-Ca2+/-Mg2+) Gibco, Invitrogen 

HEPES Sigma-Aldrich 

L-Cysteine Sigma-Aldrich 

Mito+TM Serum Extender Corning 

Neurobasal-A Medium Gibco, Invitrogen 

Opti-MEM Reduced Serum Medium Gibco, Invitrogen 

Papain Worthington 

Penicillin/Streptomycin (100X) Gibco, Invitrogen 

poly-L Lysine Sigma-Aldrich 

Potassium Chloride Sigma-Aldrich 

Sodium Butyrare Merck 

Sodium Chloride Sigma-Aldrich 

Sodium Phosphate Dibasic Sigma-Aldrich 

Trypsin-EDTA (0.05%), phenol red Gibco, Invitrogen 

Trypsin Inhibitor Sigma-Aldrich 

 

2.4.2 Culture media and solutions 

Papain Stock Solution: 0.2 mg/mL cycteine, 1 mM CaCl2, 0.5 mM EDTA in Dulbecco’s 

Modified Eagle’s Medium (DMEM) 

Papain Working Solution: 20 units of papain (Worthington) were added in 1 mL of Papain Stock 

Solution. Solution was saturated with carbogen (95% oxygen, 5% carbondioxide) until Papain 

was resolved, and then it was sterilized using a 0.22 µm filter (Millipore). 

Stop Solution: 2.5 mg/mL Bovine Serum Albumin (BSA), 2.5 mg/mL trypsin inhibitor and 10% 

Fetal Bovine Serum (FBS) in DMEM. 

Complete Neurobasal Medium: 500 mL Neurobasal A, 5 mL GlutaMAX, 10 mL B-27 

supplement (Invitrogen), 1 mL Penicillin/Streptomycin. 

Mito Solution: One vial of Mito+TM Serum Extender was dissolved in 5 mL DMEM. It was 

sterilized using a 0.22 µm filter (Millipore), aliquoted and stored at -20 oC freezer. 
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FBS Astrocyte Medium: 450 mL DMEM, 50 mM FBS, 5 mL GlutaMAX, 1 mL 

Penicillin/Streptomycin, 500 µL Mito Solution. 

10% FBS/DMEM: 450 mL DMEM, 50 mL FBS, 5 mL GlutaMAX, 5 mL 

Penicillin/Streptomycin.  

10% FBS/OPTI-MEM: 450 mL OPTI-MEM, 50 mL FBS. 

2% FBS/Sodium Butyrate/DMEM: 1 mL of FBS in 50 mL DMEM, 10 mM Sodium Butyrate. 

2.4.3 HEK293FT cell line  

 HEK293FT cells (Invitrogen) were maintained in 10% FBS/DMEM using culture petri 

dishes (Corning) in 37oC incubator with 5% CO2 (HERA-Cell 240 Heraeus). For passaging, 

confluent cells were washed with PBS followed by incubation with 1 mL 0.05% trypsin-EDTA 

solution for 3 min at 37oC. Reaction was stopped by addition of 9 mL of 10% FBS/DMEM. 

Cells were then split on new petri dishes.  

2.4.4 Freezing HEK293FT cell line  

 Confluent HEK293FT cells in 15 cm dish (Corning) were washed with PBS and treated 

with 0.05% Trypsin-EDTA Solution for 3 min at 37oC. Cells were harvested in 10 mL of 10% 

FBS/DMEM and centrifuged at 800 g for 5 min. Later, cell pellet was resuspended in 1 mL of 

10% FBS/DMEM and 1 mL of Freezing Medium per each dish was added dropwise to the cell 

suspension. Next, 1 mL of cells in freezing medium was aliquoted into cryo-tubes and frozen at 

-80oC in Cryo Freezing Container (Nalgene) filled with isopropanol. One aliquot of cell 

suspension was thawn into new 15 cm dish to achieve approximately 50% confluency for the 

first day of seeding.    

2X Freezing Medium: 20% DMSO, 20% FBS in DMEM 

 

       

2.4.5 Transfection of HEK293FT cells  

 Transfection of HEK293FT was carried out at 80-90% cell confluency using 

Lipofectamine2000 (Invitrogen) following manufacturer’s instructions.  

2.4.6 Primary mouse hippocampal culture preparation 
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 Hippocampi of P0 mice were dissected in ice-cold HBSS under stereomicroscope and 

incubated in 1 mL of Papain Working Solution at 37oC with gentle shaking for 1 h. Papain 

solution was replaced by Stop Solution pre-warmed at 37oC. After incubation of hippocampi at 

37oC for 15 minutes with gentle agitation, Stop Solution was discarded and the hippocampi were 

washed twice with 500 µL of Complete Neurobasal Medium pre-warmed at 37oC. Next, medium 

was removed and hippocampi were triturated with 200 µL Complete Neurobasal Medium 10 

times using P200 pipette tip. The sample was left in the cell culture hood for 1 minute to let 

debris to sink, isolated neurons in the supernatant was harvested and transferred into 1 mL of 

Complete Neurobasal Medium pre-warmed at 37oC. The trituration was repeated using 200 µL 

fresh Complete Neurobasal Medium and supernatant was collected in same eppendorf tube. 

Cells were counted using Naubauer counting chamber and neurons were seeded on coverslips 

or on plastic wells coated by poly-L-lysine (Sigma-Aldrich) for immunocytochemistry or for 

biochemistry respectively. For immunocytochemistry experiments, 40,000–70,0000 cells were 

plated per each well of 24-well plate. For biochemical experiments, 120,000 or 500,000 cells 

were seeded per each well of 24- or 6-well plate respectively. The day of culture preparation 

was counted as day in vitro 0 (DIV0). Neurons were maintained in 1 mL or 2 mL of Complete 

Neurobasal Medium per each well of 24- or 6-well plate at 37oC with 5% CO2 (HERA-cell240 

incubator, Heraeus). After 2-4 hours of seeding the cells, the medium was changed to fresh 

Complete Neurobasal Medium.                

2.4.7 Transfection of primary hippocampal culture 

 Primary cultured hippocampal neurons were transfected at DIV1-3 using calcium 

phosphate transfection method. Briefly, Complete Neurobasal Medium in each well was 

replaced with 500 µL of plane pre-warmed Neurobasal Medium and kept at 37oC. For one well 

of 24-well plate, 1 µg of plasmid DNA was mixed with 3.1 µL of 2 M CaCl2 and the volume of 

the mixture was adjusted to 25 µL with sterile ultra-pure water. The DNA mixture was added to 

25 µL of 2XHBS dropwise with a gentle agitation. After incubation of the transfection solution 

for 30 minutes in the dark, 50 µL of the transfection solution was applied on each well. The 

plate was incubated in 37oC incubator with 5% CO2 for 20 to 25 minutes until the precipitates 

were observed under the light microscope. Each well was subsequently washed three times with 

500 µL of HBSS pre-equilibrated at 37oC in10% CO2 until calcium phosphate-DNA precipitates 
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were resolved. Original Complete Neurobasal Medium was placed on the wells and plates were 

maintained at 37oC incubator with 5% CO2.    

2X HBS: 274mM NaCl, 10 mM KCl, 1.4 mM Na2HPO4, 15 mM Glucose, 42 mM HEPES, 

pH7.8 adjusted with 10 M NaOH.   

2.4.8 Primary mouse cortical culture preparation 

 Cortices from one E16 embryo were dissected on ice-cold Hank’s Balanced Salt Solution 

(HBSS, Gibco, Life Sciences) under stereomicroscope and incubated in 1 mL of Papain 

Working Solution at 37oC with gentle agitation for 1 hour. Papain digestion and the trituration 

of the tissue, and plating of the neuron were performed in the same way as for hippocampal 

neurons.  

2.4.9 Primary mouse astrocyte culture preparation 

 Cortices from one P0 mouse were dissected on ice-cold Hank’s Balanced Salt Solution 

(HBSS) under stereomicroscope and incubated in 1 mL of trypsin solution at 37oC with gentle 

agitation for 15 minutes. Then, trypsin solution was removed and cortices were wash three times 

with 1 mL of FBS Astrocyte Medium pre-incubated in 37oC incubator with 5% CO2. After the 

final wash, cortices were triturated 20 times with 750 µL of fresh FBS Astrocyte Medium using 

P1000 pipette tip. After incubation in the cell cultre hood for 1 minute, dissociated astrocytes in 

the supernatant was transferred into 10 mL of FBS Astrocyte Medium in a 75 cm flask 

(Corning). Next day, the medium was changed to fresh FBS Astrocyte Medium to remove the 

floating cell clamps. Cultures were maintained until they became confluent at 37oC in 5% CO2. 

Then, cells were split using trypsin and seeded on coverslips or into 6-well plates coated with 

poly-L-lysine for calcium imaging and for biochemistry experiments respectively.   

2.4.10 Lentivirus preparation 

 HEK293FT cells were used to produce lentivirus particles. Briefly, HEK293FT cells 

were cultured in 10% FBS/DMEM in 15 cm petri dish until confluency and one plate was split 

into two poly-L-lysine coated 15 cm dish so that the confluency will be 80-90% for optimal 

transfection in 24 hours. Next day, 10% FBS/DMEM was placed with 20 mL of 10% FBS/OPTI-

MEM pre-warmed at 37oC water bath. The cells were co-transfected with 40µg of lentivirus 

backbone vector (FUGW or FUGW-iCre) with 16 µg of plasmids encoding Gag polyprotein 
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(pCMVdeltaR8.2) and envelope protein (pMD2.G) using Lipofectamine2000. Cultures were 

maintained in 37oC incubator with 5% CO2. After 8 hours of transfection, 10% FBS/OPTI-MEM 

was changed to 20 mL of 2% FBS/Sodium Butyrate/DMEM pre-warmed to 37oC and plates 

were incubated at 37oC incubator with 5% CO2. At 48 hours post-transfection, culture medium 

was harvested in 50 mL Falcon tubes and cell debris was spin down at 2000 g at 4oC for 10 min. 

Supernatant was filtered using 45 µm filters (Millipore) and applied to AMICON Centrifugal 

Filter (100 kDa, Millipore) to concentrate viral particles by centrifugation at 3500 g at 4oC. The 

volume of concentrated virus solution was adjusted to 1 mL per 15 cm petri dish with cold 

Neurobasal-A Medium and solution was dialyzed overnight against TBS at 4oC in a sterilized 

beaker using Slide-A-LyzerTM dialysis casette (Thermo-Scientific). After dialysis, virus solution 

was flash-frozen as aliquots in liquid nitrogen and stored at -80 oC until used.  

TBS: 20mM Tris-Cl pH 8.0, 150 mM NaCl      

2.4.11 Lentiviral infection of neurons 

 After lentivirus preparation, virus solution was applied to cultured neurons at DIV1. 

After 48 hours of infection, cultures were fixed, stained for GFP, MAP2 and DAPI and observed 

under fluorescent microscope. Appropriate amount of virus solution was determined as the 

amount of virus solution resulting expression of GFP in all DAPI or MAP2 positive cells. For 

experiments, determined virus amounts was applied to each well at DIV1 and cells were fixed 

for immunocytochemistry or harvested for protein chemistry after washing four times with PBS 

at appropriate stages of the culture.      

2.4.12 Immunocytochemistry 

 Neurons cultured on coated coverslips were fixed with Fixation Buffer for 15 min in 

cold room under gentle agitation. After washing three times with PBS, cells were incubated with 

Blocking Buffer at room temperature for 1 hour. Fixed cells were incubated with primary 

antibodies diluted in Blocking Buffer (dilutions in Table 7) for 20-24 hours at 4oC in humidified 

chamber with gentle agitation. After incubation with the primary antibody, cells were washed 

three times for 15 minutes with PBS at room temperature on moderate shaking. Next, cells were 

incubated with secondary antibodies diluted in Blocking Buffer for 1 hour at room temperature. 

After washing the cells with PBS three times for 15 minutes and once brief rinsing with ultra-
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pure water, coverslips were mounted on glass slides (Superfrost Plus, Thermo Scientific) with 

Immu-Mount mounting medium (Shandon, Thermo-Scientific). 

Fixation Buffer: 4% paraformaldehyde (PFA), 4% Sucrose in PB 

Blocking Buffer: 5% Goat serum, 0.3% Triton X-100, 0.1% fish skin gelatin in PBS  

2.4.13 Sholl analysis 

 In order to analyze the dendrite arborization, EGFP-expressing primary hippocampal 

neurons were fixed at DIV7 and images were acquired using 25X objective (with water 

immersion) of AxioImager Z.1 (Carl Zeiss). After thresholding and binarization of images in 

ImageJ, Sholl analysis was applied with 10 µm interval between Sholl circles. Total numbers of 

crossings on Sholl circles were quantified in given distances for each neuron. For statistical 

analysis, t-test was used to compare two independent samples after f-test to detect t-test type. 

2.5 Biochemistry 

2.5.1 Mouse brain homogenization 

 Mice were anesthetized and decapitated. The cortices were dissected in cold 0.32M 

Sucrose and homogenized with 10 strokes at 900 rpm (Braun POTTER’S Homogenizer) in 2 

mL of Homogenization solution in a Teflon-glass homogenizer (Sartorius) at 4oC. 

Homogenization solution: 0.32 M Sucrose, 0.1 µM Aprotinin, 50 µM Leupeptin, 0.2 mM PMSF 

2.5.2 Harvesting cell cultures 

 For biochemical experiments, neurons at appropriate stage of cell culture were washed 

three times with PBS and harvested with 50 µL or 150 µL of Laemmli Buffer for each well of 

24-well plate or 6-well plate respectively.  

Laemmli Buffer: 10% Glycerol, 50 mM Tris-Cl pH 6.8, 2 mM EDTA, 2% SDS, 100 mM DTT, 

0.05% Bromophenol blue 

 

 

 

2.5.3 Measurement of protein concentration  

 Protein amount in samples were measured using Bradford (Bio-Rad) or the 

bichichoninic acid (BCA, Thermo Scientific) kit according to the manufacturer’s instructions. 
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Briefly, protein samples were incubated with the Bradford solution for 1 min at room 

temperature or with the BCA reagent at 37oC for 30 min. Next, the abrorbance at 560 nm or 652 

nm of each samples was measured for Bradford or BCA kit respectively. The BSA samples with 

known concentrations were used as standards in order to estimate protein concentrations of 

individual samples.   

2.5.4 Purification of synaptic plasma membrane fraction 

 Cortices of 6 weeks old mice were dissected in ice cold Solution A using a petri dish on 

ice. After homogenization in 2 mL Solution A with 10 strokes at 900 rpm, homogenates were 

applied to discontinuous sucrose density gradient with 0.85 M, 1.0 M and 1.2 M sucrose layers. 

After centrifugation at 82,500 g for 2 hours at 4 oC (Rotor SW41, Beckmann Ultracentrifuge), 

the supernatant above the 0.85 M sucrose were collected as soluble fraction (S) and interfaces 

between 0.32 M - 0.85 M, between 0.85 – 1.0 M, and between 1.0 – 1.2 M were harvested as 

myeline-enriched fraction (P2A), ER-Golgi-Enriched Fraction (P2B), and synaptosome fraction 

(P2C). The pellet was collected as mitochondria-enriched fraction (P2D). The P2C fraction then 

diluted 1:2 with Solution A and centrifuged at 100 000 g for 20 minutes (TLA100.3 Rotor). The 

pellet of P2C was resuspended in 2.5 mL of 6 mM Tris-Cl, pH 8 using 21G and 27G needles 

(BD Microlance) and incubated on ice for 45 minutes for osmotic shock. Then, samples were 

centrifuged at 32.8 kg for 20 minutes (TLA100.3 Rotor) in order to separate synaptic membranes 

from synaptosomes. The supernatant was harvested as synaptic cytoplasm (SC) and crude 

synaptic vesicle (CSV) fraction while pellet was resuspended as crude synaptic membrane 

(CSM) fraction with 3 mL of Solution A using 21G and 27G neddles. Further, the CSM fraction 

was applied to discontinuous sucrose density gradient with 0.85 M, 1.0 M, 1.2 M sucrose layers 

followed by centrifugation at 82 500 g for 2 hours at 4 oC (Rotor SW41, Beckmann 

Ultracentrifuge). The interface between 1.0 M – 1.2 M sucrose was harvested as pure synaptic 

membrane fraction (SM3) and diluted 1:2 with solution A followed by centrifugation at 100 000 

g for 20 minutes at 4oC (TLA100.3). Later, the pellet was resuspended in 500 µL of 6 mM Tris-

Cl pH 8.0 using 21G and 27G needles. Purified fractions were stored in -80oC freezer and used 

for mass-spectroscopy analysis, western blots for verification of mass-spectroscopy results or 

protein localization experiment.   

Solution A: 0.32 M Sucrose, 1 mM NaHCO3, 2 mM PMSF, 1µg/mL Aprotinin, 0.5 µg/mL 

Leupeptin 
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2.5.5 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

 Protein samples were applied to SDS-PAGE under the denaturating conditions in order 

to separate proteins based on their molecular sizes. Briefly, protein samples prepared in Laemmli 

buffer was boiled at 65oC for 20 minutes and loaded onto two-layered polyacrylamide gel 

consisting the upper stacking gel and lower separating gel (Bio-Rad Mini-PROTEAN 251 

Casting System). Electrophoresis was performed with a constant current at 20-30 mA per gel in 

Bio-Rad electrophoresis system filled with Running Buffer. The PageRuler or PageRuler Plus 

Prestained Protein Ladders (Thermo Scientific) were used as protein markers.  

Laemmli Buffer: 10% Glycerol, 50 mM Tris-Cl pH 6.8, 2 mM EDTA, 2% SDS, 100 mM DTT, 

0.05% Bromophenol blue 

Upper Stacking Gel: 5% AMBA, 125 mM Tris-Cl pH 6.8 at RT, 0.1% SDS, 0.05% APS, 0.005% 

TEMED 

Lower Seperating Gel: 7-15% AMBA, 325 mM Tris-Cl pH 8.8 at RT, 0.1% SDS, 0.05% APS, 

0.005% TEMED  

Running Buffer: 25 mM Tris-Cl pH 8.8 at RT, 250 mM Glycine, 0.1 % SDS  

2.5.6 Western blotting 

 Proteins separated in SDS-PAGE were transferred onto a nitrocellulose (Protran 0.2 µm, 

GE Healthcare) or PVDF membrane (Hybond 0.2 µm, GE Healthcare) with a constant current 

of 80 mA or 200 mA for 10 hours respectively. Proteins were transferred in a blotting tank unit 

(Hoefer, TE22) filled with Transfer Buffer. After transfer, membranes were washed with ultra-

pure water and incubated with MemCode Reversible Protein Stain Kit in order to stain proteins 

transferred on nitrocellulose membranes (Thermo Scientific) according to manufacturer’s 

protocol. After destaining and washing, membranes were incubated in Blocking Buffer for 1 

hour at room temperature with moderate shaking followed by incubation with primary 

antibodies listed in Table 7 for 3 hours at room temperature with gentle agitation. Membranes 

were washed three times with Washing Buffer for 15 minutes and incubated with secondary 

antibodies listed in Table 8 for 1 hour at room temperature. Secondary antibodies non-

specifically attached on membranes were washed with Washing Buffer three times for 15 

minutes. The signal on the membrane was detected with enhanced chemiluminescence (ECL) 

system (Solution I and II, GE Healthcare) or with Odyssey Infrared Imaging System (LI-COR 
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Biosciences). Quantification of protein bands was performed using the Image-Studio Software 

(Odyssey System) or ImageJ.  

Transfer Buffer: 25 mM Tris-base, 190 mM Glycine. 20% methanol 

TBS: 20 mM Tris-Cl pH 7.5 at RT, 137 mM NaCl 

Blocking Buffer: 5% milk powder in TBS-T 

Washing Buffer: 1% Tween20 (w/v) (Sigma-Aldrich) in TBS 

2.5.7 iTRAQ labelling and quantitative mass spectroscopy 

 iTRAQ labelling of SM3 fractions was performed by Dr. Olaf Jahn using an automated 

in-gel digestion/iTRAQ-labelling method (Schmidt et al., 2013). Mass spectrometry was 

performed in collaboration with Dr. Samir Karaca and Dr. Henning Urlaub.   

2.5.8 Purification of recombinant mouse ubiquitin activating enzyme (E1) 

 For in vitro ubiquitination assays, recombinant mouse ubiquitin activating enzyme E1 

was expressed in E. coli and purified according to published protocols (Carvalho et al., 2012) 

with slight modifications. Briefly, pET28-mE1 plasmid was electro-transformed into 

BL21(DE3) E. coli cells and plated on LB-agar plate supplemented with kanamycin. After 

overnight incubation, colony was picked and inoculated into 50 mL LB medium supplemented 

with 25 µg/mL kanamycin and grown overnight at 37oC. The pre-culture was diluted to 1 liter 

of fresh LB medium with kanamycin and grown at 37oC until the optical density at 600 nm 

(OD600) reached 0.6. Next, the culture was cooled down to 16oC and recombinant protein 

expression was induced by the addition of 0.5 mM isopropyl-β-D-1-thiogalactosypyranoside 

(IPTG) for 20 hours at 16oC. Later, the E. coli cells were pelleted by centrifugation at 3500 g at 

4oC for 45 minutes and resuspended in 25 mL of ice-cold Lysis Buffer A followed by flash-

freezing in liquid nitrogen and storage at -80oC for at least one overnight. Further, lysate was 

thawn on ice, and sonicated with 30% of maximum power using Sonopuls HD 2200 Sonicator 

equipped with Probe VS 70 two times for 20 seconds in ice-cold water with 20 second intervals 

of incubation on ice. After sonication, proteins were solubilized by addition of the same volume 

of Lysis Buffer B. Insoluble fractions were removed by centrifugation at 10 000 g for 10 min at 

4oC (Rotor 22.5, Heraeus Varifuge 20 RS Centrifuge) and supernatant was incubated with 1.5 

mL bed volume of His-nickel beads for 6 hours at 4oC with gentle rotation. Later, beads were 

spin downed by centrifugation at 800 g for 1 minute and washed three times with 30 mL of 
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Wash Buffer A and two times with 30 mL of Wash Buffer B. The recombinant proteins were 

eluted from beads three times with 2.5 mL of Elution Buffer. The eluted proteins were 

concentrated and buffer-exchanged to Exchange Buffer using Vivaspin 10 000 MWCO 

concentrator (Sartorius). Purified His6-fused mouse E1 enzymes were aliquoted, flash frozen in 

liquid nitrogen and stored -80 oC until use.    

Lysis Buffer A: 50 mM Tris-Cl pH 8.0, 150 mM NaCl, 1 mM EDTA-NaOH pH8, 1 mM DTT, 

0.2 mM PMSD, 1 µg/mL Aprotinin, 0.5 µg/mL Leupeptin 

Lysis Buffer B: 50 mM Tris-Cl pH 8.0, 150 mM NaCl, 0.2% (w/v) Triton X-100, 1 mM EDTA-

NaOH pH8, 1 mM DTT, 0.2 mM PMSD, 1 µg/mL Aprotinin, 0.5 µg/mL Leupeptin  

Wash Buffer A: 50 mM Sodium Phosphate pH 8.0, 300 mM NaCl, 20 mM Imidazole 

Wash Buffer B: 50 mM Sodium Phosphate pH 8.0, 150 mM NaCl, 20 mM Imidazole 

Elution Buffer: 50 mM Sodium Phosphate pH 8.0, 150 mM NaCl, 100 mM Imidazole 

Exchange Buffer: 10 mM Tris-Cl pH 8.0, 1 mM EDTA-NaOH pH 8.0, 1 mM DTT 

2.5.9 Purification of recombinant ubiquitin conjugating enzymes (E2s) 

 pGEX-4T1-UbcH5b, -UbcH6, -UbcH7 and pGEX-4P-UbcH5c were electro-

transformed into BL21(DE3) E. coli cells and plated on LB-agar plate supplemented with 

ampicillin. After overnight incubation, colony was picked and inoculated into 50 mL LB 

medium supplemented with 25 µg/mL ampicillin and grown overnight at 37oC. The pre-culture 

was diluted to 1 liter of fresh LB medium with ampicillin and grown at 37oC until the optical 

density at 600 nm (OD600) reached 0.5-0.6. Next, the culture was cooled down to 20oC and 

recombinant protein expression was induced by the addition of 1 mM IPTG for 6 hours at 20oC. 

After harvesting by centrifugation at 3500 g at 4oC for 45 minutes, E. coli pellet was resuspended 

in 30 mL of ice-cold Lysis Buffer, flash-frozen in liquid nitrogen and stored at -80oC for at least 

one overnight. Later, lysate was thawn on ice, and supplemented with 1 mg/mL Lysozyme 

(Roth) and incubated for 1 hour on ice. Insoluble material was removed by centrifugation at 10 

000 g for 10 minutes at 4oC. The supernatant was incubated for 2 hours at 4oC on gentle rotation 

with 1.5 mL bed volume of Glutathione Sepharose 4B beads (GST-beads, GE-Healthcare) pre-

equilibrated with ice-cold Lysis Buffer. The GST-beads were harvested by centrifugation at 800 

g for 1 min at 4oC and washed 4 times with ice-cold 30 mL of Washing Buffer and 2 times with 

30 mL of Cleavage Buffer. The beads were harvested in 5 mL of Cleavage Buffer and incubated 

with 5 µL of untagged thrombin (restriction grade, Millipore). 
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Lysis Buffer: 50 mM Tris-Cl pH 8.0, 300 mM NaCl, 1 mM DTT, 0.1 mM PMSF, 1 µg/mL 

Aprotinin, 1 µg/mL Leupeptin 

Washing Buffer: 50 mM Tris-Cl pH 8.0, 500 mM NaCl, 1 mM DTT, 0.1 mM PMSF, 1 µg/mL 

Aprotinin, 1 µg/mL Leupeptin 

Cleavage Buffer: 50 mM Tris-Cl pH 8.0, 100 mM NaCl, 1 mM DTT, 0.1 mM PMSF, 1 µg/mL 

Aprotinin, 1 µg/mL Leupeptin 

2.5.10 Purification of recombinant ubiquitin ligase enzymes (E3s) 

 pGEX4T-WWP1, pGEX4T-Itch, pGEX6P-WWP2, pDEST-Nedd4-1 or pDEST-

Nedd4-2 were electro-transformed into BL21 (DE3) E. coli cells and plated on LB agar with 

ampicillin. After overnight incubation, colony was picked and inoculated into 50 mL LB 

medium supplemented with 25 µg/mL ampicillin and grown overnight at 37oC. The pre-culture 

was diluted to 1 liter of fresh LB medium with ampicillin and grown at 16oC until the optical 

density at 600 nm (OD600) reached 0.5-0.6. Next, recombinant protein expression was induced 

by the addition of 0.5 mM IPTG for 6 hours at 20oC. After harvesting by centrifugation at 3500 

g at 4oC for 45 minutes, E. coli pellet was resuspended in 30 mL of ice-cold Lysis Buffer, flash-

frozen in liquid nitrogen and stored at -80oC for at least one overnight. Later, lysate was thawn 

on ice, and supplemented with 1 mg/mL Lysozyme (Roth) and incubated for 1 hour on ice. 

Insoluble material was removed by centrifugation at 10 000 g for 10 minutes at 4oC. The 

supernatant was incubated for 2 hours at 4oC on gentle rotation with 1.5 mL bed volume of 

Glutathione Sepharose 4B beads (GST-beads, GE-Healthcare) pre-equilibrated with ice-cold 

Lysis Buffer. The GST-beads were harvested by centrifugation at 800 g for 1 min at 4oC and 

washed 4 times with ice-cold 30 mL of Washing Buffer and 2 times with 30 mL of Cleavage 

Buffer. The beads were harvested in 5 mL of Cleavage Buffer and incubated with 5 µL of 

untagged thrombin (restriction grade, Millipore) 

2.5.11 Immunoprecipitation of proteins from HEK cell lysates 

 In order to conduct in vitro ubiquitination assay, tagged (myc or FLAG) substrate 

proteins were overexpressed in HEK293FT cells for 48 hours after transfection. Later, cells were 

washed in PBS and harvested in 1 mL of Lysis Buffer and incubated for 30 minutes on ice. Next, 
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lysates were cleared by centrifugation 10 000 rpm for 10 minutes at 4oC and supernatant was 

used for immunoprecipitation for tagged proteins.  

2.5.12 In vitro Ubiquitination Assay for Substrates Expressed in HEK293FT cells 

 The in vitro ubiquitination reactions were performed in 20 µL reactions in order to prove 

that substrates were ubiquitinated specifically by E3 ligases. Substrates were expressed in 

HEK293FT cells (grown in 10 cm petri dish) and immunoprecipitated using 10 µL myc-beads 

(Sigma-Aldrich) or 10 µL FLAG-beads (Sigma-Aldrich) per dish. Later, beads were washed 

three times with 1 mL of Reaction Buffer and 5 µL of beads was used as substrate for each 

reaction. For each assay, substrate was incubated with 2 mM ATP, 1 µM His-Ubiquitin (Boston 

Biochem), 50 nM mouse E1 enzyme, 150 mM E2 enzyme (UbcH5b, UbcH5c, UbcH6, or 

UbcH7), 600 nM E3 enzyme purified from E. coli (Nedd4-1, Nedd4-2, WWP1, WWP2 or Itch). 

Reactions were incubated at 37oC for 1 hour with gentle agitation. Later, reactions were stopped 

by addition of 100 µL of 1X Laemmli Buffer, and results were analyzed by western blotting. 

Ubiquitin western blotting was used as positive control for each assay, while western blotting 

for substrate was used to show specific ubiquitination of the substrate only in the presence of 

E2 and E3 enzymes. Reactions lacking only E2 enzyme, only E3 enzyme, or only substrate were 

used as negative controls.  

Reaction Buffer: 50 mM Tris-Cl pH 8 at 37oC, 100 mM NaCl, 5 mM MgCl2, 1 mM DTT, 0.05% 

Tween  

2.5.13 In vitro Ubiquitination Assay for Substrates Purified from E. coli 

 For the ubiquitination assay using VCP as a substrate, recombinant myc-His-VCP 

purified from E. coli were used. Briefly, in the presence of 2 mM ATP and 1 µM ubiquitin, 2 

µM VCP were incubated with 50 nM mouse E1 enzyme, 150 mM E2 enzyme (UbcH5b, UbcH6 

and UbcH7) 600 nM E3 enzyme (WWP1, WWP2, Itch) in 20 µL reaction in reaction buffer. 

After 1 hour incubation at 37oC, reactions were stopped by addition of 1X Laemmli Buffer and 

results were analyzed by western blotting for ubiquitin to show enzymatic activity and for myc 

to show ubiquitination of VCP by E3 ligases.   

Reaction Buffer: 50 mM Tris-Cl pH 8 at 37oC, 100 mM NaCl, 5 mM MgCl2, 1 mM DTT, 0.05% 

Tween 
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2.5.14 In vivo Ubiquitination Assay 

 In order to show ubiquitination of substrates in vivo, cell based ubiquitination assay were 

performed using HEK293FT cells. Briefly, substrate and E3 ligase were co-overexpressed in 

HEK293FT cells with ubiquitin for 48 hours after transfection. Cells were washed with 

PBS/NEM and harvested in 200 µL of Ubiquitination Buffer containing 1% SDS and boiled at 

65oC for 20 minutes. Later, SDS were neutralized by diluting 10 times (up to 2 mL) with 

Ubiquitination Buffer with 1% Triton X-100. Cell lysate were cleared using centrifugation at 10 

000 rpm for 10 min at 4oC. Substrates were then immunoprecipitated using GFP-trap beads 

(Chromotek), or HA-beads (Sigma-Aldrich), or FLAG-beads (Sigma-Aldrich). After washing 

three times with Washing Buffer with 1% Triton X-100, beads were harvested with Laemmli 

Buffer and subjected to SDS-PAGE and western blotting.  

NEM: 125 mg NEM was dissolved in 1 mL 100% Ethanol 

PBS/NEM: 500 µL of NEM was added into 50 mL ice-cold PBS 

Ubiquitination Buffer with SDS: 50 mM Tris-Cl pH 7.5 at 4oC, 300 mM NaCl, 1% Triton X-

100, 0.2 mM PMSF, 1 µg/mL Aprotinin, 0.5 µg/mL Leupeptin, 10 mM NEM 

Ubiquitination Buffer with Triton X-100: 50 mM Tris-Cl pH 7.5 at 4oC, 300 mM NaCl, 1% 

Triton X-100, 0.2 mM PMSF, 1 µg/mL Aprotinin, 0.5 µg/mL Leupeptin, 10 mM NEM 

Washing Buffer: 50 mM Tris-Cl pH 7.5 at 4oC, 300 mM NaCl, 1% Triton X-100, 0.2 mM PMSF, 

1 µg/mL Aprotinin, 0.5 µg/mL Leupeptin, 10 mM NEM 

2.6 Electrophysiology 

2.6.1 Buffers and Solutions 

Sucrose-Based Slicing Solution: 230 mM Sucrose, 26 mM NaHCO3, 2 mM KCl, 1 mM 

KH2PO4, 1 mM MgCl2x6H2O, 10 mM Glucose, 0.5 mM CaCl2 

Artificial Cerebrospinal Fluid (ACSF) Solution: 120 mM NaCl, 26 mM NaHCO3, 1 mM 

KH2PO4, 2 mM KCl, 2 mM MgCl2x6H2O, 10 mM Glucose, 2 mM CaCl2 

Kainate Solution: 100 nM Kainate in ACSF Solution 

2.6.2 Preparation of Acute Brain Slices 

 Postnatal day 22-25 (P22-25) mice were anesthetized using Isofluorane (DeltaSelect) 

and decapitated. Brains were removed from skull and transverse brain sections with 300 µm 
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thickness were prepared from both hemispheres using a Leica VT1200S vibratome in ice-cold 

Sucrose-Based Slicing Solution saturated with carbogen gas (95% oxygen, 5% carbon dioxide). 

Brain slices were transferred to holding chamber filled with ACSF Solution saturated with 

carbogen gas and incubated for 20 minutes before recording.   

2.6.3 Measurement of Gamma Oscillations (γ-Oscillations) 

 Gamma-oscillations upon 100 nM kainate application were recorded in the CA3 region 

of the hippocampus using interface recording chamber (BSCBU Base Unit with the BSC-HT 

Haas Top, Harvard Apparatus) with constant flow of ACSF at 33oC. Briefly, extracellular 

recording electrodes (with a resistance between 2.0-3.0 MΩ) filled with ACSF Solution were 

placed on the CA3 pyramidal cell layer of slices perfused constantly with ACSF Solution and 

baseline recordings were performed before kainate application for 15 minutes. The oscillatory 

recordings were performed for 25 minutes upon 100 nM Kainate Solution perfusion. Next, 

electrodes were re-positioned to find the maximum oscillations and slices were recorded for 

additional 25 minutes with Kainite Solution application. All measurements were performed 

using a 700B amplifier (Axon Instruments, Molecular Devices) and Digidata 1440A data 

acquisition system (Axon Instruments, Molecular Devices) with a Bessel filter at 3 kHz. Data 

analysis were performed using Axograph X software (Axon Instrumetns). The power spectrum 

from each traces were calculated for 10-minutes epochs. The baseline power spectrum was 

subtracted from the power spectrum of kainite-induced oscillatory recording. Frequency at 

maximum power peak, average power, area power and maximum power were determined 

between 25-45 Hz oscillatory frequency band.  

2.7 Statistics 

 Statistical analyses were done using the Graphpad Prism 5 (Graphpad Software). A 

statistical significant was concluded when p-value was less than 0.05. In statistical analysis, un-

paired, two-tailed Student`s T-test were performed. Variance is expressed as the standard error 

of mean (SEM).  
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3 RESULTS 

3.1 Functions of Nedd4 subfamily E3 ligases in the developing and adult brain 

3.1.1 Nedd4 family E3 ligases in astrocytes play important roles in neuronal network 

function 

3.1.1.1 Proteome screening identified Kir4.1, Connexin43, and Prr7 as substrates of 

Nedd4-1 and Nedd4-2 in the mouse brain  

 There have been several reports on the screening and identification of substrate proteins 

of E3 ligases (e.g. using protein chip assays, affinity binding assays, yeast two-hybrid 

screenings), but the biological relevance of the identified substrate in vivo is often open to 

dispute. In most of cases, screenings were based on intrinsic biochemical properties of the E3 

ligase, such as their high affinities to substrate proteins and their activities to conjugate ubiquitin 

to substrates. In a high-throughput screening study, multiple potential substrates for human 

Nedd4-1 (hNedd-1) and human Nedd4-2 (hNedd4-2) have been identified using protein chips 

(Persaud et al., 2009). In order to identify binding partners for these E3 ligases, recombinant E3 

ligases crosslinked with Alexa647 have been incubated on protein chip platform, on which more 

than 8,000 purified recombinant human proteins were arrayed in native form. In the same study, 

recombinant E3 ligases were incubated in the presence of E1 enzyme, E2 enzyme, FITC-labelled 

ubiquitin and ATP on protein chips for in vitro ubiquitination assay. Based on emitted 

fluorescence from Alexa647 and FITC, binding partners or substrates of Nedd4-1 and Nedd4-2 

were identified. Approximately 90% of E3 ligase binding partners identified in this screening 

were ubiquitinated by the corresponding E3 enzyme in vitro. One of these binding proteins, 

FGFR1 was indeed upregulated and protein turnover of FGFR1 was delayed in Nedd4-1 

knockdown fibroblasts (Persaud et al., 2011). However, most of the identified substrates contain 

PPXY motifs, which can be recognized by WW domains of other members of Nedd4 family E3 

ligases. Similarly, in a recent proteomics screening study, candidates of HRD1 E3 ligase 

substrates were identified using siRNA mediated knockdown of HRD1 in cultured HeLa cells 

(Lee et al., 2011). Briefly, HeLa cells were co-tranfected with His-tagged ubiquitin and siRNA 

for HRD1 E3 ligase knockdown. Ubiquitination levels of proteins in cell lysates were analyzed 

using stable isotope labelling by amino acids in cell culture (SILAC) based quantitative mass 

spectrometry and any proteins showing a reduction in ubiquitination level were reported as 

substrates of HRD1 E3 ligase. However, siRNA mediated knockdown studies can be 
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confounded by off-target effects which complicates the interpretation of data (Khvorova et al., 

2003; Lin et al., 2005). Thus, in order to avoid artifacts and obtain more reliable results, it is of 

particular importance to identify substrates of a E3 ligases using tissue isolated from E3 ligase 

knockout and control mice.    

 It has been reported that Nedd4-1 and Nedd4-2 have a preference to form K63-linked 

polyubiquitin chains (Maspero et al., 2013), which are involved in the endocytosis of 

transmembrane substrate proteins. Given that Nedd4-1/Nedd4-2 are localized at synapses 

(Scudder et al., 2014; Kawabe et al., 2010), we hypothesized that in the absence of E3 ligases, 

endocytosis of relevant substrate proteins would be perturbed and substrate proteins of Nedd4 

E3 ligases on synaptic membrane would be upregulated in the brain specific Nedd4-1 and 

Nedd4-2 double conditional KO (Nedd4-1f/f;Nedd4-2f/f;Emx1-Cre+/- ; Nedd4-1/2 bDKO) mice 

as compared to control (Nedd4-1f/f;Nedd4-2f/f;Emx1-CreWT; bCtl). Based on this hypothesis, we 

performed quantitative and comparative mass spectrotmetry. For this purpose, mouse cortices 

from Nedd4-1/2 bDKO and bCtl animals were homogenized in 0.32 M sucrose and subjected 

to sucrose gradient ultracentrifugation to isolate pure synaptic plasma membranes (Figure 3-

1A). After the first ultracentrifugation, osmotic shock with 8 mM Tris-Cl, pH 8.0 was applied 

to synaptosome fractions (P2C) harvested from the interphase between 1.0 M and 1.2 M sucrose 

layers in order to disrupt the membrane. Later, crude synaptic membrane fractions (CSM) were 

sedimented by additional centrifugation, where crude synaptic vesicle/synaptic cytoplasm 

fractions (SC/CSV) were harvested as the supernatant (Figure 3-1B). CSM fractions were 

further subjected to sucrose gradient ultracentrifugation and pure synaptic membrane fractions 

(SM3) were harvested from the interphase between 1.0 M and 1.2 M sucrose layers (Figure 3-

1C). Each purified subfraction was validated by Western blotting for PSD-95 and Rab-GDI. In 

CSM and SM3 fraction, PSD95, a marker for the postsynaptic density (PSD) membrane 

anchored protein, was enriched, whereas Rab-GDI, a cytoplasmic protein, was depleted (Figure 

3-2A), indicating that the subcellular fractionation was performed successfully. Validated SM3 

fractions from Nedd4-1/2 bDKO and bCtl animals were subjected to SDS-PAGE. All of the 

proteins in the polyacrylamide gel were digested by trypsin and peptides were labeled with 

isobaric Tags for Relative and Absolute Quantitation (iTRAQ) as described previously (Schmidt 

et al., 2013, with Olaf Jahn, MPI-EM, Goettingen). iTRAQ-labeled samples were subjected to 

LC-MS/MS for peptide mass quantification (Figure 3-2B). In order to compensate for biased 
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efficiencies of labeling of certain peptides by iTRAQ116 and iTRAQ117 reagents, we took two 

strategies. First, we labeled peptides with two combinations of labeling reagents. For the first 

round of peptide mass quantification, peptides from Nedd4-1/2 bDKO were labeled with 

iTRAQ116 and the ones from bCtl were with iTRAQ117. The labelling was reversed for the 

second round of quantification. Second, relative levels of proteins were estimated with at least 

five peptides from each protein. In this way, an increase in peptide signals arising from biased 

labeling efficiencies will be diluted by signals from other peptides. Proteins upregulated in 

Nedd4-1/2 bDKO are shown in Figure 3-2C. Interestingly, we identified two astrocytic 

membrane proteins, ATP-sensitive inwardly rectifier potassium channel 10 (Kir4.1), and gap 

junction protein alpha 1 (Connexin-43, Cnx43), and one postsynaptic membrane protein, 

Proline-rich protein 7 (Prr7), to be upregulated in Nedd4-1/2 bDKO mice. We then validated 

the upregulation of Kir4.1 and Cnx43 in SM3 and P2C fractions by Western blotting using 

antibodies against Kir4.1 and Cnx43. As shown in Figures 3-3 to 3-6, both proteins showed 

dramatic upregulation in Nedd4-1/2 bDKO mice, indicating that Nedd4-1 and Nedd4-2 E3 

ligases might be involved in endocytosis of these membrane proteins on the perisynaptic 

astrocytic end-feet of tripartite synapses.   

3.1.1.2 The cytoplasmic C-terminal region of Kir4.1 is ubiquitinated by Nedd4-1 and 

Nedd4-2 E3 ligases 

 In order to study whether Nedd4-1/2 E3 ligases have the potential to ubiquitinate Kir4.1, 

we used purified recombinant Kir4.1 for in vitro ubiquitination experiment using recombinant 

Nedd4-1 and Nedd4-2 purified from E. coli. The FLAG-tagged cytoplasmic tail of Kir4.1 was 

expressed in HEK293FT cells and immunopurified using an anti-FLAG antibody coupled to 

agarose beads. The beads were incubated with recombinant ubiquitin, E1, E2 and E3 enzymes 

in the presence of ATP for 1 hour at 37oC with moderate agitation. Reactions were analyzed by 

Western blotting using an anti-FLAG antibody. Only in the presence of an E2 enzyme and 

Nedd4-1 or Nedd4-2 E3 ligase, the FLAG-tagged C-terminus of Kir4.1 showed a delay of 

migration in SDS-PAGE with a substantial signal at the higher molecular weight, indicating that 

Kir4.1 is ubiquitinated by Nedd4-1 and Nedd4-2 (Figure 3-3B). The ubiquitination level was 

stronger when Nedd4-2 was used as an E3 enzyme as compared to Nedd4-1, indicating that 

Nedd4-2 has a more potent intrinsic activity to ubiquitinate Kir4.1 than Nedd4-1.  
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Figure 3-1. Pure synaptic membrane purification 

(A) Cortices from Nedd4-1f/f; Nedd4-2f/f;Emx1-Cre+/- (Nedd4-1/2 bDKO) and Nedd4-1f/f; 

Nedd4-2f/f;Emx1-CreWT (bCtl) were homogenized and subjected to discontinuous sucrose 

gradient ultracentrifugation. The interphase between 1.0 M and 1.2 M sucrose layers was 

harvested as the synaptosome fraction (P2C). (B) The P2C fraction rich in pre- and postsynaptic 

components was exposed to osmotic shock to disrupt the synaptic plasma membrane. The 

sample was further  separated into crude synaptic vesicles/synaptic cytoplasm (CSV/SC) and 

crude synaptic membrane (CSM) fractions by centrifugation (image from Bai and Witzmann, 

2007). (C) The CSM fraction was then applied to another round of sucrose density gradient 

ultracentrifugation in order to purify and enrich the synaptic plasma membrane (SM3) fraction 

at the interphase between 1.0 M and 1.2 M sucrose layer (image from Frykman et al., 2010).     
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Figure 3-2. Quantitative mass spectroscopic analysis of SM3 fractions using iTRAQ 

Validation of purified SM3 fractions. 3 µg of each subcellular fraction were analyzed by 

Western blotting using antibodies against PSD-95 as a postsynaptic marker and against Rab-

GDI as cytoplasmic marker on the same membrane. Note that PSD-95 was enriched in the SM3 

fraction whereas Rab-GDI was depleted. (B) Workflow of iTRAQ labelling of SM3 samples. 

Validated SM3 fractions from Nedd4-1/2 bDKO and bCtl mice were loaded on SDS-PAGE and 

separated proteins in the polyacrylamide gel were digested with trypsin for iTRAQ labelling. 

Labelled peptides were analyzed by LC-MS/MS. (C) List of proteins upregulated in Nedd4-1/2 

bDKO mice compared to bCtl mice.      

 

3.1.1.3 Full-length Kir4-1 is ubiquitinated in vivo by Nedd4-1 and Nedd4-2 E3 ligases  

 To test if full-length Kir4.1 is ubiquitinated by Nedd4-1 and Nedd4-2 in vivo, we 

performed a cell-based ubiquitination assay. We overexpressed Kir4-1 with a C-terminal EGFP-

tag together with FLAG-tagged Nedd4-1 or Nedd4-2 in HEK293FT cells. Cells were treated 

with NEM to inhibit de-ubiquitinating enzymes prior to the extraction. Proteins were extracted 

a lysis buffer containing 1% SDS and the cell lysate was incubated at 65 oC for 20 min to 
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denature proteins. After diluting the SDS by Triton X100-containing buffer, recombinant Kir4.1 

was immunoprecipitated from cell lysates using GFP-trap agarose beads. Ubiquitination levels 

of Kir4-1 were examined by Western blotting using an anti-ubiquitin antibody. Indeed, Kir4-1 

was ubiquitinated highly when Nedd4-1 or Nedd4-2 were co-expressed (Figure 3-3C). The 

increase in the ubiquitination signal was also apparent in Western blotting using an anti-GFP 

antibody for immunoprecipitated samples (Figure 3-3D). As seen in the top panel in Figure 3-

3C, expression of Nedd4-1 was more robust than Nedd4-2 expression in this experiment. 

Nevertheless, the signals cross-reacting with the anti-ubiquitin antibody were comparable 

between the first and fourth lanes in Figure 3-3C in which FLAG-Nedd4-1 or FLAG-Nedd4-2 

were co-expressed with EGFP-Kir4.1, indicating that Nedd4-2 has a stronger activity to 

ubiquitinate Kir4.1 than Nedd4-1. Thus, consistent with the in vitro ubiquitination assay, full-

length Kir4-1 is ubiquitinated by both Nedd4-1 and Nedd4-2 in vivo, preferentially by Nedd4-

2.    
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Figure 3-3. Ubiquitination of Kir4.1 by Nedd4-1 and Nedd4-2 mediated ubiquitination  

Validation of mass spectrometry data of the upregulation of Kir4.1 in Nedd4-1/2 bDKO mice. 

10 µg of purified SM3 fractions from Nedd4-1/2 bDKO and bCtl mice were loaded on an SDS-

PAGE gel and analyzed by Western blotting using an anti-Kir4.1 antibody. Signals from 

proteins stained by Memcode were used as loading controls. Note that Kir4-1 was dramatically 

upregulated in Nedd4-1/2 bDKO SM3 samples (EMX-Cre +) as compared to bCtl (EMX-Cre 

WT). Specific band for Kir4.1 is indicated by the arrow. (B) In vitro ubiquitination of Kir4.1 by 

Nedd4-1 and Nedd4-2 E3 ligases. FLAG-tagged C-terminal cytoplasmic tail of Kir4.1 (FLAG-

Kir4.1 Cyt) was overexpressed in HEK293FT cells and purified using anti-FLAG agarose beads. 

Subsequently, the proteins on beads were used as substrates for the in vitro ubiquitination assay. 

Note the shift of FLAG-Kir4.1 Cyt to the range of the high molecular weight with a smear 

pattern only in the presence of both E2 and E3 enzymes (first lane for Nedd4-1 and fifth lane 

for Nedd4-2). (C and D) In vivo ubiquitination of Kir4.1 by Nedd4-1 and Nedd4-2 E3 ligases. 

Full-length Kir4.1 with a C-terminal EGFP tag (Kir4.1-EGFP) was overexpressed with FLAG-

Nedd4-1 or FLAG-Nedd4-2 in HEK293FT cells and immunoprecipitated using GFP-trap 

agarose beads. The ubiquitination level of Kir4.1-EGFP was analyzed by Western blotting using 

an anti-ubiquitin antibody. The smear pattern of ubiquitinated Kir4.1-EGFP was increased when 

Kir4.1-EGFP was overexpressed with FLAG-Nedd4-1 or FLAG-Nedd4-2 (first and fourth 

lanes) as compared to negative controls. Note that the expression level of FLAG-Nedd4-2 in 

input samples was weaker than the expression level of FLAG-Nedd4-1 but ubiquitinated Kir4.1-

EGFP smear patterns were comparable for Nedd4-1 and Nedd4-2. Ubiquitination of Kir4-1-

EGFP was also apparent in Western blotting using an anti-GFP antibody for immunoprecipitated 

samples. Kir4-1-EGFP showed stronger smear patterns when co-expressed with FLAG-Nedd4-

1 and FLAG-Nedd4-2 in GFP Western blot.  

 

3.1.1.4 Nedd4-2 is a physiological E3 ligase for Kir4.1  

 Upon ubiquitination by an E3 ligase, transmembrane proteins undergo endocytosis with 

the help of adaptor proteins (e.g. epsin and Eps15). Endocytosed transmembrane proteins can 

be either recycled to the plasma membrane or degraded in lysosomes. To test, which of these 

effects is caused by Nedd4 subfamily E3 ligases, we studied the levels of Kir4.1 in cerebral 

homogenates. Our study was based on the hypothesis that a lack of lysosomal degradation would 

lead to the accumulation of a substrate protein in the entire cell while reduced recycling will 

result in an accumulation of a substrate solely on the plasma membrane. Interestingly, we 

detected 5.3-fold upregulation of Kir4.1 in homogenates from 6 week-old Nedd4-1/2 bDKO 

mice compared to 6 week-old Nedd4-1/2 bCtl mice (Figure 3-4A: Control 1.0 ± 0.02, N=3; 

DKO 5.28 ± 0.29, N=3; p= 0.0001), indicating that ubiquitination of Kir4.1 by Nedd4-1 and 

Nedd4-2 E3 ligases plays a role in lysosomal degradation rather than recycling.  

 Nedd4-1/2 bDKO mice were generated by crossing Nedd4-1f/f;Nedd4-2f/f mice with 

Emx1-Cre mice. In Emx1-Cre driven lines, the Cre recombinase is expressed in glutamergic 
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neurons, astrocytes, and oligodendrocytes (Gorski et al., 2002).  In order to test if the 

upregulation of Kir4.1 in Nedd4-1/2 bDKO is indeed due to the absence of Nedd4-1 and Nedd4-

2 activity in glia cells, we tested the levels of Kir4.1 in cerebral homogenates from 6 weeks-old 

Nedd4-1f/f;Nedd4-2f/f;NEX1-Cre+/- (Nedd4-1/2 nDKO) and 6-week-old Nedd4-1f/f;Nedd4-

2f/f;NEX -CreWT (nCtl) animals. In Nedd4-1/2 nDKO, Cre recombinase is expressed mainly in 

postmitotic neurons but not in glia cells (Goebbels et al., 2006). Interestingly, the levels of 

Kir4.1 in Nedd4-1/2 nDKO animals were not changed compared to nCtl mice (Figure 3-4B: 

nCtl, 1.00 ± 0.04, N=3; Nedd4-1/2 nDKO, 1.03 ± 0.09, N=3; p= 0.7685), indicating that the 

knockout Nedd4-1 and Nedd4-2 specifically in glia cells leads to an upregulation of Kir4.1 in 

glia cells.     

 Since Nedd4-2 showed stronger ubiquitination of Kir4.1 in ubiquitination assays in vivo 

and in vitro, we tested the Kir4.1 levels in Nedd4-1f/f; Emx1-Cre+/- single knockout (Nedd4-1 

bKO) and Nedd4-2f/f; Emx1-Cre+/- single knockout mice (Nedd4-2 bKO). We found a 2.7-fold 

upregulation of Kir4.1 levels in cortical homogenates of Nedd4-2 bKO mice as compared to 

samples from control Nedd4-2f/f (Nedd4-2 bCtl) mice (Figure 3-4C: Nedd4-2 bCtl, 1.00 ± 0.16, 

N=3; Nedd4-2 bKO, 2.64 ± 0.04, N=3; p=0.0006). However, the level of Kir4.1 was not changed 

in cortical homogenates from Nedd4-1 bKO as compared to samples from control Nedd4-1f/f 

(Nedd4-1 bCtl) mice (Figure 3-4D: Control, 1.00 ± 0.18, N=4; Nedd4-1 bKO, 0.92 ± 0.10, N=4; 

p= 0.7364). Based on these data, we conclude that Nedd4-2 predominantly ubiquitinates Kir4.1 

in vivo, leading to its lysosomal degradation, even though Nedd4-1 has the potential to 

ubiquitinate Kir4.1.   

 

3.1.1.5 Connexin-43 is ubiquitinated by Nedd4-1 and Nedd4-2 E3 Ligases in vivo 

 Connexin-43 was identified in the proteome screening to be upregulated proteins in 

Nedd4-1/2 bDKO as compared to Nedd4-1/2 bCtl. Indeed, Connexin-43 has been reported as a 

binding partner of Nedd4-1 in an in vitro binding assay, where the PPXY motif of Connexin-43 

bound to the second WW domain of Nedd4-1 (Kawabe et al., 2010; Leykauf et al., 2006). In the 

cultured cells line, the level of Connexin-43 was significantly upregulated upon knock-down of 

endogenous Nedd4-1 (Girão et al., 2009). We validated the result of proteome screening by 

Western blotting for Connexin-43 in P2C fractions from Nedd4-1/2 bDKO and Nedd4-1/2 bCtl 
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mice (Figure 3-5A). In order to test if Connexin-43 is ubiquitinated by Nedd4-1 and Nedd4-2 

E3 ligases, we performed a cell based ubiquitination assay. C-terminally HA-tagged Connexin-

43 (Connexin-43-HA) was co-expressed with EGFP-Nedd4-1 and EGFP-Nedd4-2 in 

HEK293FT cells and immunoprecipitated using an anti-HA antibody coupled to agarose beads 

with the same protocol as used for Kir4-1-EGFP. Later, ubiquitination levels of Connexin-43-

HA were studied by Western blotting using an anti-ubiquitin antibody. Interestingly, the signal 

from the anti-ubiquitin antibody at high molecular weight was increased when EGFP-Nedd4-1 

or EGFP-Nedd4-2 were co-expresesd (Figure 3-5B), indicating that Connexin-43-HA is 

ubiquitinated by EGFP-Nedd4-1 and EGFP-Nedd4-2 in vivo. The level of ubiquitinated 

Connexin-43-HA was higher when co-expressed with EGFP-Nedd4-2 than with EGFP-Nedd4-

1, although the expression level of EGFP-Nedd4-2 was weaker than level of EGFP-Nedd4-1.  

 Next, we investigated the type of polyubiquitin chains conjugated to Connexin-43 by 

Nedd4-1 and Nedd4-2 E3 ligases. For this purpose, the immunoprecipitated samples (Figure 3-

5B) were subjected to Western blotting using antibodies specific for K63- or K48-linked 

polyubiquitin chains. In order to compare the signals from two anti-ubiquitin antibodies directly, 

25 ng of recombinant K48-linked and K63-linked tetrapeptides (BostonBiochem) were loaded 

on the SDS-PAGE gels together with immunoprecipitated samples. X-ray films for Western 

blotting were exposed so that signals from K63-linked and K48-linked tetrapeptides using the 

respective antibodies were comparable. When co-expressed with Nedd4-1 or Nedd4-2, the 

ubiquitinated Connexin-43-HA smear pattern was only increased upon K63 chain-specific 

ubiquitin Western blotting but not upon K48 chain-specific Western blotting as compared to 

negative controls (Figure 3-5C). Interestingly, the signal from the K48-linked polyubiquitin 

chain-specific antibody was most prominent when Connexin-43-HA was overexpressed without 

E3 ligase. We propose that this is due to increased removal of overexpressed Connexin-43-HA 

by endoplasmic reticulum-associated degradation (ERAD) where K48-linked polyubiquitin 

chain plays a crucial role (Lemus and Goder, 2014). Taken together, we conclude here that 

Nedd4-1 and Nedd4-2 conjugate Connexin-43 with K63-linked polyubiquitin chains and 

thereby target this transmembrane protein for degradation.      
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Figure 3-4. Kir4.1 levels in different Nedd4-1 and Nedd4-2 conditional knockout lines 

Cortical homogenates from 6 weeks-old conditional knockout and control animals were 

subjected to Western blotting using an anti-Kir4.1 antibody (upper panels) and an anti-tubulin 

antibody (bottom panels). Relative Kir4.1 levels were quantified by normalizing the signal from 

the anti-Kir4.1 antibody to that from the antibody against tubulin. Bar diagrams represent mean 

+ SEM. (A) Kir4.1 is upregulated in Nedd4-1/2 bDKO cortical homogenates. Nedd4-1/2 bCtl, 

1.0 ± 0.02, N=3; Nedd4-1/2 bDKO, 5.28 ± 0.29, N=3; p=0.0001. (B) Kir4.1 levels are not 
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changed in Nedd4-1/2 nDKO cortical homogenates. Nedd4-1/2 nCtl 1.00 ± 0.04, N=3; Nedd4-

1/2 nDKO, 1.03 ± 0.09, N=3; p=0.7685. (C) Kir4.1 levels are upregulated in cortical 

homogenates from Nedd4-2 bKO. Nedd4-2 bCtl 1.00 ± 0.16, N=3; Nedd4-2 bKO, 2.64 ± 0.04, 

N=3; p=0.0006. (D) Kir4.1 protein levels are not changed in Nedd4-1 bKO cortical 

homogenates. Nedd4-1 bCtl, 1.00 ± 0.18, N=4; Nedd4-1 bKO, 0.92 ± 0.10, N=4; p= 0.7364.  

  

 

Figure 3-5. Ubiquitination of Connexin-43 by Nedd4-1 and Nedd4-2  

Validation of proteome screening by Western blotting with an anti-Connexin-43 antibody. 8 µg 

of P2C fractions from Nedd4-1/2 bDKO and Nedd4-1/2 bCtl mice were analyzed by Western 

blotting using antibodies against tubulin (upper panel) and Connexin-43 (middle panel) after 

memcode staining (bottom panel). (B) Connexin-43 is ubiquitinated in vivo by Nedd4-1 and 

Nedd4-2 E3 ligases. C-teminally HA-tagged Connexin-43 (Connexin-43-HA) was co-expressed 

with EGFP-Nedd4-1 or EGFP-Nedd4-2 in HEK293FT cells and immunoprecipitated using anti-
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HA agarose beads. Ubiquitination levels were analyzed by Western blotting using an anti-

ubiquitin antibody. The signal from the anti-ubiquitin antibody was increased when Connexin-

43 was co-expressed with Nedd4-1 or Nedd4-2 (first and second lanes) as compared to negative 

controls (third to fifth lane). (C) Nedd4-1 and Nedd4-2 ubiquitinate Connexin-43 with K63 

polyubiquitin chains. After co-expression with Nedd4-1 and Nedd4-2, Connexin-43-HA was 

immunoprecipitated and analyzed by Western blotting using antibodies specific to K48-linked 

or K63-linked polyubiquitin chains. Note that signals from 25 ng of K48-linked and K63-linked 

tetrapeptides in top and bottom panels are comparable. Nedd4-1- and Nedd4-2-dependent 

increases in the signals were observed only when blotted with a K63-linked polyubiquitin 

specific antibody (bottom panel), but not with a K48-linked polyubiquitin specific antibody (top 

panel). 

 

3.1.1.6 Connexin-43 levels are regulated by Nedd4-1 and Nedd4-2 mediated 

ubiquitination  

 Given that Connexin-43 is ubiquitinated by Nedd4-1 and Nedd4-2 with K63-linked 

polyubiquitin chains and that the Connexin-43 level is upregulated in the P2C fraction of the 

Nedd4-1/2 bDKO, we tested Connexin-43 levels in cortical homogenates in order to assess if 

the ubiquitination of Connexin-43 leads to lysosomal degradation. Cortical homogenates from 

6 week-old Nedd4-1/2 bDKO and Nedd4-1/2 bCtl mice were prepared and analyzed by Western 

blotting using an anti-Connexin-43 antibody. We detected a 1.95-fold upregulation of 

Connexin-43 in cortical homogenates of Nedd4-1/2 bDKO as compared to control cortical 

homogenates (Figure 3-6A: Nedd4-1/2 bCtl 1.00 ± 0.035, N=3; Nedd4-1/2 bDKO 1.95 ± 0.16, 

N=3; p=0.0044). This result indicates that ubiquitination of Connexin-43 by Nedd4-1 and 

Nedd4-2 plays a role in the endocytosis and lysosomal degradation of Connexin-43.  

 Given that Connexin-43 is expressed mainly in astrocytes (Dere et al., 2012), we next 

tested if Connexin-43 upregulation in cortical homogenates of Nedd4-1/2 bDKO is due to the 

loss of function of Nedd4-1 and Nedd4-2 in astrocytes or due to a secondary effect from the loss 

of Nedd4-1 and Nedd4-2 in neurons. Cortical homogenates from 6 week-old Nedd4-1/2 nDKO 

and control mice were analyzed by Western blotting using an anti-Connexin-43 antibody. 

Indeed, the level of Connexin-43 was not changed in cortical homogenates of Nedd4-1/2 nDKO 

as compared to control cortical homogenates (Figure 3-6B: Nedd4-1/2 nCtl 1.00 ± 0.012, N=3; 

Nedd4-1/2 nDKO 1.051 ± 0.04, N=3; p=0.29), indicating that upregulation of Connexin-43 in 

Nedd4-1/2 bDKO is mainly caused in a cell-autonomous fashion by the loss of function of 

Nedd4-1 and Nedd4-2 in astrocytes. 
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Figure 3-6. Connexin-43 levels in different Nedd4-1 and Nedd4-2 conditional knockout 

lines 

Cortical homogenates from 6 weeks-old conditional knockout and control animals were 

analyzed by Western blotting using an anti-Connexin-43 antibody (upper panels), and an anti-

tubulin antibody (bottom panels). Relative Connexin-43 levels were quantified by normalizing 

the signal from the anti-Connexin-43 antibody to the signal from the anti-tubulin antibody. Bar 

diagrams represent mean + SEM. (A) Connexin-43 is upregulated in Nedd4-1/2 bDKO cortical 

homogenates. Nedd4-1/2 bCtl, 1.00 ± 0.035, N=3; Nedd4-1/2 bDKO, 1.95 ± 0.16 N=3; p= 

0.0044. (B) Connexin-43 levels are not changed in Nedd4-1/2 nDKO cortical homogenates. 

Nedd4-1/2 nCtl 1.00 ± 0.012, N=3; Nedd4-1/2 nDKO, 1.051 ± 0.040, N=3; p= 0.2927. (C) 
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Connexin-43 levels are upregulated in cortical homogenates from Nedd4-2 bKO. Nedd4-2 bCtl 

1.00 ± 0.13, N=3; Nedd4-2 bKO, 1.55 ± 0.068, N=3; p= 0.0193. (D) Connexin-43 protein levels 

are not changed in Nedd4-1 bKO cortical homogenates. Nedd4-1 bCtl, 1.00 ± 0.13, N=4; Nedd4-

1 bKO, 0.82 ± 0.029, N=4; p= 0.2382.  

 

 Given the fact that Nedd4-2 has a more potent activity to conjugate K63-linked 

polyubiquitin chains to Connexin-43, we analyzed the levels of Connexin-43 in cortical 

homogenates from 6 week-old Nedd4-1 bKO and Nedd4-2 bKO as well as control mice. As 

shown in Figure 3-6C, Connexin-43 was upregulated 1.55-fold in cortical homogenates from 

Nedd4-2 bKO compared to cortical homogenates from control mice (Nedd4-2 bCtl 1.00 ± 0.128, 

N=3; Nedd4-2 bKO 1.55 ± 0.068, N=3; p=0.019) but the level of Connexin-43 was not changed 

in Nedd4-1 bKO cortical homogenates compared to control mice (Figure 3-6D: Nedd4-1 bCtl 

1.00 ± 0.13 N=4; Nedd4-1 bDKO 0.82 ± 0.029 N=4; p=0.238). Thus, ubiquitination and levels 

of Connexin-43 in vivo are mainly regulated by Nedd4-2.  

3.1.1.7 Hippocampal circuitry in Nedd4-1/2 bDKO mice is imbalanced  

 Connexin-43 is a gap junction protein expressed in astrocytes, where it plays a crucial 

role in mediating astrocytic ICWs (Soroceanu et al., 2001; Yamamoto et al., 1992), and together 

with Kir4.1, Connexin-43 is involved in spatial potassium buffering (Neusch et al., 2001). Thus, 

Connexin-43 might coordinate synchronization of neuronal functions through the astrocytic 

network. Given that Connexin-43 and Kir4.1 levels are upregulated in Nedd4-1/2 bDKO as 

compared to control mice, we hypothesized that neuronal networks might be imbalanced in the 

hippocampus of Nedd4-1/2 bDKO mice. Gamma oscillations indicate neuronal synchronization, 

and kainate-induced gamma oscillations in the CA3 region of the hippocampus show an aged-

dependent reduction (Lu et al., 2011; Vreugdenhil and Toescu, 2005).  

 In order to test our hypothesis, we measured kainate-induced gamma oscillations in the 

CA3 pyramidal layer of the hippocampus in 3 week-old Nedd4-1/2 bDKO and control mice. 

Before the measurement of gamma oscillations, we checked if the expression levels of Kir4.1 

and Connexin-43 are perturbed in 3 week-old Nedd4-1/2 bDKO and bCtl mice. Cortical 

homogenates from 3 week-old Nedd4-1/2 bDKO and bCtl animals were analyzed by Western 

blotting using anti-Kir4.1 and anti-Connexin-43 antibodies. Figures 3-7A to 3-7B show that 

Kir4.1 and Connexin-43 levels are upregulated in three week-old Nedd4-1/2 bDKO mice as 

compared to Nedd4-1/2 bCtl mice, to a similar extend as seen in 6 week-old animals. We next 



55 
 

recorded gamma oscillations in the CA3 region of hippocampal brain slices prepared from P21-

P24 mice. Extracellular field potentials were recorded from the CA3 pyramidal layer of the 

hippocampus during constant perfusion of ACSF as baseline recordings. Gamma oscillation was 

induced by ACSF containing 100 nM Kainate. After baseline subtraction, the averaged power 

of gamma oscillations between 25-45 Hz frequencies were analyzed. Gamma oscillatory activity 

in Nedd4-1/2 bDKO was dramatically reduced in comparison to control mice (Figures 3-8A to 

3-8D). The averaged power of gamma oscillations in control mice was 333.0 ± 72.82 µV2/Hz 

(16 slices, 3 animals) whereas that in Nedd4-1/2 bDKO mice was 99.10 ± 24.42 µV2/Hz (21 

slices, 3 animals, p= 0.0018). The frequency of gamma oscillations, however, was not changed 

in the absence of Nedd4-1 and Nedd4-2 (Nedd4-1/2 bCtl, 32.04 ± 0.66 Hz; Nedd4-1/2 bDKO, 

33.20 ± 0.77 Hz; p= 0.28) (Figure 3-8 E).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3-7. Kir4.1 and Connexin-43 levels are upregulated in 3 weeks-old Nedd4-1/2 

bDKO cortical homogenates 

Cortical homogenates from 3 weeks-old conditional knockout and control animals were 

analyzed by Western blotting using anti-Kir4.1, anti-Connexin-43 (upper panels) and anti-

tubulin antibodies (bottom panels). Relative Kir4.1 and Connexin-43 levels were quantified by 

normalizing the signals from the anti-Kir4.1 or anti-Connexin-43 antibody to the signal from 

the anti-tubulin antibody. Bar diagrams represent mean + SEM. (A) Kir4.1 levels are 

upregulated in cortical homogenates from Nedd4-1/2 bDKO as compared to control. Nedd4-1/2 

bCtl, 1.00 ± 0.19 N=3; Nedd4-1/2 nDKO, 7.30 ± 0.30, N=3; p < 0.0001. (B) Levels of Connexin-
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43 are upregulated in Nedd4-1/2 bDKO cortical homogenates as compared to control cortical 

homogenates. Nedd4-1/2 bCtl, 1.00 ± 0.13, N=3; Nedd4-1/2 nDKO, 2.943 ± 0.06, N=3; 

p=0.0002. 

 

 

Figure 3-8. Nedd4-1/2 bDKO mice show reduced gamma oscillations in the CA3 pyramidal 

layer of hippocampus 

Representative traces of gamma oscillations recorded in the CA3 pyramidal layer of the 

hippocampus before the kainate application in Nedd4-1/2 bCtl (upper traces) and Nedd4-1/2 

bDKO (lower traces) (B) Representative traces of gamma oscillations after 100 nM kainate 

application in control (upper traces) and Nedd4-1/2 bDKO mice (lower traces). Note the reduced 

power of oscillations in Nedd4-1/2 bDKO (C) Representative power spectrum of gamma 

oscillations induced by 100 nM kainate application in brain slices from Nedd4-1/2 bCtl and 

Nedd4-1/2 bDKO mice. The power of gamma oscillations is reduced in Nedd4-1/2 bDKO as 
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compared to control mice. (D) Frequency of gamma oscillations is not changed in Nedd4-1/2 

bDKO as compared to control mice. Mean frequency of gamma oscillations at maximum peak 

in power spectrum is shown in the bar diagram (+ SEM). Nedd4-1/2 bCtl, 32.04 ± 0.66, N=3, 

n=16; Nedd4-1/2 bDKO, 33.20 ± 0.77, N=3, n=21; p= 0.28. (E) Averaged power of gamma 

oscillations is reduced in Nedd4-1/2 bDKO as compared to control mice. For each recording, 

the averaged power of gamma oscillations was analyzed between 25-45 Hz in 10 min epochs. 

Bar diagram represents the mean of averaged power of oscillations (+ SEM). Nedd4-1/2 bCtl 

333.0 ± 72.82, N=3, n=16; Nedd4-1/2 bDKO, 99.10 ± 24.42 N=3, n=21, p= 0.0018.  

 

 

3.1.1.8 Altered gamma oscillations in Nedd4-1/2 bDKO are caused by loss of glial Nedd4-

1 and Nedd4-2 

 In Nedd4-1/2 bDKO mice, Nedd4-1 and Nedd4-2 are deleted in postmitotic neurons and 

glia cells. In the next set of experiments, we investigated if the reduction in gamma oscillatory 

activity in Nedd4-1/2 bDKO is caused by the loss of Nedd4-1 and Nedd4-2 in glia cells or in 

neurons. In order to study the impact of the loss of Nedd4 genes in the neuron, we measured 

gamma oscillations in the CA3 pyramidal layer of the hippocampus in Nedd4-1/2 nCtl and 

Nedd4-1/2 nDKO mice, where Cre recombinase is expressed only in postmitotic neurons. 

Interestingly, no significant differences in gamma oscillations were observed in Nedd4-1/2 

nDKO as compared to Nedd4-1/2 nCtl mice (Figure 3-9 A-D: Nedd4-1/2 nCtl 114.5 ± 20.66, 

N=4, n=19; Nedd4-1/2 nDKO 89.53 ± 16.43, N=4, n=20, p= 0.3474), and the frequencies of 

gamma oscillations were also unchanged in Nedd4-1/2 nDKO mice (Figure 3-9E: Nedd4-1/2 

nCtl,; 33.28 ± 0.78, N=4, n=19; Nedd4-1/2 nDKO, 34.66 ± 0.76, N=4, n=20; p= 0.2142). Taken 

together, our results indicate that glial Nedd4-1 and Nedd4-2 are involved in neuronal network 

regulation, likely through the perisynaptic end-feet of astrocytes and the astrocytic network, by 

regulating the protein levels of Kir4.1 and Connexin-43.       
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Figure 3-9. Gamma oscillations are not changed in Nedd4-1/2 nDKO mice 

Representative traces of gamma oscillations measured in the CA3 region of the hippocampus 

before the kainate application in Nedd4-1/2 bCtl (upper traces) and Nedd4-1/2 bDKO (lower 

traces). (B) Representative traces of gamma oscillations after 100 nM kainate application in 

control (upper traces) and Nedd4-1/2 bDKO mice (lower traces). (C) Representative power 

spectrum of gamma oscillations in the CA3 pyramidal layer of the hippocampus upon 100 nM 

kainate application in brain slices from Nedd4-1/2 nCtl and Nedd4-1/2 nDKO mice. The power 

of gamma oscillations is not changed in Nedd4-1/2 nDKO as compared to control mice. (D) The 

frequency of gamma oscillations is not changed in Nedd4-1/2 nDKO as compared to Nedd4-1/2 

nCtl mice. The bar diagram represents the mean frequency of gamma oscillations at the 

maximum peak in the power spectrum (+ SEM). Nedd4-1/2 nCtl; 33.28 ± 0.78, N=4, n=19; 

Nedd4-1/2 nDKO, 34.66 ± 0.76, N=4, n=20; p= 0.2142. (E) The averaged power of gamma 
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oscillations is not significantly changed in Nedd4-1/2 nDKO as compared to Nedd4-1/2 nCtl 

mice. The averaged power of gamma oscillations was analyzed between 25-45 Hz in 10 min 

epochs. The bar diagram represents the mean of averaged power of oscillations + SEM. Nedd4-

1/2 nCtl 114.5 ± 20.66, N=4, n=19; Nedd4-1/2 nDKO 89.53 ± 16.43 N=4, n=20, p= 0.3474.  

 

3.1.1.9 Nedd4-2 bKO mice show reduced gamma oscillations in the CA3 pyramidal layer 

of the hippocampus 

 Given that Nedd4-2 has a stronger ubiquitination activity towards Connexin-43 and 

Kir4.1 than Nedd4-1, we tested if Nedd4-2 bKO show reduced gamma oscillatory activity as 

compared to control mice. We recorded gamma oscillations induced by 100 nM Kainate in the 

CA3 pyramidal layer within the hippocampus. Remarkably, the power of gamma oscillations 

was reduced in Nedd4-2 bKO mice as compared to control mice (Figure 3-10A-D: Nedd4-2 

bCtl; 258.4 ± 46.48; N=5 Animals, n=26 Slices; Nedd4-2 bKO; 146.3 ± 26.21; N=5 Animals, 

n=25 slices; p=0.0430), with no significant difference in the frequency of oscillations (Figure 

3-10E: Nedd4-2 bCtl, 31.90 ± 0.82, N=5, n=26; Nedd4-2 bKO, 33.83 ± 0.56 N=5, n=25; 

p=0.0615). Taken together, these data show that Nedd4-2 has a role in the regulation of gamma 

oscillatory activity in the CA3 pyramidal layer of the hippocampus by regulating the protein 

levels of Connexin-43 and Kir4.1.  
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Figure 3-10. Nedd4-2 bKO shows reduced gamma oscillations in CA3 region of 

hippocampus 

(A) Representative traces of gamma oscillations before the kainate application in Nedd4-2 bCtl 

(upper traces) and Nedd4-2 bKO mice (lower traces) (B) Representative traces of gamma 

oscillations after 100 nM kainate application in control (upper traces) and Nedd4-2 bKO mice 

(lower traces). Note the reduced power of oscillations in Nedd4-2 bKO (C) Representative 

power spectrum of gamma oscillations measured after 100 nM kainate application in brain slices 

from Nedd4-2 bCtl and Nedd4-2 bDKO mice. (D) Frequency of gamma oscillations is not 

changed in Nedd4-2 bKO as compared to control mice. The mean frequency of gamma 

oscillations at the maximum peak in power spectrum were shown in bar diagram (+ SEM). 

Nedd4-2 bCtl, 31.90 ± 0.82, N=5, n=26; Nedd4-2 bKO, 33.83 ± 0.56 N=5, n=25; p=0.0615. (E) 
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The averaged power of gamma oscillations is reduced in Nedd4-2 bKO as compared to Nedd4-

2 bCtl mice. The averaged power of gamma oscillations was analyzed between 25-45 Hz in 10 

min epochs. The bar diagram represents the mean of averaged power of oscillations + SEM. 

Nedd4-2 bCtl, 258.4 ± 46.48 N=5, n=26; Nedd4-2 bKO, 146.3 ± 26.21 N=5, n=25; p= 0.043.  

 

 

3.1.2 Nedd4 subfamily E3 ligases might play a role in spine maturation 

3.1.2.1 Prr7 is a substrate of Nedd4-2 

In the proteome screening, we also identified Prr7 to be upregulated in the SM3 fraction 

of Nedd4-1/2 bDKO mice as compared to Nedd4-1/2 bCtl mice. In order to validate the results 

of mass spectrometry, we studied the levels of endogenous Prr7 in SM3 fractions from Nedd4-

1/2 bDKO and Nedd4-1/2 bCtl mice by quantitative Western blotting using an anti-Prr7 

antibody. As shown in Figure 3-11A, the level of Prr7 was upregulated in Nedd4-1/2 bDKO 

mice as compared to Nedd4-1/2 bCtl mice. Next, we tested if Prr7 is ubiquitinated by Nedd4-1 

or Nedd4-2 in an in vitro ubiquitination assay. Myc-tagged Prr7 was overexpressed in 

HEK293FT cells, immunopurified using an anti-myc antibody coupled to agarose beads, and 

used as the substrate for an in vitro ubiquitination assay. Myc-Prr7 was incubated with ATP, 

recombinant ubiquitin, and E1 enzyme in the presence or absence of E2 or E3 enzymes. Proteins 

were separated by SDS-PAGE and subjected to Western blotting using an anti-myc antibody. 

Only in the presence of the E2 enzyme and recombinant Nedd4-2, myc-Prr7 migrated more 

slowly on SDS-PAGE, showing a smear pattern at high molecular weight, indicating that Prr7 

is ubiquitinated by Nedd4-2 (Figure 3-11B). 

3.1.2.2 Prr7 is conjugated with K63 polyubiquitin chains by Nedd4-1 and Nedd4-2 E3 

ligases in vivo 

 In order to test if full length Prr7 is ubiquitinated by Nedd4-1 or Nedd4-2 in vivo, we 

performed in vivo ubiquitination assays. Full length Prr7 with a C-terminal FLAG-tag (Prr7-

FLAG) was co-expressed with EGFP-Nedd4-1 or EGFP-Nedd4-2 in HEK293FT cells. 

Subsequently, Prr7-FLAG was immunoprecipitated using an anti-FLAG antibodies coupled to 

agarose beads, employing a similar protocol as used for Kir4.1 and Connexin-43. Ubiquitination 

levels of Prr7-FLAG were analyzed by Western blotting using three anti-ubiquitin antibodies, 

anti-pan-ubiquitin, anti-K48-linked polyubiquitin, and anti-K63-linked polyubiquitin 

antibodies. Signals from the anti-pan-ubiquitin antibody at the high molecular weight range 

were increased when Prr7-FLAG was co-expressed with EGFP-Nedd4-1 or EGFP-Nedd4-2 as 
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compared to negative controls (Figure 3-11C), indicating that Prr7-FLAG is ubiquitinated in 

vivo by EGFP-Nedd4-1 and EGFP-Nedd4-2. Although the expression level of EGFP-Nedd4-2 

was weaker than the level of EGFP-Nedd4-1 in cell homogenates, the level of ubiquitinated 

Prr7-FLAG was higher when co-expressed with EGFP-Nedd4-2 than with EGFP-Nedd4-1, 

indicating that Nedd4-2 has stronger intrinsic activity to ubiquitinate Prr7 in vivo than Nedd4-

1. Next, we analyzed the type of polyubiquitin chain conjugated to Prr7 by Nedd4-1 and Nedd4-

2. For this purpose, immunoprecipitated Prr7-FLAG was analyzed by Western blotting using 

antibodies specific to K48- and K63-linked polyubiquitin chains. Similar to the analysis of 

Connexin-43-HA, we loaded 25 ng of pure K48-linked and K63-linked tetraubiquitins to SDS-

PAGE gels for the comparison of titers of the two different anti-ubiquitin antibodies. As shown 

in Figure 3-11D, EGFP-Nedd4-1- and EGFP-Nedd4-2-dependent increases in signals from 

immunoprecipitated Prr7-FLAG were observed only when blotted with the K63-linked 

polyuibuqitin chain-specific antibody; such increases were not observed using the K48-linked 

polyuibuqitin chain-specific antibody.  
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Figure 3-11. Ubiquitination of Prr7 by Nedd4-1 and Nedd4-2 mediated ubiquitination 

(A) Validation of proteome screening by Western blotting with an anti-Prr7 antibody. 10 µg of 

purified SM3 fractions from Nedd4-1/2 bDKO and Nedd4-1/2 bCtl mice were analyzed by 

Western blotting using an anti-Prr7 antibody (upper panel). Prr7 levels were upregulated in 

Nedd4-1/2 bDKO SM3 samples (EMX-Cre +) compared to Nedd4-1/2 bCtl SM3 samples 

(EMX-Cre WT). Memcode-stained total proteins on nitrocellulose membrane were used as 

loading controls (lower panel). (B) The cytoplasmic tail of Prr7 is ubiquitinated by Nedd4-2. 

The myc-tagged cytoplasmic region of Prr7 (myc-Prr7 Cyt) was overexpressed in HEK293FT 

cells and immunopurified using anti-myc antibody coupled to agarose beads. Myc-Prr7 on the 

beads was used as a substrate for the in vitro ubiquitination assay. Note the depletion of parent 

bands of myc-Prr7 at the molecular weights of 35 and 37 kDa and the shift of myc-Prr7 Cyt to 

the high molecular weight range (Ubiquitinated Myc-Prr7 Cyt) only in the presence of both E2 

and Nedd4-2 (fourth lane). (C and D) In vivo ubiquitination of Prr7 by Nedd4-1 and Nedd4-2 

E3 ligases. C-terminally FLAG-tagged full-length Prr7 (Prr7-FLAG) was overexpressed with 
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EGFP-Nedd4-1 or EGFP-Nedd4-2 in HEK293FT cells and immunoprecipitated using anti-

FLAG antibodies coupled to agarose beads. Ubiquitination levels of Prr7-FLAG were analyzed 

by Western blotting using an anti-pan-ubiquitin, (C) or anti-K48-linked or anti-K63-linked 

polyubiquitin antibodies. (C) Western blotting using an anti-pan-ubiquitin antibody shows 

increases in signals when EGFP-Nedd4-1 (first lane) or EGFP-Nedd4-2 (second lane) were co-

expressed with Prr7-FLAG as compared to negative controls (third to fifth lanes). (D) Prr7 is 

conjugated with K63-linked polyubiquitin chains by Nedd4-1 and Nedd4-2. 

Immunoprecipitated samples from the in vivo ubiquitination assay in (C) were analyzed by 

Western blotting using antibodies specific to K48- or K63-linked polyubiquitin chains. Note 

that the signals from 25 ng of K48-linked (sixth lane in the upper panel) and K63-linked 

tetraubiquitins (seventh lane in the lower panel) were comparable. Nedd4-1- and Nedd4-2-

dependent increases in signals at the high molecular weight range were observed only when 

blotted with the anti-K63-linked polyubiquitin antibody (bottom panel) but not with the anti-

K48-linked polyubiquitin antibody (upper panel).  

 

3.1.2.3 Nedd4-2 is the main E3 ligase for Prr7 

 Next, we tested Prr7 levels in cortical homogenate from Nedd4-1/2 bDKO and control 

mice to check if ubiquitination of Prr7 leads to lysosomal degradation. The cortical homogenates 

from Nedd4-1/2 bDKO and control mice were analyzed by Western blotting using an anti-Prr7 

antibody. As shown in Figure 3-12A, Prr7 levels in cortical homogenate from 6 week-old 

Nedd4-1/2 bDKO mice was upregulated by ~2.2-fold as compared to control (Nedd4-1/2 bCtl 

1.00 ± 0.08, N=3; Nedd4-1/2 bDKO 2.18 ± 0.13, N=3; p= 0.0014). Taken together with the data 

showing ubiquitination of Prr7 by Nedd4-2 with K63-linked polyubiquitin chains, this result 

indicates that ubiquitination of Prr7 by Nedd4-2 might lead to lysosomal degradation of Prr7. 

Given that Prr7 is a neuronal protein (Murata et al., 2005), we tested next whether the 

upregulation of Prr7 levels in the Nedd4-1/2 bDKO is due to the neuronal loss of Nedd4-1 and 

Nedd4-2. Thus, we analyzed Prr7 levels in cortical homogenates from control and Nedd4-1/2 

nDKO mice, which express Cre recombinase only in postmitotic neurons but not in glia, by 

Western blotting using an anti-Prr7 antibody. As expected, the level of Prr7 was upregulated in 

the Nedd4-1/2 nDKO as compared to control (Figure 3-12B: Nedd4-1/2 nCtl 1.00 ± 0.082, N=3; 

Nedd4-1/2 nDKO 2.45 ± 0.085, N=3; p= 0.0003), indicating that upregulation of Prr7 in Nedd4-

1/2 bDKO is mainly caused by the deletion of Nedd4-1 and Nedd4-2 in neurons. 
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Figure 3-12. Prr7 levels in different Nedd4-1 and Nedd4-2 conditional knockout lines 

Cortical homogenates from 6 weeks-old conditional knockout and control animals were 

subjected to Western blotting using anti-Prr7 (upper panels) and anti-tubulin antibodies (bottom 

panels). Relative Prr7 levels were quantified by normalizing the signals from the anti-Prr7 

antibody to the signal from the anti-tubulin antibody. Data are represented as mean + SEM. (A) 
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Levels of Prr7 were upregulated in Nedd4-1/2 bDKO cortical homogenates. Nedd4-1/2 bCtl, 

1.00 ± 0.078, N=3; Nedd4-1/2 bDKO, 2.18 ± 0.13, N=3; p=0.0014. (B) Prr7 levels were 

increased in Nedd4-1/2 nDKO cortical homogenates. Nedd4-1/2 nCtl 1.00 ± 0.082, N=3; 

Nedd4-1/2 nDKO, 2.45 ± 0.085, N=3; p= 0.0003. (C) Prr7 levels were upregulated in cortical 

homogenates from Nedd4-2 bKO. Nedd4-2 bCtl 1.000 ± 0.127, N=3; Nedd4-2 bKO, 1.94 ± 

0.072, N=3; p= 0.0030. (D) Levels of Prr7 were not changed in Nedd4-1 bKO cortical 

homogenates. Nedd4-1 bCtl, 1.000 ± 0.122 N=4; Nedd4-1 bKO, 0.77 ± 0.102, N=4; p= 0.2011. 

  

 Our data on the ubiquitination of Prr7 in vivo and in vitro showed that Nedd4-2 has a 

stronger intrinsic activity to conjugate K63-linked polyubiquitin chains to Prr7 than Nedd4-1. 

Thus, we analyzed the levels of Prr7 in cortical homogenates from Nedd4-1 bDKO, Nedd4-2 

bDKO and control mice. As shown in Figure 3-12C, the levels of Prr7 were upregulated by ~2-

fold in cortical homogenates from Nedd4-2 bKO as compared to control (Nedd4-2 bCtl 1.00 ± 

0.13, N=3; Nedd4-2 bKO 1.94 ± 0.071, N=3; p= 0.003). However, the Prr7 level was not altered 

in Nedd4-1 bKO as compared to control (Figure 3-12D: Nedd4-1 bCtl 1.00 ± 0.12, N=4; Nedd4-

1 bKO 0.77 ± 0.10, N=4; p=0.2011). Altogether, our results indicate that Nedd4-2 is the main 

E3 ligase for Prr7 in neurons.  

3.2 Role of WWP family E3 ligases in neuron development  

3.2.1 WWP family E3 ligases play an important role in dendrite branching 

3.2.1.1 VCP and CAPZA1 were identified as substrates of WWP1 and WWP2 with 

proteome screening for less ubiquitinated proteins in the WWP1;WWP2 double 

KO mouse brain  

 In order to identify substrates of WWP1 and WWP2 in mouse brain, we applied Ubi-

scan, a service provided by Cell Signaling Technology (PTMscan) for WWP1 and WWP2 

mutant mice. Briefly, brain homogenates from WWP1f/f;WWP2f/f;EMX1-Cre+/- (WWP1/2 

bDKO) and WWP1f/f;WWP2f/f;EMX1-CreWT (WWP1/2 bCtl) were prepared in the presence of 

NEM to inactivate de-ubiquitinase enzymes. Proteins were digested with trypsin, yielding 

peptides with diglycine remnants from ubiquitin conjugated on lysine residues (K-ε-GG) 

(Figures 3-13A and 3-13B). Peptides conjugated with diglycine remnants were purified from 

trypsin-treated cortical lysates with anti-K-ε-GG antibodies coupled to agarose beads (Cell 

Signaling). Peptides immunoprecipitated from WWP1/2 bDKO and WWP1/2 bCtl were 

subjected to label-free mass spectrometric analysis to compare levels of peptides in the two 

genotypes. Several peptides showed reduced signals in mass spectropmetry in WWP1/2 bDKO 



67 
 

brain homogenates as compared to WWP1/2 bCtl brain homogenates. Proteins containing such 

peptides were considered as putative candidate substrates of WWP1 and WWP2 (Figure 3-13C). 

 

Figure 3-13. Screening of substrates of WWP1 and WWP2 by quantitative mass 

spectrometry 

(A) Immunopurification of ubiquitinated peptides from brain homogenates for analysis by 

quantitative mass spectrometry. Trypsin digests the peptide bond between the arginine residue 

and diglycine remmants in ubiquitin, resulting in an attachment of diglycine remnants to 

ubiquitinated lysine residues (K-ε-GG). Peptides containing the K-ε-GG residues were 

immunopurified from cerebral homogenates using an antibody specific for K-ε-GG. (B) Brain 

homogenates prepared from WWP1/2 bDKO and WWP1/2 bCtl mice were subjected to trypsin 

digestion and purification of K-ε-GG containing peptides. Quantitative mass spectroscopy was 

performed to compare the levels of K-ε-GG containing peptides in WWP1/2 bDKO and 

WWP1/2 bCtl samples. (C) List of potential substrate proteins of WWP1 and WWP2 identified 

in Ubi-scan. Proteins including peptides with less abundance in WWP1/2 bDKO than in 

WWP1/2 are listed as potential substrates of WWP1 and WWP2.   
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 Next, we validated the results of Ub-scan. Candidate proteins, such as F-actin-capping 

protein subunit alpha-1 (CAPZA1), pyruvate kinase M2 (PKM2), and Cullin-associated 

NEDD8-dissociated protein 1 (CAND1), were overexpressed as Myc- or V5-tagged 

recombinant proteins in HEK293FT cells and immunoprecipitated using anti-myc or anti-V5 

antibodies coupled to agarose beads and used as substrates in in vitro ubiquitination assay. 

Valosin-containing protein (VCP), another candidate protein, was expressed as a His6-tagged 

protein in E.coli and purified using nickel agarose beads. Subsequently, purified substrate 

proteins were incubated with recombinant ubiquitin, E1, E2 and E3 enzymes (WWP1, WWP2, 

or Itch) in the presence of ATP, and reactions were analyzed by Western blotting using 

antibodies against the individual tags. Of all candidate proteins tested, VCP, Capza1, Pkm2 were 

ubiquitinated in vitro by WWP E3 ligases, while CAND1 was not (Figures 3-14A-3-14D). 

These results indicate that VCP, CAPZA1, PKM2 are substrate proteins of WWP1 or WWP2 in 

the mouse brain.   

 

Figure 3-14 Validation of the proteomic screening results 

Candidate substrate proteins of WWP1 and WWP2 identified in the proteomic screening 

(Figure3-13C) were validated using an in vitro ubiquitination assay. Recombinant candidate 

proteins were either overexpressed in and immunopurified from HEK293FT cells (V5-CAND1, 

myc-PKM2, mycCAPZA1) or purified from E. coli (myc-VCP). (A) V5-CAND1 was not 
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ubiquitinated by WWP1 or WWP2 in vitro. (B) myc-PKM2 was mono-ubiquitinated by WWP1. 

(C) myc-CAPZA1 was poly-ubiquitinated by WWP1. (D) VCP was mono-ubiquitinated or di-

ubiquitinated by WWP1, WWP2 and Itch E3 ligases. Note the efficiency of VCP ubiquitination 

by WWP subfamily E3 ligases. More than 70% of the substrate were ubiquitinated.        

 

3.2.1.2 WWP1/2 double knockout neurons show enhanced neurite growth  

 In order to study the role of WWP1 and WWP2 in dendrite development, we analyzed 

the morphology of cultured hippocampal neurons prepared from WWP1f/f;WWP2f/f;NEX1-Cre+/- 

(WWP1/2 nDKO) and WWP1f/f;WWP2f/f;NEX1-CreWT (WWP1/2 nCtl) mice. Neurons were 

transfected with a GFP expression vector using the calcium phosphate method at DIV1 and fixed 

in order to study neurite branching at DIV7. The complexity of neurites was analyzed on 

binarized images of the GFP signal from individual neurons using Sholl analysis. In Sholl 

analysis, concentric circles with 10 µm intervals are drawn around the cell soma and the numbers 

of neurite intersections on each circle are counted (Kawabe et al., 2010; Sholl, 1953). In contrast 

to the neurons from most KOs or KDs of E3 ligase genes/mRNAs (e.g. cdc20 KD, Nedd4-1 KO, 

Fbxo31 KD), WWP1/2 nDKO hippocampal neurons show enhanced neurite branching as 

compared to WWP1/2 nCtl neurons (Figures 3-15A-C), with an increased number of total 

intersections with Sholl circles (Figure 3-15D: WWP1/2 nCtl 48.21 ± 2.62, n=38; WWP1 nDKO 

71.90 ± 2.86, n=42, p < 0.0001). Thus, morphological analysis of DIV7 hippocampal neurons 

shows that WWP1 and WWP2 impair neurite development.  
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Figure 3-15. WWP1/2 DKO neurons show enhanced neurite branching 

(A and B) Representative images of primary hippocampal neurons prepared from WWP1/2 bCtl 

(A) and WWP1/2 DKO (B) mice. Neurons were transfected with an EGFP expression vector at 

DIV1 and fixed at DIV7. Scale bars, 20 µm. (C) Sholl analyses of WWP1/2 bCtl and WWP1/2 

bDKO neurons. Results are represented as means + SEM. WWP1/2 bCtl n=38, WWP1/2 bDKO 

n=42 neurons. (D) Averaged total number of intersections of neurites and Sholl circles per 

neuron. Results are represented as means + SEM. WWP1/2 nCtl 48.21 ± 2.62, n=38; WWP1 

nDKO 71.90 ± 2.86, n=42, p < 0.0001.    
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3.2.1.3 CAPZA1 overexpression in wild-type hippocampal neurons phenocopies the 

dendrite branching effect of WWP1/2 nDKO 

 One of the main molecular determinants of neurite development is the regulation of the 

actin cytoskeleton. Capping proteins have a crucial role for the dynamics of actin cytoskeleton 

organization (Schafer and Cooper, 1995; da Silva and Dotti, 2002). In order to study if CAPZA1, 

one of the substrates of WWP1 (Figure 3-13 and 3-14), is involved in the regulation of dendrite 

branching, we overexpressed N-terminally myc-tagged CAPZA1 in hippocampal neurons. 

Wild-type hippocampal neurons were transfected with a GFP expressing vector alone or with 

vectors expressing GFP and myc-CAPZA1. Hippocampal neurons were fixed at DIV7 and 

subjected to Sholl analysis using binarized images of the GFP signal. As shown in Figure 3-16, 

hippocampal neurons overexpressing myc-CAPZA1 showed enhanced neurite branching as 

compared to control neurons, with an increased total number of intersections (Control 55.97 ± 

3.233, n=32; myc-CAPZA1 73.33 ± 3.58, n=40; p= 0.0008). This phenotypic change resembles 

that of WWP1/2 nDKO neurons, indicating that the functional upregulation of CAPZA1 could 

be the cause of the enhanced branching of neurites in WWP1/2 nDKO neurons.    
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Figure 3-16. myc-CAPZA1 overexpression leads to enhanced neurite branching 

(A and B) Representative images of wild-type primary hippocampal neurons at DIV7. Neurons 

were transfected with EGPF expression vector alone (A) or EGFP and myc-CAPZA1 expression 

vectors (B) at DIV1 and fixed at DIV7. Scale bars, 20 µm. (C) Sholl analysis of wild-type 

neurons overexpressing EGFP alone or EGFP and myc-CAPZA1. Results are represented as 

means + SEM. Control n=32, myc-CAPZA1 n=40 neurons. (D) Averaged total number of 

intersections of neurites and Sholl circles per neuron. Results are represented as means + SEM. 

Note that overexpression of CAPZA1 in wild type neurons has almost the same effect as KO of 

WWP1 and WWP2 (compare Figures 3-15C and 3-15D with Figures 3-16C and 3-16D). Control 

55.97 ± 3.233, n=32; myc-CAPZA1 73.33 ± 3.58, n=40; p= 0.0008. 
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4 DISCUSSION 

4.1 Function of the Nedd4 subfamily E3 ligases in mouse brain 

4.1.1 Novel candidate proteins as substrates of Nedd4-1 or Nedd4-2 are identified in a 

physiological substrate screening in mouse brain  

 There have been a number of biochemical and proteomics studies to identify putative 

substrates of Nedd4-1 and Nedd4-2 in vitro. For instance, Nedd4-1 was purified and identified 

as an E3 ligase for phosphatase and tensin homolog (PTEN) in HeLa cell lysates (Wang et al., 

2007). Even though Nedd4-1 has been reported to regulate the expression level, phosphatase 

activity, and localization of PTEN (Christie et al., 2012; Trotman et al., 2007), subsequent 

studies have produced different results, indicating that the protein level and localization of 

PTEN is not changed in Nedd4-1 knockout and knockdown cells (Cao et al., 2008; Fouladkou 

et al., 2008). In addition, several studies have proposed different E3 ligases, including WWP2, 

XIAP, CHIP to regulate PTEN (Ahmed et al., 2012; Maddika et al., 2011; Van Themsche et al., 

2009). In a recent study, it has been reported that PTEN is not a downstream target of Nedd4-1 

but an upstream regulator of Nedd4-1, acting by suppressing its translation through the 

MTORC1-PI3K pathway (Hsia et al., 2014). Therefore, in vitro biochemical assays and 

proteomics approaches are not always sufficient to reliable identify substrate proteins for E3 

ligases.      

 In the present study, we tackled this issue by using the brain specific Nedd4-1; Nedd4-2 

double conditional knockout mice line, which is probably one of the most stringent tools 

available to identify substrates of these proteins. Given the fact that Nedd4-1 and Nedd4-2 

localize to synapses and conjugate K63-linked polyubiquitin chains, which have been shown to 

regulate the endocytosis of substrate proteins (Kawabe et al., 2010; Maspero et al., 2013; 

Scudder et al., 2014), we analyzed synaptic membrane fractions from brain tissues, which 

enabled us to avoid cell type specific and context dependent artifacts in substrate identification. 

Our data show that with this method we can also detect proteins on the perisynaptic end-feet of 

astrocytes at tripartite synapses. Out of five putative substrate proteins identified to be 

upregulated by iTRAQ mass spectrometry, we focused on two astrocytic proteins, Kir4.1 and 

Connexin-43, and one postsynaptic neuronal protein, Prr7. The other two candidate proteins 

identified were mitochondrial proteins, NADH dehydrogenase iron-sulfur protein 6 (Ndufs6) 

and CDGSH iron-sulfur domain containing protein 1 (Cisd1), and not followed-up. 
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Identification of mitochondrial proteins in SM3 fractions by proteomic screening might be due 

to inevitable slight contaminations of sample by synaptic mitochondria. However, purified SM3 

fractions were highly depleted of synaptic cytoplasmic content (Figure 3-2), and most of the 

peptides identified by mass spectrometry were transmembrane or membrane anchored proteins.  

Although we did not test Ndufs6 and Cisd1 in our study, Nedd4-1 or Nedd4-2 might specifically 

regulate these mitochondrial proteins since other mitochondrial proteins were not upregulated 

in Nedd4-1/2 bDKO SM3 fractions. The Western blotting-based validation of the upregulated 

levels of Kir4.1, Connexin-43 and Prr7, along with the finding that all these proteins are 

ubiquitinated by Nedd4-1 and Nedd4-2 (Figure 3-3, 3-5, 3-11), show that all three proteins we 

tested are prominent substrates of Nedd4-1 or Nedd4-2 E3 ligases. This shows that our approach 

of combining iTRAQ quantitative mass spectrometry with synaptic membrane purification in 

order to identify putative substrate proteins of E3 ligases is highly reliable. The high accuracy 

in the identification of substrate proteins in our study is due to several critical steps during the 

analysis. Firstly, the purification of SM3 fractions provides a rather low complexity sample for 

mass spectrometry, which enabled us to obtain more reliable and accurate data in the quantitative 

analysis. Secondly, the automated in-gel digestion and iTRAQ labelling methods minimize the 

variability in protein digestion and labelling efficiency. Gel-based labelling methods also had 

less complexity of samples for mass spectrometry analyses since protein bands are separated 

before trypsin digestion and iTRAQ labelling (Schmidt et al., 2013). Thirdly, we limited the 

identification to substrates that were identified by at least five peptides in order to dilute signal 

artifacts due to the biased labelling efficiencies of different iTRAQ labels. Lastly, we performed 

complementary experiments in mass spectrometric analysis in term of labels used for control 

and knockout SM3 fractions.     

   

4.1.2 Astrocytic Nedd4-1 and Nedd4-2 are important for the regulation of Kir4.1 and 

Connexin-43  

 Nedd4-1 and Nedd4-2 were first identified in a screen to identify developmentally 

downregulated genes in mouse brain (Kumar et al., 1992). Expression of Nedd4-1 and Nedd4-

2 is not only regulated in a development-dependent manner but also spatially, so that Nedd4-1 

is expressed ubiquitously in several tissues such as brain, muscle, liver and kidney while Nedd4-

2 expression seems to be more restricted in brain, liver and kidney (Anan et al., 1998; Donovan 
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and Poronnik, 2013; Kumar et al., 1997). In a number of studies, Nedd4-1 and Nedd4-2 were 

proposed to be involved in neurite outgrowth, neuronal cell fate determination, and neuronal 

cell survival. In the context of neurite outgrowth, it has been reported that Nedd4-1 conjugates 

mono-ubiquitination to GTP-bound Rap2A, which abolishes the Rap2A interaction with TRAF2 

and NCK-interacting protein kinase (TNIK), so that Nedd4-1 acts as a positive regulator of 

dendrite growth (Kawabe et al., 2010). In addition to the function of Nedd4-1 in dendrite 

development, recent functional analyses of Nedd4-1 and Nedd4-2 double conditional knockout 

mice have revealed that Nedd4-1 and Nedd4-2 are also involved in axon growth in hippocampal 

neurons (Hsia et al., 2014). In terms of neuronal cell fate, Nedd4-1 has been reported to regulate 

dorsoventral patterning of the neuronal ectoderm in zebrafish by regulating ΔNp63α (Bakkers 

et al., 2005). In Drosophila, Nedd4-1 conjugates polyubiquitin chains to Notch and leads to its 

endocytosis, indicating that a regulatory function of Nedd4 in cell fate determination is 

conserved in Drosophila (Dalton et al., 2011; Sakata et al., 2004). In terms of neuronal cell 

survival, it has been reported that Nedd4-2 facilitates the ubiquitination of TrkA, leading to its 

trafficking to late endosomes upon NGF treatment in cultured dorsal root ganglion neurons (Yu 

et al., 2011, 2014).       

 While there has been significant interest in the functions of Nedd4-1 and Nedd4-2 in the 

developing brain, the functions of Nedd4-1 and Nedd4-2 in adult brain remain uncharted 

territory. Several biochemical studies have proposed that voltage-gated sodium channels 

(Nav1.2, Nav1.3, Nav1.5, and Nav1.7), voltage-gated potassium channels (KCQN2/3 and 

KCQN3/5), and voltage-dependent calcium channels (Cav1.2) are regulated by Nedd4 subfamily 

members, indicating possible roles of neuronal Nedd4-1 and Nedd4-2 in the regulations of 

neuronal excitability (Ekberg et al., 2007; Fotia et al., 2004; Rougier et al., 2005, 2011; Schuetz 

et al., 2008). In our study, we identified two novel substrate proteins for Nedd4-1 and Nedd4-2, 

Kir4.1, an inwardly rectifier channel expressed mainly in astrocytes and Connexin-43 one of the 

main gap junction proteins in astrocytes.  

 

4.1.3 Kir4.1 is a substrate of Nedd4 subfamily E3 ligases in astrocytes  

 Kir4.1 is the main potassium channel in astrocytic end-feet at synapses (Robel and 

Sontheimer, 2015). Propagation of action potentials upon neuronal activity results in increases 

of the extracellular potassium concentration (Nicholson and Syková, 1998). During 
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hyperactivity, extracellular potassium concentrations have been reported to elevate from 3 mM 

to 10-12 mM (Heinemann and Lux, 1977). Considering that an increase in extracellular 

potassium leads to more positive membrane potentials, this affecting the activation of ion 

channels, transporters, and receptors, the clearance of excess potassium from extracellular space 

at axons and synapses strongly affects neuronal excitability (Seifert and Steinhäuser, 2013). It 

has been reported that brain-specific Kir4.1 conditional knockout mice show pronounced 

behavioral changes with ataxia and seizures (Djukic et al., 2007). In whole-genome linkage 

studies, homozygous missense mutations in KCNJ10 gene which encodes the Kir4.1 channel, 

were been reported as the cause of SeSAME syndrome (EAST Syndrome), which is 

characterized by seizures, ataxia, sensorineural deafness, mental retardation, and electrolyte 

imbalance (Bockenhauer et al., 2009; Scholl et al., 2009). Further, an impaired function of Kir 

channels has been reported in the CA1 region of sclerotic human epileptic hippocampal 

specimens (Kivi et al., 2000). Our data indicate that Nedd4-1 and Nedd4-2 conjugate K63-linked 

polyubiquitin chains to the C-terminal cytoplasmic tail of Kir4.1 and thus regulate Kir4.1 protein 

level in astrocytes (Figure 3-4 and 3-5), and thereby might play an important role in the 

regulation of neuronal excitability in adult brain through astrocytes.  

 In addition to potassium buffering, astrocytes play an important role in the clearance of 

glutamate from the synaptic cleft (Anderson and Swanson, 2000). Indeed, glutamate uptake and 

potassium buffering are interdependent processes. Astrocytic Kir4.1 plays an important role in 

establishing the negative membrane potential, providing the driving force of glutamate uptake 

by astrocytes (Wetherington et al., 2008). Correspondingly, downregulation or selective deletion 

of Kir4.1 in cultured astrocytes lead to inhibition of glutamate uptake by astrocytes (Djukic et 

al., 2007; Kucheryavykh et al., 2007). After uptake into astrocytes, glutamate is converted to 

glutamine by glutamine synthetase, and glutamine cycles back to the neurons through a process 

called glutamate-glutamine cycle (Danbolt, 2001). In neurons, glutamine can then be converted 

into glutamate or gamma-aminobutiric acid (GABA) (Robel and Sontheimer, 2015). Disruption 

of the glutamate-glutamine cycle by selective inhibitors of neuronal glutamine transporters or 

astrocytic glutamine synthetase significantly reduced evoked inhibitory postsynaptic currents 

(eIPSCs) in hippocampal CA1 pyramidal neurons, indicating that glutamate uptake by 

astrocytes and the glutamate-glutamine cycle has an important role in inhibitory synaptic 

transmission in the brain (Liang et al., 2006), while excitatory synaptic transmission can work 
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independently from the glutamate-glutamine cycle (Kam and Nicoll, 2007). Therefore, 

imbalanced glutamate uptake by astrocytes might affect the excitation/inhibition balance in 

neuronal networks (Robel and Sontheimer, 2015). Given that Nedd4-1 and Nedd4-2 regulate 

Kir4.1 levels in astrocytes, they might have a role in neuronal networks in terms of 

excitation/inhibition balance through astrocytes. This seems to be the case and roles of Nedd4-

2 in neuronal excitability and excitation/inhibition balance in neuronal networks will be further 

discussed in section 4.1.5.    

 

4.1.4 Nedd4-2 is the dominant E3 ligase regulating Connexin-43 in astrocytes 

 Nedd4-1 was identified as an E3 ligase for Connexin-43 by affinity purification using 

GST-tagged Connexin43 from a hepatocyte cell line (Leykauf et al., 2006). In the same report, 

the second WW domain of Nedd4-1 was identified as the Connexin-43-binding domain, and the 

PPXY motif in Connexin-43 was mapped as the Nedd4-1-binding site. Strikingly, knockdown 

of Nedd4-1 by siRNA was shown to cause an increase in membrane localization of Connexin-

43 in a cultured hepatocyte cell line (Leykauf et al., 2006), and a follow-up study proposed that 

Nedd4-1 conjugates multiple single ubiquitin moieties to Connexin-43 and that ubiquitinated 

Connexin-43 interacts with ubiquitin interacting motif (UIM) of Eps15, leading the 

internalization of Connexin-43 (Girão et al., 2009).  

 As mentioned already, such knockdown studies using cultured cell lines are often 

problematic. Although we identified Connexin-43 as a protein that is upregulated in the Nedd4-

1/2 bDKO as compared to Nedd4-1/2 bCtl in our proteome screening (Figure 3-5A), quantitative 

Western blotting in Figure 3-6 demonstrated that the Connexin-43 level is upregulated in the 

Nedd4-2 bKO but not in the Nedd4-1 bKO, indicating that Nedd4-2 is the dominant E3 ligase 

for Connexin-43 in the brain. Supporting this notion, the results of the in vivo ubiquitination 

assays demonstrated that Nedd4-2 has a stronger activity to conjugate K63-linked polyubiquitin 

chains to Connexin-43 than Nedd4-1 (Figure 3-5B-C). However, different degrees of 

upregulation of Connexin-43 levels in Nedd4-1/2 bDKO (1.95 fold) and Nedd4-2 bKO (1.55 

fold) indicate that in the absence of Nedd4-2, Nedd4-1 might partially compensate the loss of 

function of Nedd4-2 (Figure 3-6A, 3-6C).  

 Astrocytes are coupled with each other through gap junctions and thereby form a large 

intercellular network in the brain that allows astrocytes to disperse ions and small molecules, 
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such as ATP, K+, Ca2+, glutamate, and cAMP (Dbouk et al., 2009; Wetherington et al., 2008).  

Connexin-43 is one of the main gap junction proteins expressed in astrocytes. Dye-coupling 

experiments revealed that in Connexin-43 conditional knockout mice, the overall astrocytic 

intercellular networking is reduced by 50% (Theis et al., 2003a, 2003b). In a study with 

Connexin-30 and Connexin-43 double knockout mice, it was shown that astrocyte coupling 

through these connexins accelerates potassium buffering in hippocampal slices and that mice 

lacking Connexin-30 and Connexin-43 are more susceptible to epileptiform events (Wallraff, 

2006). Astrocytic gap junction coupling is also important for ICWs in the astrocytic network 

and gap junction inhibitors reduce or block ICWs (Rouach and Giaume, 2001; Venance et al., 

1995). In addition to gap junction coupling between neighboring astrocytes, one of the molecular 

mechanisms in the propagation of ICWs is the release of ATP through Connexin-43 

hemichannels (Stout et al., 2002). Purinergic receptors are involved in ICWs by triggering the 

IP3-signaling pathway (Suadicani et al., 2004; Venance et al., 1997). Given that Nedd4-2 

regulates the level of Connexin-43 in astrocytes, our data indicate that Nedd4-2 might play an 

important role in the regulation of ICWs in astrocytic networks, eventually affecting the function 

of neuronal networks.  

 Regulation of Connexin-43 in astrocytic network might also play an important role in 

potassium buffering (Wallraff, 2006), suggesting dual effects of Nedd4-2 on potassium 

clearance in the brain through both Kir4.1 and Connexin-43 in astrocytes.       

 

4.1.5 Nedd4-1 and Nedd4-2 in astrocytes regulate neuronal network function through 

Kir4.1 and Connexin-43 

 Considering two critical roles of Nedd4-1- and Nedd4-2-dependent regulation of Kir4.1 

and Connexin-43 in astrocytes, spatial potassium buffering and ICWs, we investigated neuronal 

functions in our knockout mouse lines. Our data on gamma oscillations (Figure 3-8E, 3-9E, 3-

10E) indicate that the synchronization of neuronal function is impaired in the CA3 pyramidal 

region of the hippocampus in Nedd4-1/2 bDKO and Nedd4-2 bKO, but not in Nedd4-1/2 nDKO 

mice. This shows that glial Nedd4-1 and Nedd4-2 have an impact on neuronal function in the 

hippocampus. Imbalanced potassium clearance because of the increased level of Kir4.1 might 

disrupt the neuronal function in Nedd4-1/2 bDKO and Nedd4-2 bKO mice. The increased level 

of Kir4.1 might also affect the glutamate uptake by astrocytes leading to alterations in the 
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excitation/inhibition balance due to an imbalance in the glutamate-glutamine cycle. Impairments 

in gamma oscillations in Nedd4-1/2 bDKO and Nedd4-2 bKO might be due to alterations in 

excitation/inhibition balance in the neuronal network as it has been reported that the 

excitation/inhibition balance in the brain is important for proper neuronal network function 

(Mann and Mody, 2009; Snijders et al., 2013). Similarly, altered hippocampal synaptic 

inhibition in Neuroligin-4 knockout mice results in reduced gamma oscillation in hippocampal 

slices (Hammer et al., 2015), and kainate-induced gamma oscillations are highly dependent on 

synaptic inhibition by parvalbumin-expressing basket cells (Bartos et al., 2007).  

 Another reason of reduced gamma oscillatory activity in Nedd4-1/2 bDKO and Nedd4-

2 bKO might be the increased levels of Connexin-43 in astrocytes. It has been reported, for 

instance, that Connexin-43 overexpression alters the properties of ICWs (Suadicani et al., 2004) 

and astrocytic intracellular calcium responses precede carbachol-induced gamma oscilaltions in 

the CA3 region of the hippocampus (Lee et al., 2014). Thus, the increased levels of Connexin-

43 in Nedd4-1/2 bDKO and Nedd4-2 bKO mice might perturb the properties of ICWs, thereby 

causing reduced gamma oscillatory activities in the CA3 region of the hippocampus. 

Additionally, the increased levels of Connexin-43 might result in high copy numbers of 

Connexin-43 hemichannels in Nedd4-1/2 bDKO and Nedd4-2 bKO mice, which might lead to 

an increased levels of ATP-release by hemichannels. The increased levels of ATP-release by 

astrocytes might lead to changed properties of ICWs through purinergic receptors on neighbor 

astrocytes, thereby leading to reduced gamma oscillatory activities in Nedd4-1/2 bDKO and 

Nedd4-2 bKO mice. Also, the increased levels of Connexin-43 in Nedd4-1/2 bDKO and Nedd4-

2 bKO mice, together with increased levels of Kir4.1, might affect the potassium buffering by 

astrocytes, which might lead to altered neuronal excitability, thereby affecting gamma 

oscillatory activities in the CA3 region of hippocampus. It would be particularly important to 

study if specific inhibitors of Kir4.1 and Connexin-43, such as fluoxetine hydrochloride and 

GAP-26 peptide respectively (Desplantez et al., 2012; Ohno et al., 2007), rescue the phenotypes 

of reduced gamma oscillatory activities in the CA3 region of the hippocampus in Nedd4-1/2 

bDKO and Nedd4-2 bKO mice. This experiment would lead us to conclude direct impact of 

increased levels of Kir4.1 and/or Connexin-43 in Nedd4-1/2 bDKO and Nedd4-2 bKO mice on 

gamma oscillatory activities in CA3 region of hippocampus. It would be also particularly 

important to study if the increased levels of Kir4.1 and Connexin-43 have an impact on neuronal 
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excitability in Nedd4-1/2 bDKO and Nedd4-2 bKO by measuring the mEPSCs and mIPSCs in 

pyramidal neurons at the CA3 region of hippocampus in brain slices. This experiment would 

lead us to conclude if activities of excitatory or inhibitory neurons are altered in the CA3 region 

of the hippocampus of Nedd4-1/2 bDKO and Nedd4-2 bKO mice.                       

 

4.1.6 Regulation of Prr7 by Nedd4-2 might play a role in spine morphology 

 Prr7 is a postsynaptic protein composed of a short extracellular N-terminal region, a 

single transmembrane domain, and a C-terminal cytoplasmic tail containing several PPXY 

motifs (Hrdinka et al., 2011).  Prr7 interacts with PSD95 and NMDA receptor subunits NR1 and 

NR2B (Murata et al., 2005).  Although the function of Prr7 is unknown, a recent proteomics 

screen of ubiquitinated synaptic proteins has revealed that Prr7 is one of the postsynaptic 

proteins that are highly ubiquitinated in the rat brain (Na et al., 2012).  

 In the present study, we discovered that Nedd4-2 conjugates K63-linked polyubiquitin 

chains to Prr7 and thereby regulates the levels of Prr7 (Figure 3-11). Considering that Prr7 

interacts with NMDA receptor subunits, Nedd4-2 might regulate the function or localization of 

NMDA receptors through Prr7 ubiquitination. Analyses of dendritic spines on CA1 pyramidal 

cells of Nedd4-2f/f-NEX-Cre+/- (Nedd4-2 nKO) and control mice have shown that in Nedd4-2 

nKOs, the length of filipodia and mushroom spines are increased whereas spine density is not 

altered; additionally, the abundance of bifurcated spines is increased at the expense of 

mushroom spines (unpublished data from our group by Dr. Mateusz Cyryl Ambrożkiewicz). 

These findings and the produced data on Prr7 indicate that Nedd4-2 might play a role in dendritic 

spine development by regulating Prr7. It would be particularly important to study if the knock-

down of Prr7 rescues the phenotype of spine morphology in Nedd4-2 nKO mice. This 

experiment would lead us to conclude the direct impact of increased levels of Prr7 on spine 

development.      

4.2 Function of WWP1 and WWP2 in the brain 

4.2.1 WWP1 and WWP2 are negative regulators of neurite branching 

 There have been several studies on the functions of WWP1 and WWP2 in dividing cells, 

including cartilage cells and transformed cell lines. However, their functions in postmitotic 

neurons are unknown. In the present study, we identified several putative substrate proteins for 

WWP1 and WWP2 using mouse brain tissue. The results of the PTMScan show that the 
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ubiquitination levels of VCP, CAPZA1, PKM2, and CAND1 proteins are decreased in WWP1/2 

bDKO brain homogenates. As we show in Figure 3-14, most of the candidates identified in the 

proteome screening were indeed ubiquitinated by WWP1 or WWP2 in vitro, indicating the 

reliability of this screening method.  

 We demonstrate that deletion of WWP1 and WWP2 leads to enhanced neurite 

development, indicating that WWP1 and WWP2 act as negative regulator of neurite growth 

(Figure 3-15). It is rare that deletion of a certain gene causes an augmentation of neurite 

arborization, although there are numerous examples of loss-of-function mutants causing an 

impairment of dendrite growth (Kawabe et al., 2010; Litterman et al., 2011; Park et al., 2015). 

In the present study, we investigated possible downstream targets of WWP1 and WWP2 in the 

regulation of dendrite development. Among the substrate proteins we identified, we first focused 

on CAPZA1. It is accepted widely that neurite development is dependent on the reorganization 

of actin cytoskeleton, which is mediated by different types of actin binding proteins, such as 

monomer binders, branch formation proteins, or capping proteins (Winder et al., 2005). 

Monomer binders interact with actin monomers and regulate their availability for actin filament 

assembly. One of the well-characterized monomer binders is profilin, which restricts actin 

monomer addition to barbed ends and prevents spontaneous nucleation (Nicholson-Dykstra et 

al., 2005). Another well-studied monomer binder protein is thymosin-β4, which prevents ATP-

bound actin incorporation into both barbed and pointed ends (Hertzog et al., 2004; Irobi et al., 

2004).  

 As for branch formation proteins, they regulate dendritic branching of actin filaments 

(Winder et al., 2005). The Arp2/3 complex, composed of Arp2 and Arp3 proteins is a well-

known branch formation complex (Svitkina and Borisy, 1999). Arp2 and Arp3 have a similar 

structure as actin and form a complex on the side of an existing actin filament to nucleate another 

filament by mimicking a barbed end (Pollard et al., 2003).  

 Regarding capping proteins, an important capping protein complex consists of a 

heterodimer composed of CAPZA and CAPZB, each of which has a molecular weight of ~30 

kDa. Mammalian genomes encode two CAPZA genes, CAPZA1 and CAPZA2. Capping 

proteins bind to barbed-ends of actin filaments and prevent filament elongation at these points. 

However this facilitates Arp2/3-mediated nucleation and formation of branches of F-actin (Akin 

and Mullins, 2008; Fan et al., 2011; Scott and Luo, 2001). Although the primary structures of 
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CAPZA and CAPZB are not homologous, CAPZA and CAPZB share a similar secondary 

structure with a C-terminal -helix that binds to the barbed end of F-actin directly (Wear et al., 

2003). Interestingly, our PTMScan mapped the potential lysine residue ubiquitinated by WWP1 

and WWP2 at the C-terminal -helix of CAPZA1 and CAPZA2, indicating that ubiquitinated 

CAPZA might be deficient in binding to F-actin. Based on the hypothesis that loss of WWP1 

and WWP2 therefore leads to a gain of CAPZA function, we overexpressed CAPZA1 in wild 

type primary cultured hippocampal neurons (Figure 3-16). Consistent with a previous report 

(Davis et al., 2009), overexpression of CAPZA1 enhanced dendrite branching and extension. 

However, while depletion of CAPZB results in impaired dendrite branching, recombinant 

CAPZB lacking the actin-binding region rescues the phenotype of CAPZB-knockdown neurons 

efficiently. Interestingly, CAPZB binds to tubulin directly and a tubulin-binding deficient 

mutant of CAPZB fails to rescue the knockdown neuron, indicating that tubulin-binding but not 

actin-binding activity of CAPZB is critical for dendrite development (Davis et al., 2009). One 

interesting model would be that tubulin-binding CAPZB forms a complex with actin-binding 

CAPZA and thus bridges microtubules and F-actin at the growth cone as, EB1 does (Tang et al., 

2016). Indeed, CAPZA has a higher affinity to F-actin than CAPZB (Wear et al., 2003). It would 

be particularly important to study if overexpression of ubiquitination deficient and actin-binding 

deficient mutants of CAPZA results in higher and lower degrees of enhancement of dendrite 

branching, respectively. This experiment would lead us to conclude the impact of ubiquitination 

of CAPZA by WWP1 and WWP2 on dendrite development. 

    

4.2.2 Ubiquitination of VCP by WWP1 and WWP2 might play a role in dendritic spine 

formation 

 In the PTMScan analysis, one of the candidates of substrates of WWP1 and WWP2 was 

VCP. VCP is an abundantly expressed ATP-driven chaperon protein composed of an N-terminal 

domain followed by two AAA ATPase domains, D1 and D2, and a C tail region (Meyer et al., 

2012). The D1 and D2 domains are involved in the formation of a hexameric-double ring 

structure, whereas the N-terminal region of VCP is responsible for the recruitment of different 

cofactor proteins that enable VCP to function in several molecular pathways (Delabarre and 

Brunger, 2003). An autosomal dominant mutation in the D1 domain of VCP has been linked to 

a hereditary disease called inclusion body myopathy associated with Paget disease of bone and 
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frontotemporal dementia (IBMPFD) (Watts et al., 2004). Additionally, another mutation 

resulting in a single amino acid substitution in VCP has been reported as a cause of familial 

amyotrophic lateral sclerosis (ALS) (Johnson et al., 2010).  Several studies have revealed that 

VCP is a multifunctional protein that is involved in ubiquitin-mediated protein degradation, 

autophagy, signaling in cell cycle regulation, DNA replication, DNA repair, and ERAD system, 

but the functional regulation of VCP has remained unknown (Yamanaka et al., 2012). In the 

present study, we showed that VCP is a prominent substrate of WWP1 and WWP2. Indeed, as 

shown in Figure 3-16D, almost 70% of the substrate was ubiquitinated by WWP1 in vitro. VCP 

is involved in dendritic spine formation as a positive regulator with neurofibromin (Lee et al., 

2014). Reduced levels of VCP upon siRNA-mediated knockdown in hippocampal neurons result 

in impaired dendritic spine formation. Dendritic spine analysis on primary branches of apical 

dendrites of cortical layer II/III pyramidal neurons in NEX-Cre driven conditional double 

knockouts of WWP1 and WWP2 (WWP1f/f;WWP2f/f;NEX1-Cre+/-, WWP1/2 nDKO) and control 

animals show that spine density in WWP1/2 nDKO is significantly increased (unpublished data 

from our group by Dr. Mateusz Cyryl Ambrożkiewicz). Thus, WWP1 and WWP2 might play a 

role in dendritic spine formation by regulating VCP function, so that deletion of WWP1 and 

WWP2 might result in increased VCP activity, leading to increased spine density. It would be 

important to study if ubiquitination deficient mutants of VCP results in high density of spines 

in wild type brain. This experiment would lead us to conclude the impact of ubiquitination of 

VCP on spine maturation. It would be also particularly important to study if reduction of VCP 

upon siRNA-mediated knockdown would rescue the phenotype of increased spine density in 

WWP1/2 nDKO mice. This experiment would lead us to conclude increased activity of VCP 

leads to increased spine density in WWP1/2 nDKO mice.   
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7 LIST OF ABBREVIATIONS 

ADF Actin-depolymerizing factor 

AKT1 RAC-alpha serine/threonine-protein kinase 

AMP Adenosine-5'-monophosphate 

AMPAR α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid receptor 

APOER2 Apolipoprotein E receptor 2 

ARP Actin-related protein 

ATP Adenosine-5'-triphosphate 

BP Basal progenitor 

CAPZA F-actin capping protein alpha 

CNS Central nervous system 

CRK Mitogen-activated protein kinase 14 

CRKL Crk-like protein 

C-terminal Carboxy-terminal 

CUX Homeobox protein cut-like 

DAB1 Disabled Homologue 1  

DIV Day in vitro 

DNA Deoxyribonucleic acid 

DUB Deubiquitinase  

E. coli Escherichia coli 

E1 Ubiquitin activating enzyme 

E2 Ubiquitin conjugating enzyme 

E3 Ubiquitin ligase 

EGFP Enhanced green fluorescent protein 

EMX1 Empty spiracles homolog 1 

EPSC Excitatory postsynaptic current 

ERAD Endoplasmic reticulum-associated degradation 

F-actin Fibrilar actin 

FYN Tyrosine-protein kinase Fyn 

GABA Gamma-aminobutyric acid 

G-actin Globular actin 

GLAST Sodium-dependent glutamate/aspartate transporter 1 

GLT1 Glutamate Transporter 1 

GPCR G-protein coupled receptors  

GSK3β Serine/threonine-protein kinase-3 beta 

GST Glutathione S-transferase 

HA Human influenza hemagglutinin 

HECT Homologous to E6-AP C terminus 

HRP Horseradish peroxidase 
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ICW Intercellular Calcium Waves 

IP Immunoprecipitation 

IPSC Inhibitory postsynaptic current 

KAR Kainic acid receptor 

KD Knock-down 

kDa Kilo Dalton 

Kir Inwardly Rectifying Potassium Channel 

KO Knock-out 

LIS1 Lissencephaly type 1  

mGluR Metabotrophic Glutamate Receptor 

mRNA Messenger Ribonucleic acid 

mTORC1 
Serine/threonine protein kinase mammalian target of rapamycin 

complex 1 

MZ Marginal zone 

Nedd4 Neuronal precursor cell expresse developmentally down-regulated 4 

Nedd4-1 bKO Nedd4-1f/f; EMX1-Cre 

Nedd4-1/2 bDKO Nedd4-1f/f; Nedd4-2f/f; EMX1-Cre 

Nedd4-1/2 nDKO Nedd4-1f/f; Nedd4-2f/f; NEX1-Cre 

Nedd4-2 bKO Nedd4-2f/f; EMX1-Cre 

NEX1 Neurogenix differentiation factor 6 

NgCAM Neuron-glia cell adhesion molecule  

NGF Nerve Growth Factor 

NMDA N-Methyl-D-aspartic acid 

NMDAR N-Methyl-D-aspartic acid receptor 

NR N-Methyl-D-aspartic acid receptor subunit 

NT Neurotrophin 

N-terminal Amino-terminal 

N-WASP Neural Wiskott-Aldrich syndrome protein 

PI3K Phophoinositide 3-kinase 

PKM2 Pyruvate kinase M2 

PLC Phospholipase C 

Prr7 Proline rich protein 7 

PSD Postsynaptic density 

PtdInsP2 Phosphatidylinositol 4,5-biphosphate 

PtdInsP3 Phophotidylinositol-3,4,5-triphospahte  

PTEN Phosphatase and tensin homolog 

Rab2A Ras-related protein 2A 

RGC Radial Glial Cell 

RING Really interesting new gene 



108 
 

RNA Ribonucleic acid 

ROK Rho-associated kinase 

RT Room temperature 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis  

SEM Standard error of mean 

Smurf SMAD ubiquitination regulatory factor 1 

SRC Neuronal proto-oncogene tyrosine-protein kinase Src 

SVET1 Netrin receptor UNC5D 

SVZ Subventricular zone 

TBR2 T-box brain protein 2 

Ub Ubiquitin 

VCP Valosine Containing Protein 

VLDLR Very low-density lipoprotein receptor 

VZ Ventricular zone 

WASP Wiskott-Aldrich syndrome protein homolog 

WAVE Wiskott-Aldrich syndrome protein family member 

WB Western Blotting 

WT Wild type 

WWP WW containing protein 
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