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1. INTRODUCTION 

1.1 INTRODUCTORY REMARKS ON ALZHEIMER’S DISEASE 

In 2016, estimates suggested that 43.8 million individuals worldwide suffered from 

any form of dementia, which constitutes the fifth leading cause of death globally, 

accounting for 2.4 million deaths per year. In contrast, the global prevalence in 1990 

was approximately 20.2 million people, which represents an increase of 117% over 

the course of only 26 years (GBD 2016 Dementia Collaborators 2019). The global 

prevalence is anticipated to rise to 131.5 million patients in 2050. In Germany, 

around 1.8 million people are suffering from dementia, with an expected increase to 

3 million patients in 2050 (Deutsche Alzheimer Gesellschaft 2018). Age represents 

a crucial risk factor, highlighted by the fact that only 1.6% of persons in the age 

group of 60-64 years are diagnosed with dementia, while the prevalence multiplies 

to 39.8% for those older than 90 years. The overall prevalence in persons over the 

age of 60 years is estimated at 6.8% (data for Western Europe) (World Alzheimer 

Report 2015).  

Alzheimer’s disease (AD), first described by Alois Alzheimer (Alzheimer 1907), is a 

major contributor to the global burden of dementia, accounting for approximately 50-

75% of cases. Other important causes include Lewy body dementia, frontotemporal 

lobar degeneration, vascular dementia and mixed cases. Dementia is defined as a 

clinical syndrome with progressive decline in cognitive performance (e.g., 

concerning mnestic functions like memory and word-finding, along with secondary 

deficits in visuospatial abilities, executive functions, language and behavior), which 

cannot be explained by other neurological diseases or a major psychiatric disorder 

(e.g., delirium). These deficits ultimately culminate in functional impairment in the 

patient’s activities of daily living or occupation. Compared to other forms of 

dementia, AD particularly affects memory functions. Cognitive impairment should 

be assessed by means of a combination of history-taking and neuropsychological 

testing. The course of AD is progressive over time and best depicted as a cognitive 

continuum, beginning in a preclinical stage, in which only a genetic predisposition 

or biochemical markers of immanent AD are detectable (Karantzoulis & Galvin 

2011) (McKhann et al. 2011). Afterwards, a stage called mild cognitive impairment 

(MCI) ensues, defined by a measurable decline in cognitive abilities, but no 

significant interference with the patient’s daily life (Petersen 2004). The diagnosis of 
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frank dementia follows, graded from mild to moderate up to severe forms (refer to 

Table 1 for an overview of disease progression). 

 

Table 1: Overview of the Alzheimer’s disease (AD) continuum (APOE: Apolipoprotein E, APP: Amyloid precursor 

protein, MCI: Mild cognitive impairment, PS-1/PS-2: Presenilin 1/Presenilin 2) (sources: McKhann et al. 2011, Petersen 

2004, Alzheimer’s Association 2015) 

Preclinical AD (McKhann et 

al. 2011) 

Completely asymptomatic patients (or subtly 

symptomatic patients, not meeting the MCI 

criteria), with positive biomarkers and: 

1.) at least one APOE ε4 allele, or 

2.) carriers of autosomal dominant mutations 

(APP, PS-1, PS-2) (see chapter 1.2.3) 

Mild cognitive impairment 

(MCI) (Petersen 2004) 

Measurable decline in cognitive capabilities 

without impairment of activities of daily living. 

Increased risk of developing AD dementia (10-

15% per year) 

AD dementia (Alzheimer’s 

Association 2015) 

Mild: Person may function independently, but may 

feel that he/she has memory lapses, such as 

forgetting words, increasing trouble with planning 

or losing objects 

Moderate: Changes are noticeable to others and 

may include forgetfulness about one’s individual 

biography, disorientation, changes in sleep 

pattern and personality 

Severe: Patients lose the capacity to respond to 

their environment, to communicate and to control 

their movements. Usually, round-the-clock 

assistance with activities of daily living is required 

 

Until today, no curative therapy is available. The average survival time for patients 

diagnosed with AD at the age of 65 is 8.3 years (Alzheimer’s Association 2015). 
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1.2 OVERVIEW OF ALZHEIMER’S DISEASE PATHOLOGY 

1.2.1 PATHOLOGICAL HALLMARKS OF ALZHEIMER’S DISEASE 

The major histological alterations detectable in the brains of AD patients can be 

further divided into so-called positive and negative lesions (also see Figure 1): 

a) Positive lesions: Amyloid plaques, extracellular lesions composed of 

aggregations of insoluble amyloid-β (Aβ) peptides, often accompanied by a 

condition called cerebral amyloid angiopathy (CAA) and neurofibrillary tangles 

(NFT), intracellular aggregations of hyperphosphorylated tau protein that may 

become extracellular when the affected neuron perishes, accompanied by neuropil 

threads (tau aggregations in neurites) and material in dystrophic neurites adjacent 

to neuritic amyloid plaques. Tau normally facilitates axonal transport by stabilizing 

microtubules. Upon Hyperphosphorylation, its distribution shifts from the axonal to 

the somatodendritic compartment. 

b) Negative lesions: Synapse and neuronal loss as well as reactive glial responses, 

ultimately leading to cortical atrophy (pronounced in medial regions of the temporal 

lobes) and general, symmetrical brain volume decline (Serrano-Pozo et al. 2011). 

 
Figure 1: Tissue sections (silver stains) derived from an Alzheimer’s disease (AD) patient’s brain, demonstrating AD 

related neuropathology. Left image: “Gallyas silver stain in a brain tissue specimen displaying a neuritic plaque in 

the center (black, Gallyas stain)” (source: Jensflorian, https://commons.wikimedia.org/wiki/File:Alzheimer_neuritic_ 

plaque_gallyas_stain.jpg). Right image: “Neurofibrillary tangles in the hippocampus of an old person with Alzheimer-

related pathology” (source: Patho, https://commons.wikimedia.org/wiki/File:Neurofibrillary_tangles_in_the_ 

Hippocampus_of_an_old_person_with_Alzheimer-related_pathology,_Gallyas_silver_stain.JPG). Both images are 

unchanged and distributed under a CC BY-SA 3.0 license, respectively (https://creativecommons.org/licenses/by-

sa/3.0/) 

Importantly, these neuropathological lesions are present in non-demented elderly 

persons as well, hence neuropathological scores have been established to estimate 

the likelihood that dementia is attributable to AD (Caselli et al. 2017). Interestingly, 

both amyloid plaques and NFT develop in a characteristic spatial and temporal 

manner, with NFT initially evolving in the transentorhinal and entorhinal regions (the 
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main interface between the hippocampus and the neocortex) before spreading to 

limbic and neocortical regions (Braak et al. 2006). In contrast, amyloid plaques 

primarily occur in neocortical regions, before spreading to allocortical (including 

entorhinal region and hippocampus) and subcortical regions (Thal et al. 2002). The 

exact mechanisms accountable for Aβ and tau-induced synaptic and neuronal 

damages remain to be elucidated. Nevertheless, a certain sequence of 

pathophysiological changes is obvious, supported by recent studies, which used 

neuroimaging of AD biomarkers: In individuals genetically predisposed for AD, Aβ 

depositions occurred more than 20 years, reduced cerebral glucose metabolism 

14.1 years and cortical thinning 5 years before the estimated onset of AD dementia, 

respectively (Gordon et al. 2018). 

 

1.2.2 AMYLOID THEORY AND APP PROCESSING 

Traditionally, the amyloid theory proposes a model in which altered APP 

metabolism, leading to increased Aβ oligomer production, is the initial step in AD 

pathogenesis, followed by downstream tau pathology and ultimately synapse and 

neuronal dysfunction (Dourlen et al. 2019). Amyloid precursor protein (APP), a type 

I transmembrane protein, is the precursor of Aβ and ubiquitously expressed, 

predominantly in the brain (Müller & Zheng 2012). APP is initially cleaved in its 

extracellular domain by either - or β-secretase, resulting in release of either sAPP 

or sAPPβ (a process called ectodomain shedding) and creation of residual, 

membrane-bound C-terminal fragments: CTF or βCTF. The latter are further 

cleaved within their transmembrane domains by -secretase, releasing either non-

amyloidogenic p3 peptide (3kDa) or amyloidogenic Aβ (4kDa) into the extracellular 

space or intracellular organelles. Moreover, AICD (APP intracellular domain) is 

released into the cytosol upon -secretase cleavage (Thinakaran & Koo 2008). 

ADAM10, the main regulator of basal -secretase activity in the brain, is a type I 

transmembrane zinc metalloproteinase, responsible for ectodomain shedding of 

APP and multiple other substrates, including Notch. Proteolytic activity of -

secretase is mainly restricted to the plasma membrane (Lichtenthaler 2011). 

BACE1 (β-site APP-cleaving enzyme 1), the main β-secretase, is a type I 

transmembrane aspartyl proteinase with a low pH optimum. Consequently, it is 

primarily located at acidic intracellular compartments (like endosomes, lysosomes 

and the TGN), even though it is present all along the secretory pathway including 
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the ER and the cell membrane (Vassar et al. 2009). Because colocalization of APP 

and BACE1 is a prerequisite for Aβ generation, the subcellular localization of BACE1 

strongly influences its capacity to process APP, which constitutes the rate-limiting 

step of Aβ production (Tan & Evin 2012). During its life span, mature BACE1 cycles 

multiple times between the TGN, endosomes and the cell surface, modulated by a 

characteristic, short acidic cluster-dileucine (AC-LL) motif (495DISLL500) in its 

cytoplasmic domain (Huse et al. 2000). Please refer to chapter 1.3. for further 

information on BACE1 trafficking. 

-secretase is a heterotetrameric transmembrane protein complex, composed of 

nicastrin, the catalytic subunits presenilin 1 or 2 (PS-1/PS-2, with aspartate 

proteinase properties), APH-1 and PEN-2. This complex is capable of cleaving 

βCTF in a stepwise manner at multiple sites, resulting in the generation of different 

Aβ peptide species (comprised of 37 to 43 aa), with Aβ40 and, to a lesser extent, 

Aβ42 constituting the main products. Importantly, the longer Aβ peptides (Aβ42/43) 

are prone to aggregation due to their hydrophobic nature, accounting for their 

pathogenic potential in senile plaque formation. Understandably, mutations in PS-

1/PS-2 and APP that increase the Aβ42:40 ratio are present in cases of early-onset 

and familial AD (see chapter 1.2.3). While PS-1-containing -secretase is distributed 

rather broadly along the secretory pathway, the PS-2-containing complex is 

primarily located at late endosomes and lysosomes, hence the latter complex is 

releasing the bulk of intracellular Aβ42 (Steiner et al. 2018). Please refer to Figure 

2 for an overview of APP processing. 

APP is a member of an evolutionary conserved gene family, including APP and two 

amyloid precursor-like proteins (APLP-1/2, respectively). Noteworthy, the Aβ 

sequence is solely included in APP (Müller & Zheng 2012). APP possesses a large, 

N-terminal ectodomain, including sAPP/β (Perez et al. 1999), and a C-terminal 

cytosolic domain, including both AICD (which shuttles to the nucleus and regulates 

genes expression, von Rotz et al. 2004) and a tyrosine-based YENPTY motif. The 

latter interacts with multiple adaptor proteins (like Fe65 and X11), mediating clathrin-

coated pit endocytosis and intracellular trafficking of APP. Mutations of that motif 

reduce surface-to-endosome transport of APP and Aβ production (Perez et al. 

1999). Although the precise physiological functions of APP remain to be elucidated, 

it is thought to play a role in brain development and learning, since APP-knockout 

mice, along with other abnormalities, exhibit growth deficits and reduced brain 
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weights, interestingly abrogated by simultaneous sAPP expression (Ring et al. 

2007). After sorting in the ER and Golgi/TGN, APP is either transported into the 

axon and to the cell surface in clathrin-coated vesicles or to an endosomal 

compartment. At the cell surface, APP may be hydrolyzed by - and -secretase in 

the non-amyloidogenic pathway, or it is reinternalized via clathrin-coated pits and 

enters early endosomes, where it colocalizes with β- and -secretase to produce Aβ 

and sAPPβ. Amyloidogenic processing can also occur upon direct sorting of BACE1 

and APP from the TGN to endosomes. The resulting Aβ is either released at the cell 

surface or degraded in lysosomes. Finally, endosomal APP may be redirected to 

the TGN before amyloidogenic processing takes places, mediated by so-called 

retromers (O’Brien & Wong 2011). Figure 3 provides an overview of intracellular 

APP trafficking. 

 

Figure 2: Overview of APP processing. APP enters either the non-amyloidogenic (A, initiated by -secretase 

cleavage) or the amyloidogenic (B, initiated by β-secretase cleavage) pathway. Importantly, -secretase is cleaving 

APP within its Aβ domain, excluding Aβ generation (/β/: /β/-secretase, /βCTF: /β C-terminal fragment, AICD: 

APP intracellular domain, APP: Amyloid precursor protein, Aβ: Amyloid-β peptide, p3: p3 peptide, sAPP/β: Secreted 

amyloid precursor protein /β) (modified after Bergström et al. 2016, distributed under a CC BY 4.0 license, 

http://creativecommons.org/licenses/by/4.0/) 
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Figure 3: Intracellular APP trafficking. After modification and sorting in the ER and Golgi, APP (purple) either directly 

enters the axon and/or is transported to the cell surface (1), where sAPP and p3 (green) are released (6), or APP is 

primarily sorted into endosomes (2). Importantly, prior to -secretase cleavage at the cell surface, APP can be 

endocytosed and reintegrated into endosomes, where BACE1 and -secretase cleavage mainly occurs (3). Resulting 

sAPPβ and Aβ (blue) are released into the extracellular space (4) or degraded in lysosomes. Endosomal APP may 

also be redirected to the trans-Golgi network, anticipating BACE1 cleavage (5) (APP: Amyloid precursor protein, Aβ: 

Amyloid-β peptide, BACE1: β-site APP-cleaving enzyme 1, ER: Endoplasmic reticulum, p3: p3 peptide, sAPP/β: 

Secreted amyloid precursor protein /β) (source: O'Brien & Wong 2011, republished with permission of Annual 

Reviews, Inc., permission conveyed through Copyright Clearance Center, Inc.) 

 

1.2.3 GENETIC RISK FACTORS FOR ALZHEIMER’S DISEASE 

Early-onset familial AD accounts for up to 5% of AD cases and is characterized by 

an onset of symptoms <65 years and a family history of dementia. Approximately 

50% of those patients are carrying mutations in the genes encoding PS-1, PS-2 or 

APP with autosomal dominant transmission, whereas other genetic culprits remain 

unclear. The monogenic forms of AD ultimately lead to increased Aβ42 production 

and/or to an increased Aβ42:40 ratio (Wu et al. 2012). Furthermore, in patients with 

Down-Syndrome, three copies of the APP gene (located on chromosome 21) are 

present, resulting in APP overexpression and cerebral Aβ deposition in early 

adulthood (Selkoe & Hardy 2016). In contrast, protective mutations in the above-

mentioned genes exist, for instance, the APP (A673T) missense mutation adjacent 

to the BACE cleavage site decreases Aβ production and protects from AD (Jonsson 

et al. 2012). Concerning the late-onset, sporadic forms, the APOE ε4 allele is a well-
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established risk factor, shown to increase Aβ production by inducing endocytosis of 

both APP and β-secretase (He et al. 2007) and to impair extracellular Aβ clearance 

in the brain across the blood-brain-barrier (Deane et al. 2008). In general, the 

biochemical and molecular biological findings associated with genetic risk factors 

support the amyloid theory. 

Nevertheless, most of the therapeutic approaches targeting the classical amyloid 

cascade have failed. With the emerge of genome-wide-association studies and 

other high-throughput sequencing methods, many new AD candidate genes could 

be found. Together with the fact that there is a strong genetic predisposition in AD 

(60-80% attributable risk), this emphasizes that many pathophysiological processes 

in AD remain to be elucidated (Dourlen et al. 2019). 

 

1.3 ROLE OF GGA PROTEINS AND ARF6 IN BACE1 

TRAFFICKING AND APP TURNOVER 

Cellular trafficking of membrane-bound proteins like APP and BACE1 is mediated 

by interactions of sorting motifs in their cytosolic domains (e.g., the AC-LL motif in 

BACE1 or the YENPTY motif in APP) with adaptor proteins (He et al. 2007). The 

Golgi-localized, -ear-containing, ARF-binding (GGA) proteins are a family of 

monomeric and ubiquitously expressed molecular adaptors, responsible for cargo 

selection and clathrin-coated vesicle formation at membrane-bound compartments, 

mainly the TGN and endo-/lysosomes. In mammalians, three GGA genes are 

identified, GGA1-3 (Bonifacino 2004). GGA proteins are mainly localized to the 

TGN, to which they are recruited by and partially colocalize with GTP-bound ARF 

(ADP-ribosylation factor) proteins, whereas upon treatment with brefeldin A, which 

stabilizes GDP-bound ARF, GGA localization rapidly shifts to the cytosol (Boman et 

al. 2000). Hence, GGA proteins fulfil features of ARF effectors.  

The human GGA protein family is organized in a modular structure (see Figure 4). 

The N-terminal VHS (Vps27, Hrs and STAM1) domain is responsible for the binding 

of transmembrane cargo proteins which comprise an acidic cluster-dileucine-type 

(DXXLL) sorting signal in their cytosolic tails (Takatsu et al. 2001). The GAT (GGA 

and TOM1) domain recruits GGA proteins to the TGN upon interaction with GTP-

bound ARF (Dell'Angelica et al. 2000). Importantly, it was shown that the GAT 

domain of each identified GGA protein (GGA1-3) interacts with each identified ARF 

protein (ARF1-6) in yeast (Takatsu et al. 2002). In GGA1 and GGA3, the GAT 
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domain also interacts with ubiquitinated proteins and directs them to late 

endosomes and lysosomes (Shiba et al. 2004). The hinge domain contains a 

clathrin-box-like recognition motif which binds the terminal domain of clathrin. 

Furthermore, in GGA1 and GGA3, the hinge domain comprises an intrinsic acidic 

cluster-dileucine-type motif with an upstream serine residue, whose phosphorylation 

by casein kinase 2 results in autoinhibition of the intramolecular VHS domain and 

impaired cargo binding (Doray et al. 2002). Ultimately, the C-terminal GAE (-

adaptin ear homology) domain binds accessory proteins, like rabaptin-5 or -

synergin, which are thought to play a role in the formation, targeting or fusion of 

transport vesicles or to interact with the cytoskeleton (Hirst et al. 2000). 

 

Figure 4: Domains of the Golgi-localized, -ear-containing, ARF-binding (GGA) protein family. VHS (Vps27, Hrs and 

STAM1): Responsible for binding of cargo proteins like BACE1 (β-site APP-cleaving enzyme 1), SorLA (Sortilin-

related receptor with A-type repeats) or M6PR (Mannose 6-phosphate receptor) in the TGN (Trans-Golgi network) via 

their cytosolic acidic cluster-dileucine (AC-LL) motifs. GAT (GGA and TOM1): Recruits GGA proteins to membranes 

upon interaction with GTP-bound ADP-ribosylation factor (ARF*GTP), additionally binds ubiquitin in GGA1 and 

GGA3. Hinge: Binds clathrin to initiate vesicle formation. Contains an autoinhibitory AC-LL motif in GGA1 and GGA3 

which impairs the intramolecular VHS domain. GAE (-adaptin ear homology): Interacts with accessory proteins 

(source: von Einem et al. 2015, distributed under a CC-BY 4.0 license, https://creativecommons.org/licenses/by/4.0/) 

As mentioned above, cell surface-bound APP is directed to early endosomes via its 

YENPTY motif in a clathrin-dependent manner. Interestingly, cell surface-bound 

APP may also be directly pinocytosed by ARF6 into lysosomes, completely 
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bypassing the endosomal system. In the same working group, hippocampal ARF6 

expression was demonstrated to expand spatially during AD progression (Tang et 

al. 2015). In contrast, it has been shown that BACE1 surface-to-endosome transport 

is mediated by ARF6, indicating distinct endocytic mechanisms of BACE1 and APP 

before colocalization in Rab5-

positive early endosomes, a 

main compartment of Aβ 

production, occurs. Thus, 

understandably, modification 

of ARF6 activity altered Aβ 

and sAPPβ production in 

cultured cells (Sannerud et al. 

2011, refer to Figure 5). As 

already mentioned, the AC-LL 

motif of BACE1 is an important 

factor for intracellular BACE1 

trafficking. It is a prerequisite 

for its accumulation in 

endosomes, illustrated by the 

fact that mutation of the 

dileucine pair into alanines 

(BACE1-AA) hampers BACE1 

endocytosis and causes its 

accumulation at the plasma 

membrane (Huse et al. 2000, 

also see Figure 5). Thus, 

ARF6 seems to exert its endocytic functions in concert with the AC-LL motif of 

BACE1. Upon arrival in early endosomes, BACE1 may either reenter the secretory 

pathway via recycling endosomes and the TGN (and possibly recycle back to the 

cell surface), or it may be degraded in lysosomes (Tan & Evin 2012). The recycling 

pathway is dependent on interactions of BACE1 with GGA proteins and casein 

kinase 1-induced phosphorylation of the Ser498 residue within the BACE1 AC-LL 

motif, probably by increasing BACE1 affinity for the GGA VHS domain (Walter et al. 

2001). Supporting these findings, BACE1 is retained in early endosomes after GGA 

Figure 5: BACE1 (purple) surface-to-endosome transport depends on 

ARF6 activity, with a constitutively GTP-bound form (ARF6-Q67L) 

abrogating BACE1 entry into Rab5-positive early endosomes and 

decreasing APP processing. The same effect was observed upon 

deletion of the dileucine pair in the BACE1 AC-LL motif (BACE1-AA). 

GDP-bound ARF6 (ARF6-T27N) instead increases Aβ levels by 

impairing BACE1 early endosome-to-surface recycling (not shown) 

(APP: Amyloid precursor protein (red/green), APP-CTF: Amyloid 

precursor protein C-terminal fragment (green), ARF: ADP-ribosylation 

factor, Aβ: Amyloid-β peptide, BACE1: β-site APP-cleaving enzyme 1 

(purple), ERC: Endosomal recycling compartment, sAPP: Secreted APP 

(red)) (modified after Sannerud et al. 2011, republished with permission 

of PNAS, permission conveyed through PNASpermissions@nas.edu) 
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depletion by siRNA or upon overexpression of a BACE1 mutant lacking the 

phosphorylatable Ser498 (He et al. 2005). Moreover, GGA1 knockdown causes an 

increase in Aβ production, probably due to BACE1 accumulation in endosomes, 

favoring amyloidogenic APP cleavage. Interestingly, GGA1 expression is markedly 

decreased in AD brains compared to control brains (Wahle et al. 2005). BACE1 

retention in endosomes also is described upon depletion of Vps26, a retromer 

subunit, suggesting additional contributors to retrograde BACE1 transport from 

endosomes to the TGN (He et al. 2005). Considering BACE1 export from the TGN 

to the cell surface or back to endosomes, GGA proteins as well as another type of 

adaptor protein, AP-1, come into play. Recent studies demonstrated that newly 

synthesized BACE1 is exported from the TGN to the cell surface in AP-1-positive 

vesicles (a process dependent on the BACE1 AC-LL motif), whereas GGA proteins 

seem to be reserved for endosomal sorting of BACE1. In analogy to endocytosis, 

post-Golgi export of BACE1 and APP again seems to be based on different 

mechanisms, since APP is mainly exported to early endosomes in an AP-4 

dependent manner. These mechanisms might spatially segregate newly-

synthesized BACE1 and APP upon arrival at the TGN and thus decrease 

amyloidogenic APP processing in the Golgi (Tan et al. 2020). Instead of cycling 

between the endosomes and the TGN, endosomal BACE1 may also be degraded 

in lysosomes (Koh et al. 2005), a process mediated by binding of the GGA3 GAT 

domain to Lys501-ubiquitinated BACE independently of the VHS domain and AC-LL 

motif. A GGA3 mutant lacking the ubiquitin binding site in its GAT domain was 

incapable of regulating BACE1 levels, whereas GGA3 overexpression reduced Aβ 

generation in vitro (Kang et al. 2010). Noteworthy, GGA3 levels are decreased, 

whereas BACE1 levels are increased in the temporal cortex of AD patients, favoring 

Aβ production (Tesco et al. 2007). In summary, ARF6 is an important regulator of 

BACE1 endocytosis and entry into early endosomes, whereas GGA proteins 

mediate BACE1 passage from early endosomes to recycling endosomes (best 

documented for GGA1) and back to the TGN (together with retromer proteins). 

Alternatively, endosomal BACE1 enters the lysosomal degradation pathway, to 

which it is directed by GGA3. At the TGN, BACE1 may be sorted to the cell surface 

(mediated by AP-1-positive vesicles), or back to endosomes (mediated by GGA 

proteins). Ultimately, these processes influence the extent of APP metabolism. 

Please refer to Figure 6 for an overview of intracellular BACE1 trafficking. 
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Figure 6: Intracellular BACE1 trafficking. BACE1 (red) is synthesized in the ER and undergoes posttranslational 

modification in the Golgi. BACE1 transport from the TGN to the cell surface is dependent on AP-1. ARF6 modulates 

BACE1 internalization in a clathrin-independent manner. Upon arrival at early endosomes, Ser498-phosphorylated 

BACE1 is redirected to the TGN by aid of GGA1 and the retromer complex, enabling recycling to the cell surface. 

GGA proteins also are likely to mediate TGN-to-endosome transport of BACE1. GGA3 directs Lys501-ubiquitinated 

BACE1 to lysosomes for degradation (AP-1: Adaptor protein-1, ARF: ADP-ribosylation factor, BACE1: β-site APP-

cleaving enzyme 1, ER: Endoplasmic reticulum, GGA: Golgi-localized, -ear-containing, ARF-binding, TGN: Trans-

Golgi network) (source: Tan & Evin 2012, republished with permission of John Wiley & Sons, Inc., permission 

conveyed through Copyright Clearance Center, Inc.) 

 

1.4 MORPHOLOGICAL CORRELATES OF APP METABOLISM AND 

ARF6 FUNCTION 

APP and its soluble metabolites are present in the developing brain and reach their 

maximum concentration at embryonic day 12-16 in rat brain, a period crucial for 

neuronal development, including synaptogenesis and neurite branching (Löffler & 

Huber 1992). The soluble ectodomains of APP, sAPP and sAPPβ, exert multiple 

functions in the neurological context. Amongst other things, they enhance axonal 

elongation of cortical neurons by temporarily decreasing cell adhesion 

(Chasseigneaux et al. 2011) and stimulate neural stem cell proliferation in the 

embryonic rat brain (Ohsawa et al. 1999). Thus, as mentioned above, APP and its 

metabolites do not exclusively have deleterious effects. Interestingly, most of 

APP/APLP-1/APLP-2 triple-knockout mice present with severe cortical dysplasia, 

resembling human lissencephaly, and die shortly after birth (Herms et al. 2004). In 

our working group, overexpression of GGA proteins by means of lentiviral 

transduction of primary hippocampal neurons (PHN) at day in vitro 2 (DIV 2) resulted 
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in decreased sAPP levels in the culture medium at DIV 21, determined by Western 

Blotting. Furthermore, a fundamental change in PHN morphology at DIV 7 was 

observed, with the overall neurite length roughly reduced by half and a 

predominance of shorter neurites, which ultimately lead to impaired neurite network 

formation. Finally, dendritic branching was affected, since Sholl analysis revealed a 

decrease in neurite branching points in the case of GGA1/2 overexpression, 

whereas an increase in dendritic arborization was observed in the case of GGA3 

overexpression (Kiechle 2014). 

As a potential contributor to this phenotype, the 20kDa protein ARF6 comes into 

play. The ARF proteins are subfamily members of the small GTPase Ras 

superfamily, and cycle between an active, GTP-bound state (ARF-GTP), and an 

inactive, GDP-bound state (ARF-GDP). This nucleotide cycling is catalyzed by 

guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins 

(GAPs), respectively (Moss & Vaughan 1998). Mammalian ARF proteins are divided 

into three classes: class I (ARF1-3), class II (ARF4 & ARF5) and class III (ARF6). 

Importantly, the first two classes are mainly present in the Golgi, whereas class III 

is preferentially located at the plasma membrane and in a subset of endosomes 

(Myers & Casanova 2008) (Honda et al. 1999). Besides the above-mentioned roles 

of ARF proteins in GGA recruitment to the TGN, clathrin-independent endocytosis 

of BACE1 and pinocytosis of APP, ARF6 exerts multiple functions at the plasma 

membrane, including actin cytoskeleton remodeling and regulation of membrane 

trafficking, events crucial for neurite outgrowth (Donaldson 2003). The property of 

multiple ARF6 effectors to alter the composition of membrane phospholipids is well-

established, with several downstream effects. For instance, ARF6-GTP directly 

activates phosphatidylinositol 4-phosphate 5-kinase α (PI(4)P 5-kinase α), resulting 

in the generation of phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), which itself 

facilitates membrane ruffling, key features of many actively migrating cells. Upon 

cellular stimulation by extracellular growth factor (EGF), ARF6 and PI(4)P 5-kinase 

α colocalize to ruffling membranes. Nevertheless, for the completion of membrane 

ruffle formation, the function of Rac1 (a small GTPase from the Rho GTPase family 

and an ARF6 downstream effector, but also an independent factor for membrane 

ruffling) is essential (Honda et al. 1999). ARF6-GTP also activates Phospholipase 

D (PLD), an enzyme that hydrolyzes phosphatidylcholine to produce phosphatidic 

acid, which enhances PI(4)P 5-Kinase α activity, constituting a positive feedback 
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mechanism (Donaldson 2003). In line with these findings, ARF6 was shown to 

regulate neurite elongation in rat PHN through activation of PI(4)P 5-Kinase α 

(Hernandez-Deviez et al. 2004). Intriguingly, a dominant negative ARF6 mutant 

(ARF6-T27N, blocked in the GDP-bound state) evoked a complex dendritic tree 

phenotype with shortened neurites in rat PHN, and Rac1 co-expression partly 

abrogated this phenotype. Furthermore, ARF6 is detectable in both the embryonic 

and adult hippocampus, indicating a role in the developing and mature brain 

(Hernandez-Deviez et al. 2002). Supporting these data, simultaneous expression of 

the dominant negative ARF6 mutant and Rac1 impaired Rac1-induced 

neuritogenesis in chicken embryonic retinal neurons, with a drastic decline in neurite 

branching and a predominance of shorter or even totally absent neurites. Moreover, 

ARF6 mutants defective in the physiological GDP/GTP nucleotide cycle drastically 

hampered neuritogenesis, whereas the corresponding ARF1 and ARF5 mutants 

evoked weaker effects on neurite extension, indicating that ARF6 plays a 

distinguished role during neuritogenesis (Albertinazzi et al. 2003). Finally, ARF6 

knockdown by in utero electroporation abrogated dendritic outgrowth of 

hippocampal pyramidal neurons in vivo in mouse embryonic hippocampi (Jisoo et 

al. 2020, unpublished data). To sum it up, an inhibition of physiological ARF6 

functions possibly mimics the neuronal phenotype obtained upon GGA 

overexpression. 

 

1.5 THE LENTIVIRAL TRANSDUCTION SYSTEM 

To examine the effects of transgene overexpression on primary hippocampal 

neuron morphology, a reliable method of long-term gene delivery into non-dividing, 

neuronal cells had to be applied. However, post-mitotic cells are particularly 

unsusceptible to the delivery and expression of recombinant genes by means of 

many non-viral methods (e.g., calcium phosphate transfection) (Levin et al. 2016). 

The lentiviral transduction system can circumvent those issues. 

Lentivirus is a genus of the retroviridae family, with members including the primate 

retroviruses human immunodeficiency virus (HIV-1/2) and simian immunodeficiency 

virus (SIV). The term lenti (Latin for slow) accounts for the usually long incubation 

period after infection with lentiviruses. The viral genome consists of two copies of 

positive sense, ssRNA of ≈ 7-13 kb. The main steps of the viral life cycle are infection 

and replication. Infection (insertion of viral nucleic acids into the host cell) depends 
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on the interaction of host cellular surface molecules with viral envelope proteins. In 

wild-type HIV-1, the gp120 envelope glycoprotein confines the HIV-1 target 

spectrum to CD4+ T-helper cells and macrophages. When designing lentiviral 

vehicles, the opportunity to exchange the native viral envelope proteins for 

heterologous envelope proteins (so-called pseudotyping) is used to increase 

envelope stability and broaden or narrow the host cell range, depending on the 

respective target cells (Hu et al. 2016). When a host cell is infected by a lentiviral 

particle, the viral nucleoprotein core enters the cytoplasm and reverse transcriptase, 

a viral enzyme, synthesizes dsDNA using the genomic ssRNA template. 

Importantly, unlike other retroviruses, HIV-1 possesses the ability to incorporate its 

preintegration complex into the host cell nucleus even in non-dividing cells, by 

means of exploiting ATP-dependent transport processes of the host cell (Bukrinsky 

et al. 1992). Upon active transport into the nucleus, the viral genome is covalently 

integrated into the host cell chromatin by catalytic activity of another viral enzyme, 

integrase. Subsequently, virus replication (production of infectious viral particles) is 

driven by the expression of early regulatory genes and late structural genes, which 

are required for viral assembly (Kay et al. 2001). For these reasons, HIV-1-based 

lentiviral transduction systems provide long-term transgene expression in vivo and 

in vitro and allow transduction of both dividing and non-dividing cells (Naldini et al. 

1996). Furthermore, lentiviral particles can carry large, potentially polycistronic gene 

constructs of up to ≈ 10 kb length, surpassing the capacity of most other viral 

vehicles. These properties, along with the fact that modern lentiviral particles 

virtually evoke no host immune response, e.g., compared to adenovirus-based 

particles, have led to a widespread use of lentiviral vehicles in molecular cell biology 

and gene therapy (Matrai et al. 2010). Considering the pathogenic potential of the 

native virus, biosafety of the HIV-1-derived particles is a major concern. The main 

principle to improve biosafety is to only include genes essential for virion packaging 

in the producer cells (while abolishing genes crucial for replication and virulence in 

the target cells) and to distribute them on separate nucleic acids (Trono 2000). The 

most popular approach for production of lentiviral particles is co-transfection of a 

producer cell line with an envelope plasmid, a packaging plasmid and a vector 

plasmid (encoding the genes of interest), resulting in the production of replication-

defective, pseudotyped lentiviral vehicles. For a more detailed description of the 

plasmids used for lentiviral particle production and their function, see chapter 2.1.8. 
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1.6 WORKING HYPOTHESIS AND AIMS OF THIS THESIS 

Preliminary experiments in the von Arnim working group demonstrated that 

overexpression of the cellular sorting proteins GGA1-3 in PHN by means of lentiviral 

transduction significantly changed the neuronal phenotype, with a predominance of 

shorter neurites, and alterations in dendritic arborization (Kiechle 2014, also refer to 

chapter 1.4). These phenotypic changes may be attributable to a decrease in 

sAPPα/β concentrations, but other contributing factors are possible. Intriguingly, 

overexpression of a dominant negative ARF6 mutant in PHN evoked an improper 

dendritic tree formation with a predominance of shorter neurites, mimicking the 

phenotype obtained upon GGA overexpression. As detailed in the introduction, GGA 

proteins and ARF6 are involved in APP metabolism, and GGA1 and GGA3 protein 

levels are decreased in brains of AD patients, emphasizing their potential impact on 

AD pathogenesis. In addition, GGA proteins and ARF proteins directly interact, as 

demonstrated by the well-established recruitment of GGA proteins to the TGN via 

GTP-bound ARF proteins. In the present thesis, a role for ARF6 in mediating the 

phenotypic changes in GGA-overexpressing PHN is hypothesized. For instance, an 

increased ARF6 attachment to the overexpressed GGA proteins possibly leads to 

ARF6 sequestration at the TGN or in endosomes, impairing ARF6 from the exertion 

of its physiological functions at the plasma membrane. 

This thesis pursues several aims: 

a) To clone the required ARF6-pU and GGA-ARF6-pU plasmids and to establish 

lentiviral vehicles delivering the respective transgenes. 

b) To analyze the resulting phenotypic outcome in PHN by means of microscopic 

examination, and to reproduce the morphological phenotype obtained upon GGA 

overexpression. 

c) To examine whether simultaneous overexpression of GGA proteins and ARF6 

rescues this phenotype. 

Ultimately, this thesis intends to contribute to the understanding of the morphological 

changes induced by the overexpression of AD relevant genes in PHN. The 

morphology of a neuron is crucial for its proper functions and the establishment of 

neuronal networks, whereas disruptions of neuronal morphogenesis possibly 

contribute to neurological disorders like AD. 
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2. MATERIALS AND METHODS 

2.1 MATERIALS 

2.1.1 CHEMICALS AND CONSUMABLE MATERIALS 

Table 2: Chemicals and consumable materials used in this thesis and their manufacturers (ECL: Enhanced 

chemiluminescence, HRP: Horseradish peroxidase, LDS: Lithium dodecyl sulfate, SOB/SOC: Super optimal 

broth/with catabolite repression) 

3-(N-morpholino)propane sulfonic acid (MOPS) AppliChem 

4-(2-hydroxyethyl)piperazine-1-ethane sulfonic acid 

(HEPES) 

AppliChem 

4′,6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich 

Agarose Sigma-Aldrich 

Pierce® Bovine Serum Albumin Standard Thermo Fisher 

Ammonium persulfate (APS) Roth 

Ampicillin Invitrogen/AppliChem 

Ampuwa® Fresenius Kabi 

B-27® Supplement Invitrogen 

Bicin AppliChem 

Bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane 

(Bis-Tris) 

Roth 

Calcium chloride (CaCl2) AppliChem 

Desoxycholate Roth 

Glucose Roth 

Dithiothreitol AppliChem 

DNA Gel Loading Dye (6x) Thermo Fisher 

Dulbecco's Modified Eagle Medium (DMEM) Invitrogen 

Dulbecco’s Phosphate Buffered Saline with/without 

Ca2+/Mg2+ (DPBS) 

PAA/Biochrom 

Pierce® ECL Western Blotting Substrate Thermo Fisher 

Ethanol Sigma-Aldrich 

Ethidium bromide Roth 

Fetal calf serum (FCS) PAA 

GlutaMAX® Invitrogen 

Glycerol Roth 
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Hydrochloric acid (HCl) Merck 

Igepal® CA-630 Sigma-Aldrich 

Luminata Forte® Western HRP Substrate Millipore 

Lysogeny broth (LB) medium Roth 

MagicMark® XP Western Protein Standard Invitrogen 

MassRuler® DNA Ladder Mix Thermo Fisher 

Methanol Roth 

Mowiol® 4-88 Merck 

Neurobasal® medium without phenol red Invitrogen 

Novex® Gel Cassettes, mini, 1.0 mm Invitrogen 

NuPage® LDS sample buffer (4x) Invitrogen 

PageRuler® Plus Prestained Protein Ladder Thermo Fisher 

Paraformaldehyde (PFA) Sigma-Aldrich 

Penicillin-Streptomycin Invitrogen 

Poly-L-lysine (PLL) Sigma-Aldrich 

Roti®-Block (10x) Roth 

Roti®-ImmunoBlock (10x) Roth 

Rotiphorese® Gel 30 Roth 

Sodium acetate AppliChem 

Sodium chloride (NaCl) AppliChem 

Sodium dodecyl sulfate (SDS) Roth 

SOB medium (+20 mM Glucose = SOC) Roth 

Sucrose Sigma-Aldrich 

Tetramethylethylenediamine (TEMED) Roth 

Tris(hydroxymethyl)aminomethane (Tris) AppliChem 

Triton® X-100 Sigma-Aldrich 

Trypsin-EDTA PAA Laboratories 

Tween®-20 Sigma-Aldrich 
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2.1.2 BUFFERS 

Table 3: Composition of buffers used in this thesis (Bis-Tris: Bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane, 

(D)PBS: (Dulbecco’s) Phosphate Buffered Saline, EDTA: Ethylenediaminetetraacetic acid, HEPES: 4-(2-

hydroxyethyl)piperazine-1-ethane sulfonic acid, ICC: Immunocytochemistry, MOPS: 3-(N-morpholino)propane 

sulfonic acid, Tris: Tris(hydroxymethyl)aminomethane, WB: Western Blot) 

3.5x Bis-Tris buffer 13.0755 g Bis-Tris (pH 6.5 – 6.8 with HCl), 50 ml ddH2O 

Blocking buffer ICC 1x Roti-ImmunoBlock 

Blocking buffer WB 1x Roti-Block 

Brain extraction buffer 

(BEX) 

25 mM Tris pH 8.0, 20 mM NaCl, 0.6% Desoxycholate,  

0.6% Igepal CA-630 

Fixation buffer ICC 1x DPBS, 4% w/v Paraformaldehyde, 4% w/v Sucrose 

HEPES buffered saline 

(HBS) 

20 mM HEPES, 140 mM NaCl, 5 mM Glucose, 50 mM 

KCl, 140 mM Na2HPO4 x7 H2O pH 7.1 

Permeabilization 

buffer ICC 

1x DPBS, 0.02% v/v Triton X-100 

Running buffer WB 50 mM MOPS, 50 mM Tris, 1 mM EDTA, 0.1% SDS 

TAE buffer 40 mM Tris, 20 mM Acetate, 1 mM EDTA, pH 8,6 

Transfer buffer WB 25 mM Tris, 25 mM Bicin, 10% Methanol 

Washing buffer WB  1x PBS (w/o), 0.1% Tween-20 (=PBST) 

 

2.1.3 PRIMARY ANTIBODIES 

Table 4: Primary antibodies used in this thesis (ARF: ADP-ribosylation factor, GGA: Golgi-localized, -ear-containing, 

ARF-binding, ICC: Immunocytochemistry, mc: Monoclonal, pc: Polyclonal, tRFP: Red fluorescent protein tag, WB: 

Western Blot) 

Antibody (catalog number) Dilution Host Manufacturer Use 

anti-β-actin (AC-15) 1:7500 mouse/mc Sigma-Aldrich WB 

anti-ARF6 (3A-1) 1:100/ 

1:200 

mouse/mc Santa Cruz ICC/ 

WB 

anti-β-III-tubulin (Tuj 1) 1:500 chicken/mc Neuromics ICC 

anti-GGA1 (H-215) 1:300 rabbit/pc Santa Cruz WB 

anti-GGA2 (612612) 1:300 mouse/mc BD Biosciences WB 

anti-GGA3 (612310) 1:500 mouse/mc BD Biosciences WB 

anti-tRFP (R10367) 1:1000 rabbit/pc Invitrogen WB 
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2.1.4 SECONDARY ANTIBODIES 

Table 5: Secondary antibodies used in this thesis (HRP: Horseradish peroxidase, ICC: Immunocytochemistry, IgG 

(H+L): Immunoglobulin G (heavy and light chain), WB: Western Blot) 

Antibody Dilution Manufacturer Use 

Alexa Fluor® 488 goat anti-mouse IgG (H+L) 1:750 Invitrogen ICC 

Alexa Fluor® 647 goat anti-chicken IgG (H+L) 1:750 Invitrogen ICC 

HRP goat anti-mouse IgG (H+L) 1:10000 Invitrogen WB 

HRP goat anti-rabbit IgG (H+L) 1:10000 Invitrogen WB 

 

2.1.5 RESTRICTION ENDONUCLEASES AND REACTION BUFFERS 

Table 6: Restriction endonucleases and reaction buffers used for restriction digest (source: New England Biolabs) 

Enzyme pairs or single enzymes used for 

restriction digest of plasmids 

Reaction buffers 

NdeI/XhoI CutSmart 

NheI/EcoRI NEBuffer 2.1 

HindIII NEBuffer 2.1 

NheI/AgeI NEBuffer 1.1 

NheI/AfeI CutSmart 

AfeI Cut Smart 

AgeI NEBuffer 1.1 

BamHI NEBuffer 3.1 

 

2.1.6 BACTERIAL STRAIN 

Table 7: Bacterial strain used for plasmid amplification and transformation and its genotype 

Escherichia coli DH5 Chromosomal Genotype: F- end A1 hsd R17 (rk-, mk+) 

sup E44 thi-1 λ- rec A1 gyr A96 rel A1 Δ(arg F- lac ZYA) 

U 169 φ80d lacZΔM15 

 

2.1.7 CELL LINES 

Table 8: Eukaryotic cell lines used in this thesis (HEK: Human embryonic kidney) 

HEK 293 cells DSMZ no.: ACC 305 

Lenti-X® 293T cells Clontech, Cat. no.: 632180 
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2.1.8 PLASMIDS 

HIV-1-based infectious particles were produced by transient co-transfection of Lenti-

X 293T producer cells using a combination of three plasmids (Nasri et al. 2014): 

The envelope plasmid pMD2.G encodes the vesicular stomatitis virus glycoprotein 

G (VSV-G) under control of a stable cytomegalovirus (CMV) promoter to replace the 

native lentiviral env glycoprotein. Particles pseudotyped with VSV-G exhibit a 

broader tissue tropism (including neuronal cells) and allow concentration of viral 

particles by ultracentrifugation due to their increased mechanical resistance (Burns 

et al. 1993). 

 

Figure 7: Scheme of pMD2.G envelope plasmid (CMV: Cytomegalovirus, VSV-G: Vesicular stomatitis virus 

glycoprotein G, Poly-A: Polyadenylation tail. See text for further explanation) 

The packaging plasmid psPAX2 encodes essential structural genes required for 

virion assembly in the producer cells. The group-specific antigen (Gag) gene 

encodes a polyprotein precursor (consisting of viral matrix, capsid and nucleocapsid 

domains and the C-terminal domain p6), which is cleaved by the viral enzyme 

protease during the release of new viral particles (Müller et al. 2014). The viral 

enzymes protease, reverse transcriptase and integrase are encoded by the Pol 

gene, which itself is initially expressed in form of a Gag/Pol precursor protein, and 

cleaved into functional units by protease during virus budding (Wu et al. 1997). Tat 

is a regulatory protein, massively increasing transcription of viral mRNA upon 

binding to an enhancer element present at the 5’-end of nascent mRNA (Brady & 

Kashanchi 2005). Rev, another regulatory protein, initiates posttranscriptional 

nuclear-to-cytoplasmic transport of the Gag and Pol mRNA by means of association 

with a cis-acting element, termed Rev response element (RRE). This step is 

obligatory to enable viral mRNA translation (Pollard & Malim 1998). Expression of 

the packaging plasmid is driven by the potent CAG promoter. 

 
Figure 8: Scheme of psPAX2 packaging plasmid (GAG: Group-specific antigen, POL: DNA polymerase, encoding the 

viral enzymes protease, reverse transcriptase and integrase, RRE: Rev response element, TAT: Trans-activator of 

transcription, REV: Anti-repression trans-activator, Poly-A: Polyadenylation tail. See text for further explanation) 

Importantly, this lentiviral system lacks four out of the nine native HIV-1 genes (Nef, 

Vif, Vpr and Vpu, which encode virulence factors), increasing biosafety while not 

significantly decreasing transduction efficiencies (Kim et al. 1998). 
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pUltraHot is a potentially polycistronic transfer vector, used to introduce a red 

fluorescent reporter protein (mCherry) and up to two transgenes of interest into 

target cells. In contrast to the pMD2.G and psPAX2 plasmids, which are used to 

insert the genes required for virus assembly into the cytoplasm of the producer cell, 

the transfer vector contains the genes which are finally integrated into the chromatin 

of the target cell. In the pUltraHot vector, small peptide chains, the so-called 2A 

peptides, are cloned directly downstream of the mCherry gene (P2A, 22 aa, derived 

from porcine teschovirus-1) and in between the transgene loci (T2A, 21 aa, derived 

from thosea asigna virus). These 2A peptides comprise a common, C-terminal 

prolyl-glycyl-prolyl sequence, which induces ribosome skipping at the glycyl-prolyl 

interface due to inhibition of the peptidyl transferase and restart of translation at the 

C-terminal prolyl-residue. After ribosome skipping, the major part of the 2A peptide 

remains attached to the upstream (N-terminal) protein, whereas only the C-terminal 

prolyl-residue is linked to the downstream (C-terminal) protein. Importantly, the 

fluorescent properties of mCherry persist nevertheless, as demonstrated later. The 

pUltraHot transfer vector allows co-expression of mCherry and up to two transgenes 

in similar amounts from one open reading frame (ORF), resulting in a potentially 

tricistronic construct (Kim et al. 2011) (Liu et al. 2017). To enhance transgene 

expression, a posttranscriptional regulatory element derived from the woodchuck 

hepatitis virus (WPRE) is cloned in the 3’-untranslated region of the second 

transgene. After transcription, this element forms tertiary structures which 

significantly increase stability and expression of viral mRNA (Zufferey et al. 1999). 

In analogy to the packaging plasmid, the RRE element serves as recognition site 

for the psPAX2-encoded Rev protein, which initiates nuclear export of the transfer 

vector mRNA and thus enables translation (Pollard & Malim 1998). The entire 

construct is under transcriptional control of the human ubiquitin C (hUBC) promoter, 

allowing transgene expression in a broad range of mammalian cells (Schorpp et al. 

1996). Upon release into the target cell cytoplasm, the genomic transfer vector 

ssRNA serves as template for reverse transcriptase to produce cDNA. The 3’ and 

5’-long-terminal-repeats (LTR) include recognition sites for integrase, which induces 

formation of the preintegration complex and covalent integration of the transfer 

vector into the target cell genome (Esposito & Craigie 1998). 
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Figure 9: Scheme of pUltraHot transfer vector. The sequence in between the LTR segments is integrated into the 

host cell genome (LTR: Long terminal repeat, RRE: Rev response element, hUBC: Human ubiquitin C, mCherry: Red 

fluorescent reporter protein, P2A/T2A: 2A peptides, derived from porcine teschovirus-1 and thosea asigna virus, 

inducing ribosome skipping, WPRE: Woodchuck hepatitis virus regulatory element. See text for further explanation) 

To generate transfer vectors for simultaneous mCherry and GGA overexpression 

(GGA1/2/3-pU), the designated cloning site downstream of P2A was used. 

Members of the von Arnim working group performed a double digest of the pUltraHot 

vector and murine GGA1/2/3 plasmids using the endonucleases BamHI and XbaI, 

followed by ligation of the corresponding fragments. For a detailed description 

concerning the cloning procedure of the other transfer vectors used in this thesis, 

refer to chapter 3.1. Figure 10 and Table 9 display the plasmids used in this thesis. 

 

 

Figure 10: Maps of the plasmids used for cloning, transient test transfection and production of lentiviral particles 

(Ampicillin: Ampicillin resistance gene, ARF: ADP-ribosylation factor, bp: Base pairs, GGA: Golgi-localized, -ear-

containing, ARF-binding, HA: Hemagglutinin tag, hUBC: Human ubiquitin C, P2A/T2A: 2A peptides, pUltraHot: 

Transfer vector including mCherry protein, WPRE: Woodchuck hepatitis virus regulatory element)  
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Table 9: Plasmids used for cloning and lentivirus production. *Human ARF6 amino acid sequence is 100% 

homologous to murine ARF6 (ARF: ADP-ribosylation factor, GGA: Golgi-localized, -ear-containing, ARF-binding, 

pMD2.G: Envelope plasmid, psPAX2: Packaging plasmid, VSV-G: Vesicular stomatitis virus glycoprotein G)  

Plasmid 

name 

Encoded 

proteins/genes 

Antibiotic 

resistance 

Manufacturer/source 

(catalog number) 

pMD2.G VSV-G Ampicillin Addgene (12259)  

psPAX2 Gag, Pol, Tat, Rev Ampicillin Addgene (12260) 

pUltraHot mCherry Ampicillin Addgene (24130) 

GGA1-

pUltraHot 

GGA1 (murine), mCherry Ampicillin von Arnim laboratory  

GGA2-

pUltraHot 

GGA2 (murine), mCherry Ampicillin von Arnim laboratory 

GGA3-

pUltraHot 

GGA3 (murine), mCherry Ampicillin von Arnim laboratory 

pcDNA3.1 HA 

ARF6 

ARF6 (human)* Ampicillin Addgene (10834) 

ARF6-

pUltraHot 

ARF6, mCherry Ampicillin Timo Fischer 

GGA1-ARF6-

pUltraHot 

GGA1, ARF6, mCherry Ampicillin Timo Fischer 

GGA2-ARF6-

pUltraHot 

GGA2, ARF6, mCherry Ampicillin Timo Fischer 

GGA3-ARF6-

pUltraHot 

GGA3, ARF6, mCherry Ampicillin Timo Fischer 

 

2.1.9 PRIMERS  

Table 10: 5’3’ sequence of the primers used for (mutagenesis) polymerase chain reaction (PCR) (ARF: ADP-

ribosylation factor, FP: Forward primer, GGA: Golgi-localized, -ear-containing, ARF-binding, RP: Reverse primer. 

Red letters indicate inserted NheI/EcoRI recognition sites into the pcDNA3.1 HA ARF6 plasmid or deleted stop 

codons downstream of GGA genes in the original GGA1/2/3-ARF6-pUltraHot plasmids (also see Figures 13 and 16)) 

ARF6_NheI_FP1 (NheI) TAG^CTAGCATGCGGATCCTC 

ARF6_EcoRI_RP1 (EcoRI) TCG^AATTCTCAAGATTTGTAGTTAGAGG 

GGA1-ARF6-pU_Mut_FP1 

(original sequence) 

CTGGGGTAGCCTCGCTCGAGGATCCG 

(CTGGGGTAGCCTCTAGCTCGAGGATCCG) 
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GGA1-ARF6-pU_Mut_RP1 CGGATCCTCGAGCGAGGCTACCCCAG 

GGA2-ARF6-pU_Mut_FP1 

(original sequence) 

TTGGGCGCAGCCGGATCCGGCTCC 

(TTGGGCGCAGCCTAAGGATCCGGCTCC) 

GGA2-ARF6-pU_Mut_RP1 GGAGCCGGATCCGGCTGCGCCCAA 

GGA3-ARF6-pU_Mut_FP1 

(original sequence) 

CAGTGGGGGAACCTAAGATCCGGCTCC 

(CAGTGGGGGAACCTATGAAGATCCGGCTCC) 

GGA3-ARF6-pU_Mut_RP1 GGAGCCGGATCTTAGGTTCCCCCACTG 

 

2.1.10 KITS 

Table 11: Commercially available kits used in this thesis and their manufacturer (BCA: Bicinchoninic acid) 

Pierce® BCA Protein Assay Kit Thermo Fisher 

my-Budget Double Pure Kit Bio-Budget 

Technologies 

PureLink® HiPure Plasmid Maxiprep Kit  Thermo Fisher 

PureLink® PCR Purification Kit Thermo Fisher 

PureLink® Quick Plasmid Miniprep Kit Thermo Fisher 

Quick Ligation® Kit New England Biolabs 

QuikChange® Lightning Site-Directed Mutagenesis Kit Agilent Technologies 

 

2.1.11 HARDWARE 

Table 12: Hardware used in this thesis and its manufacturer (CY: Cyanines, DAPI: 4′,6-diamidino-2-phenylindole, 

EGFP: constitutively active green fluorescent protein) 

Axiovert 200 Fluorescence Microscope 

(objectives:10x,20x,40x,63x,100x) 

Filter sets: DAPI ET, EGFP HC, CY3 ET, CY5 HC  

Carl Zeiss 

 

AHF 

MiniSpin® plus Centrifuge Eppendorf 

ELx800® 96-well Microplate Reader BioTek 

ImageQuant® LAS 4000 GE Healthcare 

NanoDrop® 1000 Thermo Fisher 

SW 32 Ti Swinging-Bucket Rotor  Beckman-Coulter 

ThermoMixer® comfort  Eppendorf 

Biotron Trio Thermoblock Heat Cycler Biometra 
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2.1.12 SOFTWARE 

Table 13: Software used in this thesis and its source 

Adobe Illustrator® CS V.5.1 Adobe  

AxioVision® 40 V.4.8 Carl Zeiss 

Concentric circles plugin for ImageJ Wayne Rasband 

GraphPad Prism® V.7.04 GraphPad Software 

ImageJ V.1.4.3.67 Wayne Rasband 

KCjunior® V.1.41.6 BioTek 

NeuronJ V.1.4.3 Erik Meijering 

pDRAW32 V.1.1.142 Kjeld Olesen, AcaClone Software 

Tm Calculator V.1.9.13  New England Biolabs 

 

2.2 METHODS 

2.2.1 CELL CULTURE  

Both HEK 293 cells and Lenti-X 293T cells were continuously kept in culture in 75 

cm² flasks with 10 ml DMEM, 10% FCS and 1% Pen/Strep to a maximum of 30 

passages. At 90-100% confluency, the cells were split by trypsinization. After 

removal of the culture medium, the cells were washed with 10 ml DPBS. The cells 

then were dissociated in 3 ml trypsin for roughly 5 min, dissolved in 10 ml DMEM to 

stop enzymatic digestion and centrifuged for 5 min at 300 rcf. The supernatant was 

discarded and the pellet was resuspended in 10 ml DMEM. Cells were counted with 

an improved Neubauer counting chamber and seeded in the desired density. 

Incubation occurred at 37°C in a 5% CO2 atmosphere.  

 

2.2.2 PLASMID DNA EASYPREPARATION 

E. coli DH5α strains containing the plasmids of interest were cultured overnight at 

37°C on LB agar plates containing 100 µg/ml ampicillin. Each plasmid comprised 

an intrinsic ampicillin resistance gene, allowing suppression of contaminating 

bacteria. The following day, a newly grown, single colony was picked from the agar 

plate with a toothpick, and plated out on another agar plate for further use, provided 

that the following easypreparation was successful. After the plating, the toothpick 

was transferred into a 1.5 ml-tube containing 1 ml LB medium with 100 µg/ml 

ampicillin and cultured overnight at 37°C and 1100 rpm in the ThermoMixer. The 
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next day, the 1.5 ml-tube was centrifuged for 30 s at maximum speed and the 

supernatant along with the toothpick was discarded. The pellet was resuspended in 

50 µl resuspension buffer containing 0.2 mg/ml RNAse A (From the PureLink Quick 

Plasmid Miniprep Kit) and incubated for 10 min at 37°C and maximum speed in the 

ThermoMixer. Subsequently, the tubes were heated for 30 s at 99°C and 

immediately shocked on ice for 2 min, followed by another centrifugation step for 20 

min at maximum speed. The supernatant containing the purified plasmid DNA was 

further used as a template for restriction endonuclease digest. 

 

2.2.3 PLASMID DNA MINIPREPARATION 

If the restriction digest yielded positive results, a plasmid minipreparation was 

performed to produce larger amounts of the plasmids. The beforehand picked and 

plated, restriction digest-positive E. coli strains were transferred into an Erlenmeyer 

flask containing 25 ml LB medium with 100 µg/ml ampicillin and incubated overnight 

at 37°C and 180 rpm. The next day, a plasmid minipreparation was performed using 

the PureLink Quick Plasmid Miniprep Kit according to the instruction manual. Before 

each minipreparation, 600 µl of the overnight culture were mixed with 400 µl 50% 

(v/v) glycerol in a 2 ml-tube and stored at -80°C for long-term plasmid storage. 

 

2.2.4 PLASMID DNA MAXIPREPARATION 

For plasmid maxipreparation (yielding the highest DNA amount), 200 ml LB medium 

containing 100 µg/ml ampicillin were incubated with the respective E. coli clone and 

cultured overnight at 37°C and 180 rpm in Erlenmeyer flasks. The next day, a 

maxipreparation was performed using the PureLink HiPure Plasmid Maxiprep Kit and 

the supplied instruction manual. Again, a bacterial glycerol stock was established. 

 

2.2.5 RESTRICTION ENDONUCLEASE DIGEST AND AGAROSE GEL 

ELECTROPHORESIS 

After plasmid preparations or PCRs, the purified DNA (after easypreparations, 5 µl 

of the preparation product were used, after other purification procedures, 0.5-5 µg 

of DNA were used) was mixed with 0.1-0.5 µl of one or two restriction 

endonucleases (volumes were adjusted to the amount of DNA substrate and the 

respective enzyme’s catalytic activity, with 1 unit digesting approximately 1 µg of 

DNA in 1 h at 37°C). Then, 2 µl of recommended (10x) reaction buffers and distilled 
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water were added, making up a total reaction volume of 20 µl. For endonuclease 

selection, plasmid maps created with pDRAW32 software were used. Table 6 lists 

the restriction endonucleases and corresponding reaction buffers used in this thesis. 

After mixing, PCR tubes were incubated for 1 h at 37°C in the thermocycler. For 

visualization during electrophoresis, 5 µl of 1x DNA Gel Loading Dye per tube were 

added, the tubes were mixed and the content was transferred into agarose gel lanes 

(a gel consisted of 1-2.5% (w/v) agarose in TAE buffer with 2 drops of 1% (w/v) 

ethidium bromide (an intercalator used to visualize DNA under UV light) per gel). As 

a marker of DNA fragment length, 5 µl of MassRuler DNA Ladder Mix were used. 

DNA fragments were separated according to their length for 40 min using a voltage 

of 80 V and a current of 2 A. Afterwards, the migrated DNA bands were visualized 

in a UV transilluminator. Gels were discarded in the case of simple control digests. 

Otherwise, if a ligation step of two DNA fragments ensued, the bands of interest 

containing the corresponding DNA fragments were cut out with a scalpel for DNA 

gel extraction. 

 

2.2.6 DNA GEL EXTRACTION, LIGATION AND TRANSFORMATION 

The DNA included in the cut-out agarose gel bands was extracted using the my-

Budget Double Pure Kit according to the instruction manual. The DNA concentration 

in the eluate was measured with the NanoDrop1000 spectrophotometer. For the 

desired DNA fragment ligation, a molar ratio of the longer DNA fragment to the 

shorter DNA fragment of 1:3 with a given mass of the longer fragment of 50 ng was 

used. Hence, the required mass of the shorter fragment was calculated as follows: 

𝑚(𝑠ℎ𝑜𝑟𝑡𝑒𝑟 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡) =
50 𝑛𝑔 × 3 × 𝑏𝑝 𝑠ℎ𝑜𝑟𝑡𝑒𝑟 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 

𝑏𝑝 𝑙𝑜𝑛𝑔𝑒𝑟 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡
. The ligation was performed 

using the Quick Ligation Kit and its instruction manual. For the following 

transformation step, 1.5 ml-tubes containing Z-competent E. coli (designed 

specifically for efficient transformation) were gently thawed on ice, and 5 µl of the 

ligation product were added. The tube was kept on ice for additional 10 min, before 

the content was resuspended with 200 µl of prewarmed (37°C) SOC medium. The 

tube was incubated for 1 h at 37°C and 650 rpm in the ThermoMixer. Afterwards, 

the tube was centrifuged for 45 s at maximum speed and the open tube was inverted 

twice to discard most of the supernatant. The pellet was resuspended in the 

remaining supernatant and the solution was plated out on a prewarmed LB agar 
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plate containing 100 µg/ml ampicillin and cultured overnight at 37°C. The next day, 

single colonies on the agar plate were picked and prepared for an easypreparation.  

 

2.2.7 (MUTAGENESIS) PCR 

As a primary step in the cloning procedure, specific endonuclease cleavage sites 

had to be created directly upstream and downstream of the ARF6 gene in pcDNA3.1 

HA ARF6. Thus, a forward primer containing the specific 5’3’ NheI cleaving site 

(G^CTAGC) and a reverse primer containing the 5’3’ EcoRI cleaving site 

(G^AATTC) were designed (for primer sequences, see Table 10). In a total reaction 

volume of 50 µl, 36.5 µl dd H2O, 1 µl (10 µM) forward primer, 1 µl (10 µM) reverse 

primer, 1.4 ng template DNA, 1 µl (10 mM) dNTPs, 10 µl (5x) Phusion® high fidelity 

buffer and 0.5 µl Phusion® DNA Polymerase (New England Biolabs) were 

assembled in a PCR tube on ice, gently mixed and centrifuged before use. PCR 

tubes were transferred from ice into a preheated thermocycler (98°C) with the 

following PCR settings: 

 

Table 14: Thermocycler settings for ARF6_NheI_EcoRI PCR product. *Annealing temperatures were calculated 

using the Tm Calculator, https://tmcalculator.neb.com/#!/main (ARF: ADP-ribosylation factor) 

Step Temperature  Time 

Initial denaturation 98°C 2 min 

35 cycles 98°C (denaturation) 

61°C (annealing)* 

72°C (elongation) 

30 s 

30 s 

15 s 

Final extension 72°C  10 min 

 

Serving as a primary quality check, an agarose gel electrophoresis with the 

ARF6_NheI_EcoRI PCR product was performed, followed by a purification step with 

the purpose of removing primers, dNTPs, enzymes and salts (carried out with the 

PureLink PCR Purification Kit). For cloning of the ARF6-pU construct, a restriction 

digest (using NheI and EcoRI) of both the PCR product and pUltraHot, followed by 

another agarose gel electrophoresis, DNA gel extraction, ligation and transformation 

of the newly cloned ARF6-pU plasmid in Z-competent E. coli were performed. After 

cloning of the GGA1/2/3-ARF6-pU constructs, a new problem had to be solved, 

because the pre-existing stop codons downstream of the GGA genes and upstream 
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of the T2A peptide and ARF6 gene would prevent ARF6 expression in the 

GGA1/2/3-ARF6-pU transfer vectors. Hence, these stop codons had to be deleted 

to allow simultaneous overexpression of all three transgenes in equal amounts from 

one single ORF. For that purpose, a mutagenesis PCR was performed, using the 

QuikChange Lightning Site-Directed Mutagenesis Kit. Mutagenic oligonucleotide 

primers containing the original sequence except for the nucleotides of the stop 

codons were designed, leading to skipping of the stop codons in the newly-

synthesized DNA strands (for primer sequences, see Table 10). The mutagenesis 

PCR was performed with the following settings: 

 

Table 15: Thermocycler settings for GGA1/2/3-ARF6-pUltraHot mutagenesis PCR. *Annealing temperatures were 

calculated using the Tm Calculator, https://tmcalculator.neb.com/#!/main (ARF: ADP-ribosylation factor, GGA: 

Golgi-localized, -ear-containing, ARF-binding, kb: Kilobase) 

Step Temperature  Time 

Initial denaturation 95°C 2 min 

30 cycles 95°C (denaturation) 

55°C (annealing)* 

65°C (elongation) 

20 s 

30 s 

30 s/kb 

Final extension 72°C  10 min 

 

Extension of the primers by a high fidelity Pfu-based DNA-Polymerase created 

plasmids carrying the desired mutations. Afterwards, the mutagenesis PCR 

products were mixed with 1 µl DpnI (an endonuclease specific for methylated and 

hemimethylated DNA included in DNA derived from E. coli due to the bacterial Dam 

methylase), which is used to digest parental (i.e., the non-amplified) template DNA. 

Tubes were incubated with DpnI for 5 min at 37°C. Afterwards, the mutagenesis 

PCR product was transformed into supplied XL10-Gold E. coli according to the 

instruction manual. The transformed E. coli were plated out on agar plates 

containing 100 µg/ml ampicillin and cultured overnight at 37°C. 

 

2.2.8 TRANSIENT TEST TRANSFECTION AND PROTEIN ISOLATION 

The day before transfection, 1x106 HEK 293 cells were seeded in a 35-mm dish with 

2 ml DMEM (+10% FCS and 1% Pen/Strep) and incubated overnight at 37°C in a 

5% CO2 atmosphere. The next day, 71 µl HBS were gently mixed with 4.3 µg of the 
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respective plasmid DNA and 4.3 µl (2.5 M) CaCl2 in a sterile 1.5 ml-tube. The tube 

was incubated at RT for 20 min, allowing the formation of tricalcium-phosphate-

DNA-complexes. Then, the transfection mix was pipetted onto the HEK cells in a 

dropwise manner and the dish was gently rocked, allowing the cells to incorporate 

the insoluble precipitates. After transfection, the cells were incubated for 24 h before 

mCherry fluorescence was checked with the fluorescence microscope (Axiovert 

200). This step served as a primary estimation of transfection efficiency. Thereafter, 

the culture medium was aspirated and the cells were briefly washed thrice with 

DPBS. Cells then were lysed in 100 µl ice-cold BEX buffer and incubated for 10 min 

on ice, before being scraped off, transferred into 1.5 ml-tubes, respectively, and 

incubated for another 10 min on ice. Subsequently, the 1.5-ml tubes were 

centrifuged for 20 min at maximum speed and 4°C. The supernatant containing the 

proteome was transferred into new tubes and the protein concentration was 

colorimetric measured using the Pierce BCA Protein Assay Kit. 

 

2.2.9 WESTERN BLOT AND WESTERN BLOT DENSITOMETRY 

In a typical sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

experiment, a total DNA amount of 25 µg was mixed with 1x DTT and 1x LDS, and 

heated up for 10 min at 70°C. As colored molecular mass indicator on the gel, 

PageRuler Plus Prestained Protein Ladder was applied. As a marker of molecular 

mass on the membranes, MagicMark XP Western Protein Standard was used. The 

samples were transferred into the lanes of a self-made SDS-PAGE gel (for 

composition, see Table 16) and separated according to their electrophoretic mobility 

for 30 min at 25 V (stacking gel) and for 1 h 30 min at 120 V (resolving gel). 

 

Table 16: Composition of self-made SDS-PAGE gels (APS: Ammonium persulfate, Bis-Tris: Bis(2-

hydroxyethyl)amino-tris(hydroxymethyl)methane, TEMED: Tetramethylethylenediamine) 

Stacking gel (6%) 0.5 ml 3.5 x Bis-Tris buffer, 349.5 μl Rotiphorese Gel 30,      

12.5 μl APS 10%, 4.5 μl TEMED, 883.5 μl ddH2O 

Resolving gel (9%) 2 ml 3.5 x Bis-Tris buffer, 2.1 ml Rotiphorese Gel 30,                  

50 μl APS 10%, 14 μl TEMED, 2.836 ml ddH2O  

 

The separated proteins were blotted from the gel onto a PVDF membrane (after 

activation of the membrane with methanol and rinsing of the membrane with transfer 
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buffer) by means of semi-dry electrophoretic transfer for 25 min at 25 V. Afterwards, 

the membrane was blocked with 1x Roti-Block for 1 h at RT. After blocking, the 

membrane was incubated with the primary antibody (diluted in 1x Roti-Block, listed 

in Table 4) for 2 h at RT or overnight at 4°C. The primary antibody was collected 

and the membrane was washed thrice with PBST for 10 min while gently shaking. 

Then, the membrane was incubated with the respective HRP-linked secondary 

antibody (diluted in 1x Roti-Block, listed in Table 5) for 1 h at RT. Another sequence 

of three washing steps with PBST was performed. Finally, the membrane was 

incubated with ECL (enhanced chemiluminescence) substrate for detection of HRP 

activity. Images were acquired using the ImageQuant LAS 4000 camera system. 

After image acquisition, the membrane was washed thrice in PBST for 10 min, 

respectively, before incubation with the next primary antibody was performed. For 

Western Blot densitometry, the 8 bit TIF images acquired with the ImageQuant LAS 

4000 were visualized and analyzed using ImageJ software. After subtraction of the 

image background (using the so-called rolling ball method), each Western Blot band 

was marked with the rectangular selection tool and the area under the peak was 

manually determined. Each peak was embraced at comparable distances from its 

baseline to ensure equal background reduction. The obtained, dimensionless data 

were transferred into an external Excel sheet. Initially, to balance the differences in 

transduction efficiencies between the constructs, the densities of the ARF6 and 

GGA bands were normalized for the densities of the tRFP bands in the respective 

Western Blot lane (e.g., 
ARF6 band density in ARF6−pU transduced cells

tRFP band density in ARF6−pU transduced cells
). 

The obtained, normalized ratios were used for comparisons between the constructs. 

(e.g., 
 [normalized]ARF6 band density in ARF6−pU transduced cells

[normalized]ARF6 band density in GGA1−ARF6−pU transduced cells
). 

 

2.2.10 PRODUCTION AND PURIFICATION OF LENTIVIRAL PARTICLES 

To produce lentiviral particles, 2.5x106 Lenti-X 293T cells were seeded in 10 cm 

dishes with 10 ml DMEM (+10% FCS/1% Pen/Strep) and cultured overnight at 37°C 

in a 5% CO2 atmosphere the day prior to transfection. The next day, a calcium-

phosphate transfection was prepared using following reagents per dish: In a 1.5-ml 

tube, 500 µl HBS were mixed with 5 µg envelope plasmid (pMD2.G), 12.5 µg 

packaging plasmid (psPAX2) and 16.5 µg transfer vector (encoding the transgenes 

of interest). Finally, 30 µl (2.5 M) CaCl2  were added, and the tube was gently mixed 
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and incubated for 20 min at RT. Lenti-X 293T cells were transfected by gently 

dispersing the precipitate onto the dish in a dropwise manner and gently rocking the 

dish (biosafety level 2 from now on). To remove remaining calcium phosphate 

precipitates and to condition produced lentiviral particles for infection of their 

neuronal target cells, the medium was aspirated, cells were briefly washed with 10 

ml DPBS and supplied with 10 ml prewarmed Neurobasal medium 6 h after 

transfection. 48 h after transfection, the medium containing the lentiviral particles 

was transferred into 15 ml-tubes and centrifuged for 5 min at 1000 g and 4°C. The 

pellet, containing cellular debris, was discarded. The supernatant was filtered 

through 0.45 µm-filters to remove remaining cellular debris and other contaminants. 

Virus purification was performed using the sucrose cushion technique. A 38.5 ml-

ultra-clear® tube (Beckman-Coulter) was filled with 3 ml of 20% (w/v) sterile-filtered 

sucrose in DPBS. Afterwards, the filtered supernatant containing the viral particles 

was slowly pipetted on top of the 20% sucrose from the edge of the tube to avoid 

agitation of the sucrose cushion. Then the tube was carefully filled to the rim with 

DPBS. Ultracentrifugation was performed for 2.5 h at 24000 rpm and 4°C, using the 

SW 32 Ti Swinging-Bucket rotor. The supernatant was carefully aspirated, and the 

tube was inverted and air-dried for 20 min to remove any residual supernatant, 

before the viral pellet at the bottom of the tube was thoroughly resuspended multiple 

times in 250 µl ice-cold DPBS, aliquoted in PCR tubes and stored at -20°C for further 

usage. 

 

Table 17: Lentiviral particles produced in this thesis and their encoded transgenes (ARF: ADP-ribosylation factor, 

GGA: Golgi-localized, -ear-containing, ARF-binding) 

pUltraHot for mCherry overexpression 

GGA1-pUltraHot for mCherry and GGA1 overexpression 

GGA2-pUltraHot for mCherry and GGA2 overexpression 

GGA3-pUltraHot for mCherry and GGA3 overexpression 

ARF6-pUltraHot for mCherry and ARF6 overexpression 

GGA1-ARF6-pUltraHot for mCherry, GGA1 and ARF6 overexpression 

GGA2-ARF6-pUltraHot for mCherry, GGA2 and ARF6 overexpression 

GGA3-ARF6-pUltraHot for mCherry, GGA3 and ARF6 overexpression 
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2.2.11 DETERMINATION OF TRANSDUCTION VOLUMES VIA FLOW CYTOMETRY 

Prior to the morphological analysis of PHN, titers and transduction volumes of the 

lentiviral constructs were determined via flow cytometry. In a 24-well plate, 5x104 

HEK 293 cells were seeded per well and incubated overnight at 37°C in a 5% CO2 

atmosphere. The next day, HEK cells were transduced with volumes of 0.25 µl, 0.5 

µl, 2 x 1 µl, 1.5 µl, 2 µl and 4 µl purified viral particles per well and incubated for 

another 2 days. To serve as a negative control, one well remained untransduced in 

each experiment. 72 h after seeding, the culture medium containing lentiviral 

particles was replaced with 0.5 ml fresh DMEM. 96 h after seeding, cells were 

checked for red fluorescence with the fluorescence microscope. If red fluorescence 

was detected, the medium was removed, cells were briefly washed with 1 ml DPBS 

and detached by adding 0.5 ml trypsin per well for roughly 5 min at 37°C. 

Trypsinization was terminated with 1 ml DMEM per well and cells of each well were 

transferred into separate 1.5 ml-tubes and centrifuged for 3 min at 1000 g. The 

supernatant was discarded and the cells were resuspended in DPBS. Afterwards, 

the cells were transferred into FACS tubes and the ratio of red fluorescent cells 

(indicating mCherry expression and thus successful transduction) to total number of 

cells was estimated by means of flow cytometry. For functional titer estimation, only 

populations with 10-20% red fluorescent cells were considered, because the 

likelihood of an individual fluorescence-positive cell to having been transduced 

multiple times increases substantially in populations with > 20% fluorescent cells. 

Taking these cells into account would result in an underestimation of the number of 

infectious particles. On the other hand, in populations with <1% fluorescence-

positive cells, flow cytometry may not reliably determine the percentage of 

transduced cells. Titers (in transducing units per µl) were estimated using the 

following equation:  
 𝑇𝑈

µl
=  

(𝑠𝑒𝑒𝑑𝑒𝑑 𝐻𝐸𝐾 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑤𝑒𝑙𝑙∗% 𝑜𝑓 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠) 

𝑣𝑖𝑟𝑢𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 (µ𝑙) 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑡𝑟𝑎𝑛𝑠𝑑𝑐𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑤𝑒𝑙𝑙
. 

To raise the likelihood of similar transduction efficiencies between the lentiviral 

vehicles, the functional titer of pUltraHot (which stably generated high titers) was set 

as standard and the transduction volume of pUltraHot was defined as 1 µl. Based 

on experience, this volume yielded high transduction efficiencies in both PHN and 

HEK 293 cells in different applications (WB/ICC) with varying numbers of target 

cells. The estimated titers of the remaining constructs were compared to the 

pUltraHot titer and the transduction volumes for each construct were adjusted in 

proportion to the titers (e.g., a 4x lower titer of GGA3-pU compared to pUltraHot 
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resulted in a transduction volume of 4 µl for GGA3-pU). Ultimately, the aim was to 

provide as similar multiplicities of infection (i.e., the ratio of infectious lentiviral 

particles to target cells) as possible between all constructs. Both the functional titer 

estimation and the determination of transduction volumes were repeated for every 

new batch of lentiviral particle production (Barde et al. 2010) (Hu et al. 2016). 

 

2.2.12 PREPARATION OF PRIMARY HIPPOCAMPAL NEURONS 

Preparation of PHN was performed by trained laboratory staff members of the von 

Arnim working group. Pregnant wild-type C57BL/6J mice were sacrificed by cervical 

dislocation in accordance with the general guidelines for animal experimentation. 

The embryos at embryonic day 18 were narcotized in ice-cold HBS and decapitated. 

In accordance with the German Animal Welfare Act (Tierschutzgesetz, §§ 4 and 7a), 

the killing of animals for post-mortem organ extraction was reported to the 

responsible administrative authority. Preparation of the embryonic hippocampi was 

performed due to the method of Dr. Franck Rigato (Rigato 2005). PHN were seeded 

in 24-well plates containing Poly-L-lysine-coated glass coverslips at a density of 

5x104 PHN per well and cultured in Neurobasal medium (without phenol red, but 

supplemented with B-27 and 0.5 mM GlutaMAX to limit growth of glial cells). 

Incubation occurred in a 10% O2 and 5% CO2 atmosphere at 37°C. 

 

2.2.13 IMMUNOCYTOCHEMISTRY 

Cultured PHN (DIV 2) were transduced with the lentiviral particles to induce 

overexpression of the genes of interest (refer to Table 17). In each independent 

experiment, three wells of a 24-well plate were transduced with one type of lentiviral 

particle, respectively, and treated equally apart from that. The transduced PHN (DIV 

7) were prepared for the microscopic analysis using ICC techniques. The following 

steps were performed while gently shaking the plate. The culture medium was 

discarded and the cells were washed thrice with 200 µl DPBS for 10 min, 

respectively. Afterwards, the cells were fixed on the above-mentioned glass 

coverslips, using 200 µl of 4% (w/v) paraformaldehyde and 4% (w/v) sucrose in 

DPBS per well for 10 min at RT. Three washing steps with DPBS followed. To 

enable antibodies to pass the plasma membrane, a permeabilization step was 

performed, using 200 µl of 0.02% (v/v) Triton X-100 in DPBS per well for 30 min at 

RT. After another sequence of three washing steps, the cells were blocked with 200 
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µl 1x Roti-ImmunoBlock to avoid non-specific antibody binding. Neurons then were 

incubated with the primary antibodies directed against ARF6 and β-III-tubulin 

(diluted in 1x Roti-ImmunoBlock, listed in Table 4) overnight at 4°C. The next day, 

another sequence of three washing steps ensued before the neurons were covered 

with Alexa Fluor secondary antibodies (listed in Table 5) and incubated for 1 h at 

RT in the absence of light. After a final sequence of three washing steps, the 

coverslips were mounted on microscope slides in a mixture of DAPI (for nuclear 

staining) and Mowiol 4-88. Slides were stored in the absence of light. 

 

2.2.14 NEURITE LENGTH MEASUREMENTS 

For the morphological analysis of transduced PHN (DIV 7), microscopic images 

were acquired with the Axiovert 200 fluorescence microscope and visualized using 

the corresponding AxioVision 40 imaging software. In each sample, the cell nuclei 

displayed blue fluorescence due to incubation with DAPI. For neurite visualization, 

each sample was incubated with anti-β-III-tubulin primary antibody (β-III-tubulin is a 

microtubule element expressed exclusively in neurons) and marked with Alexa Fluor 

647 secondary antibody (far-red). For visualization of ARF6, each sample was 

incubated with anti-ARF6 primary antibody and marked with Alexa Fluor 488 

secondary antibody (green). Furthermore, each successfully transduced cell 

displayed red fluorescence due to mCherry expression (only those PHN were further 

evaluated). For neurite length measurements and Sholl analysis, images were 

acquired in the DAPI, β-III-tubulin, ARF6 and mCherry channel using the suitable 

filter set and the 20x objective, respectively. Only those images reserved for the 

evaluation of subcellular ARF6 distribution were acquired using the 100x objective 

(see chapter 3.6). Neurite length measurements were performed manually and by 

use of the ImageJ plugin NeuronJ. For that purpose, the original ZVI files were 

converted into 8 bit TIF files and the neurites were traced using the β-III-tubulin 

images as template. To facilitate the decision which neurite belongs to which soma, 

brightness and contrast of the images were adjusted. The tracing tool was calibrated 

to the 20x objective and the known image matrix. No distinction was made between 

primary, secondary or tertiary dendritic branches, because they often were difficult 

do differentiate. In general, each neurite was measured from soma to tip and the 

longest neurite was designated the axon. Figure 11 demonstrates a representative 

example of the neurite length measurement procedure. 
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Figure 11: Example of neurite length measurements (pUltraHot transduced primary hippocampal neuron). Upper left: 

TIF image of the β-III-tubulin channel. Upper right: Red fluorescence due to expression of mCherry (indicating 

successful transduction). Lower left: Overlay with the manually performed neurite tracing (purple). Lower right: 

Neurite length distribution of this neuron (this neuron contained 28 neurites: N1-N28) 

 

2.2.15 SHOLL ANALYSIS 

Neuronal morphology plays a fundamental role in neuronal function. For instance, 

the propagation of action potentials is directly influenced by the architecture of the 

dendritic tree. Originally described by D. A. Sholl in 1953 for cortical neurons of the 

cat, Sholl analysis is a widely-used approach to quantify dendritic arborization by 

means of counting neurite intersections with circles arranged concentrically around 

the soma (Sholl 1953). In this thesis, Sholl analysis was performed using the 

concentric circles plugin for ImageJ. With this plugin, a concentric circles template 

can be projected upon the β-III-tubulin TIF images used for neurite length 

measurements. The setting box allows definition of the number of circles, the center 
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coordinates of the circles and the inner and outer radius of the circles. The center 

coordinates were defined by the localization of the soma. The inner radius was set 

to 0, the outer radius was set to 1800 (defined by the image diagonal). The desired 

distance of the circles from each other was 20 µm. The difficulty was to define a 

number of circles that guaranteed equal distances of the circles from each other in 

each analyzed image. With an empirically established equation, this problem has 

been solved. Given the outer radius and the desired distance of the circles from 

each other, the number of circles that results in equal distances between the circles 

was calculated as follows (Kiechle 2014): 

#𝑐𝑖𝑟𝑐𝑙𝑒𝑠 (20𝑥 𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒) =
𝑜𝑢𝑡𝑒𝑟 𝑐𝑖𝑟𝑐𝑙𝑒 𝑟𝑎𝑑𝑖𝑢𝑠

2 𝑥 𝑖𝑛𝑡𝑒𝑟𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (µ𝑚)
+ 1 =

1800

40
+ 1 = 46 

Importantly, all neurons that were used for neurite length measurements were 

afterwards used for Sholl analysis, and no additional neurons were evaluated. 

Intersections of the traced neurites with the concentric circles overlay were 

systematically counted from the innermost circle to the outermost circle which 

crossed a neurite. The results were documented in an external Excel sheet. No 

distinction was made between primary, secondary and tertiary dendrites or axons. 

Figure 12 shows a representative example of the Sholl analysis procedure. 

 

Figure 12: Example of Sholl analysis (pUltraHot transduced primary hippocampal neuron). Left: TIF image of the β-

III-tubulin channel, overlay with the manually performed neurite tracing (purple). Middle: Concentric circles overlay. 

The distance from the soma increases in intervals of 20 µm per circle. Intersections with the neurites were counted 

for each circle (as shown exemplary for circle 4). Right: Setting box in the concentric circles plugin for ImageJ 
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2.2.16 STATISTICAL ANALYSIS 

In Figures 20-23 and 28, results are either displayed as mean values (Figures 20 

and 28) or in the form of box plots (Figures 21-23). In the box plots, the horizontal 

line within the box represents the median. The box is drawn from the first (Q1) to 

the third (Q3) quartile, representing the interquartile range. The ends of the whiskers 

display the 5th and the 95th percentile, respectively. The dots above and below the 

whiskers depict statistical outliers. In Figures 20 and 28, the error bars indicate the 

standard error of the mean. 

Concerning Western Blot densitometry (Figure 20), statistical analysis was 

performed using one-way ANOVA and Brown-Forsythe test (ARF6 band) or 

unpaired t-test (GGA1-3 bands) to detect significant changes in mean band 

densities between the different constructs. 

Concerning the neurite length measurements, all measured neurites (the entire raw 

data set) were included in the calculations listed in Table 18. In each evaluated 

neuron, the longest neurite was designated the axon. Importantly, the axon lengths 

were included in the neurite length calculations, but were also depicted separately 

in the sense of maximal axon length (Table 18) and axon length distribution (Figure 

23). Moreover, the mean and median values of neurite length per neuron were 

calculated for every evaluated neuron. E.g., the 28 traced neurites (including the 

axon) of the neuron in Figure 11 were used to calculate the mean and median of 

neurite length for this individual neuron. This resulted in a total of e.g., 105 mean 

and median values of neurite length per neuron in the pUltraHot group, since 105 

neurons were evaluated in this group. This procedure was chosen because it allows 

a more precise comparison at the cellular level rather than mixing up all the neurite 

length raw data. The obtained mean and median values of neurite length per neuron 

and the measured axon lengths served as data points for Figures 21-23 and for 

statistical analysis. The latter was performed using the nonparametric Kruskal-

Wallis one-way ANOVA on ranks to check if there is any significant difference 

between the constructs. To determine which construct differed significantly from 

control, Dunn’s multiple comparison test was carried out as post-hoc test. 

Statistical analysis was performed using GraphPad Prism. Graphs were created 

using Adobe Illustrator software (see Table 13). 

P-values <0.05 were considered significant.  
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3. RESULTS 

3.1 CLONING OF ARF6-PU AND GGA-ARF6-PU CONSTRUCTS 

With the pUltraHot and the GGA1/2/3-pU vectors already available (cloning 

procedure carried out by other members of the von Arnim working group), the first 

aim was to establish and validate ARF6-pU and GGA1/2/3-ARF6-pU transfer 

vectors to complete the vector arsenal required for this thesis. Initially, a plasmid 

encoding the ARF6 gene (pcDNA3.1 HA ARF6), sent in the form of an agar stab 

containing E. coli DH5, was purchased. The agar stab was used to inoculate an 

ampicillin-containing agar plate, which was incubated overnight. The next day, 

single colonies were picked, followed by an easypreparation, a control restriction 

digest of the purified plasmid DNA using the endonucleases NdeI and XhoI (see 

Figure 13), and an agarose gel electrophoresis to check if the expected bands 

became visible. The ARF6 plasmid passed this primary quality check. To amplify 

the plasmid for further cloning steps, a maxipreparation of a positive clone was 

carried out. The next aim was to clone the ARF6 gene into pUltraHot. Specific 

endonuclease recognition sites for NheI and EcoRI are present downstream of the 

T2A peptide to introduce a transgene into the pUltraHot vector. With the intention of 

inserting corresponding NheI and EcoRI cleavage sites upstream and downstream 

of the ARF6 gene in pcDNA3.1 HA ARF6, a PCR with specifically designed primers 

was performed (see Figure 13). 

 

Figure 13: Insertion of NheI and EcoRI recognition sites (blue) into the original pcDNA3.1 HA ARF6 plasmid (left) by 

means of polymerase chain reaction (PCR) to create the PCR product ARF6_NheI_EcoRI (right) (AmpR: Ampicillin 

resistance gene, ARF: ADP-ribosylation factor, bp: Base pairs, CMV: Cytomegalovirus promoter, HA: Hemagglutinin 

tag, NeoR: Neomycin resistance gene) 

Thereafter, both the PCR product ARF6_NheI_EcoRI and the pUltraHot plasmid 

were restriction digested using the endonucleases NheI and EcoRI, respectively. 
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The obtained DNA fragments were separated by means of an agarose gel 

electrophoresis. Concerning the PCR product, the 495 bp band, concerning 

pUltraHot, the 8299 bp band were cut out of the agarose gel and the included DNA 

was extracted. The corresponding fragments were ligated, transformed in E. coli, 

and plated out on ampicillin-containing agar plates overnight (see Figure 14). 

 
Figure 14: Cloning of ARF6-pUltraHot. Restriction digest of pUltraHot (upper left) and the PCR product 

ARF6_NheI_EcoRI (upper right) with NheI and EcoRI (blue), ligation of the corresponding fragments and 

transformation of the ligation product (bottom) in E. coli (Ampicillin: Ampicillin resistance gene, ARF: ADP-

ribosylation factor, bp: Base pairs, GGA: Golgi-localized, -ear-containing, ARF-binding, hUBC: Human ubiquitin C, 

P2A/T2A: 2A peptides, pUltraHot: Transfer vector including mCherry protein, WPRE: Woodchuck hepatitis virus 

regulatory element) 

The next day, single colonies were picked and an easypreparation was performed. 

As a primary quality check, a control restriction digest using the endonuclease 

HindIII and an agarose gel electrophoresis were performed. Positive clones which 

revealed the expected six bands were picked for a subsequent minipreparation. The 

amplified plasmids were once again checked by means of a HindIII control 

restriction digest, and positive samples finally were sequenced (GATC Biotech, 

Konstanz). Clones which passed this final quality check were further amplified in a 

maxipreparation. The next objective was to combine ARF6-pU with GGA1/2/3-pU 

to create GGA1/2/3-ARF6-pU transfer vectors. For that purpose, ARF6-pU plasmids 
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were restriction digested using either NheI and AgeI (if to be combined with GGA1-

pU), or NheI and AfeI (if to be combined with GGA2-pU or GGA3-pU). Concerning 

the former case, the resulting 7939 bp fragment of ARF6-pU and the 2783 bp 

fragment of GGA1-pU, concerning the latter case, the 6757 bp fragment of ARF6-

pU and the 3882 bp fragment of GGA2-pU or the 4212 bp fragment of GGA3-pU 

were isolated, ligated and transformed in E. coli as described above. The 

combination of NheI and AgeI could not be used in each restriction digest, because 

AgeI comprises an additional cleavage site within the GGA2 gene in GGA2-pU. 

Concerning the cloning of GGA3-ARF6-pU, both enzyme mixes would have been 

possible, so the choice was randomly made for NheI and AfeI. For an overview of 

this step of the cloning procedure, see Figure 15.  

 

Figure 15: Cloning of GGA1/2/3-ARF6-pUltraHot. Restriction digest of ARF6-pUltraHot and GGA1-pUltraHot (top row) 

with AgeI and NheI (blue) and of ARF6-pUltraHot and GGA2/3-pUltraHot (two bottom rows) with AfeI and NheI (blue), 

ligation of the corresponding fragments and transformation of the ligation products (far right) in E. coli. Note the 

additional AgeI cleavage site (red) within the GGA2 gene in GGA2-pUltraHot (Ampicillin: Ampicillin resistance gene, 

ARF: ADP-ribosylation factor, bp: Base pairs, GGA: Golgi-localized, -ear-containing, ARF-binding, hUBC: Human 

ubiquitin C, P2A/T2A: 2A peptides, WPRE: Woodchuck hepatitis virus regulatory element) 
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In analogy to the known procedure, single colonies of each newly cloned vector 

were picked the next day and a quality check (easypreparation, control restriction 

digest using AfeI, AgeI and BamHI, respectively, agarose gel electrophoresis and 

minipreparation of positive clones, followed by another control restriction digest) was 

performed. The last issues to be solved were the pre-existing stop codons at the C-

terminus of the GGA genes and upstream of the T2A peptide and ARF6 gene. 

Concerning the GGA1/2/3-ARF6-pU constructs, these stop codons would prevent 

translation of the ARF6 gene. By means of the mutagenesis PCR described in 

chapter 2.2.7, this technical problem was overcome. Again, a primary quality check 

in analogy to the procedure described above followed. This time, the clones which 

revealed the expected bands after the control restriction digest were quality checked 

by means of DNA sequencing (GATC Biotech, Konstanz). Clones which passed this 

final quality check were amplified in a maxipreparation. Figure 16 shows the final 

versions of the GGA1/2/3-ARF6-pU constructs.  

 
Figure 16: Deletion of the stop codons (red arrows) downstream of the GGA genes in GGA1/2/3-ARF6-pUltraHot (left) 

by means of mutagenesis PCR. Note the continuous open reading frames in the final constructs (right, including 

mCherry, P2A, GGAs, T2A and ARF6, symbolized by continuous arrows). Concerning GGA1-ARF6-pUltraHot (top 

row), only two base pairs (bp) of the stop codon were deleted, because otherwise a frameshift mutation in the 

downstream T2A peptide and ARF6 gene would have occurred (Ampicillin: Ampicillin resistance gene, ARF: ADP-

ribosylation factor, bp: Base pairs, GGA: Golgi-localized, -ear-containing, ARF-binding, hUBC: Human ubiquitin C, 

P2A/T2A: 2A peptides, WPRE: Woodchuck hepatitis virus regulatory element) 
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3.2 TESTING THE TRANSFER VECTORS FOR TRANSGENE 

OVEREXPRESSION 

After the cloning of each of the required transfer vectors was accomplished, the 

proper overexpression of the encoded transgenes had to be checked. In a first step, 

HEK 293 cells were transfected with the respective transfer vectors. Figure 17 

illustrates the resulting red fluorescence 24 h after transfection, demonstrating 

expression of mCherry in all constructs. 

 

Figure 17: Checking human embryonic kidney (HEK) 293 cells for fluorescence after transfection. Fluorescence 

microscopic overview images of HEK 293 cells 24 h after transfection with the respective transfer vector listed below 

each image. Images were acquired using the 10x objective. Red fluorescence indicates mCherry expression (ARF: 

ADP-ribosylation factor, GGA: Golgi-localized, -ear-containing, ARF-binding, pUltraHot: encoding mCherry) 
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To prove overexpression of the GGA proteins and ARF6, the transfected HEK 293 

cells were lysed after they were checked for red fluorescence and Western Blots 

were performed. Detection of β-actin served as a loading control. Figure 18 shows 

representative results of different Western Blot experiments. 

 
Figure 18: Western Blots of transfected human embryonic kidney (HEK) 293 cells. HEK 293 cells were transfected 

with the respective transfer vector listed above each lane. A: Gel containing GGA1 group. B: Gel containing GGA2 

group. C: Gel containing GGA3 group. The membranes were incubated with the primary antibodies listed on the 

right: anti-ARF6 (20 kDa), anti-GGA1 (85 kDa), anti-GGA2 (64 kDa), anti-GGA3 (90 kDa), anti-β-actin (42 kDa). 

Molecular mass of the marker bands is depicted on the left. Section C shows bands of one gel with the bands of no 

interest cut out (ARF: ADP-ribosylation factor, GGA: Golgi-localized, -ear-containing, ARF-binding, kDa: Kilodalton) 
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Having proven transgene overexpression in transfected HEK 293 cells, the aim was 

to demonstrate transgene overexpression in transduced primary hippocampal 

neurons, as well. Thus, after the production of lentiviral vectors, 2x105 PHN per well 

were seeded in 6-well plates, transduced with one type of virus per well at DIV 2, 

and kept in culture until DIV 7. For the PHN Western Blot experiments, equal 

transduction volumes were used (e.g., 10 µl for each type of vector), which resulted 

in different transduction efficiencies (the determination of transduction volumes 

described in chapter 2.2.11 was performed only prior to the morphological analysis 

of PHN). Transduced PHN (DIV 7) were checked for red fluorescence and prepared 

for Western Blotting in analogy to the procedure described for HEK 293 cells in 

chapters 2.2.8 and 2.2.9. Again, detection of β-actin served as a loading control. 

Figure 19 shows representative results of one experiment. Three independent 

experiments (N=3) were performed, all of which revealed similar results. 

 
 
Figure 19: Western Blot of transduced primary hippocampal neurons (PHN) at day in vitro (DIV) 7. PHN (DIV 2) were 

transduced with the respective lentiviral vehicle listed above each lane. The membrane was incubated with the 

primary antibodies listed on the right: A: anti-ARF6 (20 kDa). B: anti-GGA1 (85 kDa). C: anti-GGA2 (64 kDa). D: anti-

GGA3 (90 kDa). E: anti-β-actin (42 kDa). F: anti-tRFP (27 kDa). Molecular mass of the marker bands is depicted on the 

left. In section D, the bands in the GGA2-pUltraHot and GGA2-ARF6-pUltraHot lanes are attributable to application of 

anti-mouse secondary antibody in both sections C and D. I.e., these bands represent non-specific anti-GGA2 bands. 

Three independent experiments (N=3) were performed (ARF: ADP-ribosylation factor, GGA: Golgi-localized, -ear-

containing, ARF-binding, kDa: Kilodalton, tRFP: Red fluorescent protein tag, anti-tRFP antibodies bind to mCherry) 
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Anti-tRFP is a primary antibody directed against mCherry. Thus, tRFP band 

densities can be used to compare transduction efficiencies between different 

lentiviral particles (i.e., the more mCherry is expressed in a cell lysate, the higher 

the transduction efficiency of the respective particle). Transduction efficiencies 

peaked in the pUltraHot and ARF6-pU constructs and reached a minimum in the 

GGA1-ARF6-pU, GGA3-pU and GGA3-ARF6-pU constructs (see section F of 

Figure 19, also consider Figure 17). Differences in transduction efficiencies 

explained different densities of ARF6 bands (see section A of Figure 19) and, to a 

lesser degree, GGA bands (see sections B-D of Figure 19) but are in principle no 

obstacle concerning the morphological analysis of PHN, because only red 

fluorescent neurons (indicating mCherry expression and thus successful 

transduction) were analyzed. Importantly, the different lentiviral vehicles used in this 

thesis are expected to evoke comparable levels of transgene expression between 

different transduced cells. E.g., a cell transduced with ARF6-pU is expected to 

express similar amounts of ARF6 compared to a cell transduced with GGA1-ARF6-

pU. Or a cell transduced with GGA1-pU is expected to express similar amounts of 

GGA1 compared to a cell transduced with GGA1-ARF6-pU. This is an important 

prerequisite, because morphological studies of individual neurons are valid only if 

the examined neuron expresses similar amounts of the respective transgene 

compared to other examined neurons. Otherwise, the morphological changes could 

be attributable to unequal protein levels in cells transduced with different lentiviral 

vehicles, which would greatly reduce the intergroup comparability. To address this 

problem, a Western Blot densitometry (based on the PHN Western Blots) was 

performed. As detailed in chapter 2.2.9, the band densities of ARF6 and of the GGA 

proteins were initially normalized for transduction efficiency (represented by the 

tRFP band density), before being compared between each other. 

This procedure was repeated for each individual PHN Western Blot experiment 

(N=3) and yielded similar results, respectively. No significant difference was 

detected between the constructs. Consequently, one can assume that the 

morphological phenotypes evoked by the different lentiviral particles are not 

distorted by significant inequalities in transgene expression. Figure 20 displays the 

pooled results. 
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Figure 20: Bar diagrams of Western Blot (WB) densitometry measurements (based on the primary hippocampal 

neuron blots). Statistical analysis was performed with one-way ANOVA and Brown-Forsythe test (ARF6 band) or 

unpaired t-test (GGA1-3 bands). Error bars indicate standard error of the mean. No significant (n.s.) change in the 

mean band densities was detected between the constructs. Pooled data out of three independent experiments (N=3) 

(ARF: ADP-ribosylation factor, GGA: Golgi-localized, -ear-containing, ARF-binding) 

 

3.3 DETERMINATION OF TRANSDUCTION VOLUMES VIA FLOW 

CYTOMETRY 

Given the different transduction efficiencies of the lentiviral particles, an equal 

number of transduced PHN per well for each construct is desirable, even though 

only individual cells were examined and even though Western Blot densitometry 

revealed comparable levels of transgene overexpression between the constructs. 

This is because an abundance of infectious particles might, among other things, 

cause metabolic stress in the exposed PHN and impair neurite outgrowth. To 

determine the transduction volumes which result in equal multiplicities of infection 

(MOI, i.e., the ratio of infectious particles to target cells) for each lentiviral vehicle, a 

flow cytometry analysis was performed. As a reference transduction volume, 1 µl of 

the purified pUltraHot vehicle was chosen, and the transduction volumes of the 

remaining lentiviral particles were adjusted in proportion to the titers estimated in 
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flow cytometry. For each new batch of lentivirus production and purification, a new 

flow cytometry experiment was performed (N=4).  

 

3.4 NEURITE LENGTH MEASUREMENTS 

PHN (DIV 2) of one individual preparation session were transduced with lentiviral 

particles encoding either pUltraHot, GGA1/2/3-pU, GGA1/2/3-ARF6-pU or ARF6-

pU, and apart from that treated equally. The transduced PHN were prepared for ICC 

at DIV 7. Neurons transduced with pUltraHot served as the control group and were 

compared to neurons overexpressing the transgenes of interest. In general, neurons 

of the pUltraHot control group revealed dense neurite networks, often forming a 

complex mesh and establishing numerous connections with adjacent cells. It was 

evident that the neurites in the control group were averagely longer than those of 

the GGA-overexpressing neurons. The latter showed drastically shortened neurites, 

sometimes with only the axon reaching neurites of neighboring cells. This led to an 

increase in self-innervation and the formation of neurite networks near the proper 

soma. In many cases, these changes were apparent at first glimpse during the 

microscopic data acquisition. These phenotypic changes were observed upon 

overexpression of all three GGA genes and confirm the results of the precursor 

study in the von Arnim working group. Interestingly, the above-mentioned 

morphological changes were abrogated, and partially even reversed, upon 

simultaneous overexpression of GGA proteins and ARF6. Furthermore, ARF6 

overexpression alone evoked a similar dendritic tree architecture than that observed 

in GGA-ARF6-overexpressing neurons. Compared to GGA-overexpressing PHN, 

the neurons in those groups showed increased neurite outgrowth and denser neurite 

networks distant from the proper soma, comparable to the cells in the control group. 

The neurite lengths of each individual neuron were documented in an external Excel 

sheet (as illustrated in Figure 11) and the mean and median values of neurite length 

were calculated for each individual cell. For instance, in the pUltraHot control group, 

n=105 mean and median values were calculated, in accordance with the number of 

examined neurons. Concerning the axon length distribution, the longest neurite of 

each neuron was designated the axon. Importantly, the axon length was included in 

the calculations of mean and median values of neurite length per neuron. 

Table 18 lists the overall results of neurite length measurements on a numerical 

basis. The mean and median values of neurite length per neuron and the axon 
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lengths served as data points for statistical analysis with Kruskal-Wallis-Test for 

non-normal distributions and for Figures 21-23. Figure 21 shows the neurite length 

distribution based on the mean values of neurite length per neuron, whereas Figure 

22 illustrates the neurite length distribution based on the median values of neurite 

length per neuron. Figure 23 depicts the axon length distribution. Four independent 

experiments (N=4) were performed, all of which revealed similar results. 

 

Table 18: Overview of neurite length measurements results. All measured neurites are included in the following data. 

Pooled data out of four independent experiments (N=4) (ARF: ADP-ribosylation factor, GGA: Golgi-localized, -ear-

containing, ARF-binding) 

Construct Number 

of 

neurons 

Number 

of 

neurites 

Neurites 

per 

neuron 

Maximal 

axon 

length 

Mean of 

overall 

neurite 

length 

Median of 

overall 

neurite 

length 

pUltraHot 

control 

105 1933 18.41 1194.03 

µm 

108.58 µm 66.07 µm 

GGA1-

pUltraHot 

97 1180 12.16 546.29 

µm 

73.85 µm 47.04 µm 

GGA2-

pUltraHot 

99 1830 18.48 490.65 

µm 

74.51 µm 50.23 µm 

GGA3-

pUltraHot 

86 1254 14.58 673.22 

µm 

77.26 µm 55.64 µm 

GGA1-

ARF6-

pUltraHot 

81 1113 13.74 806.02 

µm 

131.56 µm 88.05 µm 

GGA2-

ARF6-

pUltraHot 

89 1593 17.90 905.10 

µm 

135.92 µm 89.92 µm 

GGA3-

ARF6-

pUltraHot 

85 1150 13.53 803.19 

µm 

129.01 µm 104.49 µm 

ARF6-

pUltraHot 

87 1607 18.47 1071.42 

µm 

133.17 µm 83.16 µm 
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Figure 21: Box plots of neurite length distribution (based on mean values of neurite length per neuron). Primary 

hippocampal neurons were transduced with the respective lentiviral vehicle plotted on the x-axis. Statistical analysis 

was performed with Kruskal-Wallis one-way ANOVA on ranks and Dunn’s multiple comparison test. *** indicates 

p<0.001, ** indicates p<0.01, * indicates p<0.05. Pooled data out of four independent experiments (N=4) (ARF: ADP-

ribosylation factor, GGA: Golgi-localized, -ear-containing, ARF-binding, pU: pUltraHot) 
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Figure 22: Box plots of neurite length distribution (based on median values of neurite length per neuron). Primary 

hippocampal neurons were transduced with the respective lentiviral vehicle plotted on the x-axis. Statistical analysis 

was performed with Kruskal-Wallis one-way ANOVA on ranks and Dunn’s multiple comparison test. *** indicates 

p<0.001, ** indicates p<0.01, * indicates p<0.05. Pooled data out of four independent experiments (N=4) (ARF: ADP-

ribosylation factor, GGA: Golgi-localized, -ear-containing, ARF-binding, pU: pUltraHot) 
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Figure 23: Box plots of axon length distribution. Primary hippocampal neurons were transduced with the respective 

lentiviral vehicle plotted on the x-axis. Statistical analysis was performed with Kruskal-Wallis one-way ANOVA on 

ranks and Dunn’s multiple comparison test. *** indicates p<0.001, ** indicates p<0.01, * indicates p<0.05. Pooled data 

out of four independent experiments (N=4) (ARF: ADP-ribosylation factor, GGA: Golgi-localized, -ear-containing, 

ARF-binding, pU: pUltraHot) 
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The mean overall neurite length in GGA-overexpressing neurons was reduced to 

averagely 75.21 µm compared to 108.58 µm in the control group (≈ 31% reduction). 

In analogy, the median overall neurite length was reduced to averagely 50.97 µm 

compared to 66.07 µm (≈ 23% reduction). The longest axon in the control group 

obtained a length of 1194.03 µm, whereas those overexpressing GGA proteins were 

noticeably smaller (GGA1-pU: 546.29 µm, GGA2-pU: 490.65 µm, GGA3-pU: 673.22 

µm), constituting a decrease of at least ≈ 44% for GGA3-pU (see Table 18). The 

axon length distribution was significantly altered in all groups with shorter axons in 

GGA-overexpressing neurons compared to control. Furthermore, the mean and 

median values of neurite length per neuron were significantly reduced (see Figures 

21-23). 

Concerning the co-expression constructs (GGA1/2/3-ARF6-pU), the mean overall 

neurite length was increased to averagely 132.16 µm compared to 108.58 µm in the 

control group (≈ 22% increase) and the median overall neurite length was increased 

to averagely 94.15 µm compared to 66.07 µm (≈ 43% increase). The longest axons 

obtained 806.02 µm (GGA1-ARF6-pU), 905.10 µm (GGA2-ARF6-pU) and 803.19 

µm (GGA3-ARF6-pU), respectively, already approaching the maximal axon length 

of the control group. The axon length distribution revealed no significant change 

compared to control, whereas the mean and median values of neurite length per 

neuron were significantly increased in all co-expression constructs. 

Concerning the ARF6-pU construct, the mean overall neurite length was increased 

to 133.17 µm compared to 108.58 µm (≈ 23% increase), while the median overall 

neurite length was increased to 83.16 µm compared to 66.07 µm (≈ 26% increase). 

The longest axon obtained 1071.42 µm, even closer approaching the longest axon 

of the control group, whereas the axon length distribution was even significantly 

altered with longer axons compared to control. The neurite length per neuron 

considering the mean values also was significantly increased in ARF6-

overexpressing neurons in all groups, whereas this was only the case in the GGA3 

group considering the median values (see Figure 22). 

In summary, the distributions of neurite length per neuron significantly differed in all 

groups compared to control, irrespective of whether the calculation was based on 

the mean or median values of neurite length per neuron. There was a striking 

predominance of shorter neurites in GGA-overexpressing neurons and of longer 

neurites in the ARF6-encoding constructs. The only exception were ARF6-
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overexpressing neurons compared to control in the GGA1 and GGA2 groups 

regarding the median values of neurite length per neuron (see Figure 22). 

Nevertheless, the tendency of GGA-overexpressing neurons to obtain drastically 

shortened neurites and the capability of GGA-ARF6 co-expression to abrogate and 

even reverse this phenotype were obvious. 

There also was a significantly decreased average axon length in GGA-

overexpressing PHN, which again was abrogated in neurons simultaneously 

overexpressing GGA and ARF6. In neurons overexpressing ARF6 alone, even a 

significantly increased average axon length compared to control was obtained (refer 

to Figure 23). For examples of ICC images acquired during neurite length 

measurements (using the 20x objective), please refer to Figures 24-27. In all 

images, the mCherry signal was acquired using automatic exposure time 

adjustment. 

 
Figure 24: Immunocytochemistry example (20x objective). pUltraHot transduced primary hippocampal neurons (day 

in vitro 7). Images were recorded in the channels listed in the upper left corner. Endogenous ARF6 signal was 

recorded with increased exposure time (ARF: ADP-ribosylation factor, DAPI: 4′,6-diamidino-2-phenylindole) 
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Figure 25: Immunocytochemistry example (20x objective). GGA1-pUltraHot transduced primary hippocampal 

neurons (day in vitro 7). Images were recorded in the channels listed in the upper left corner. Endogenous ARF6 

signal was recorded with increased exposure time (ARF: ADP-ribosylation factor, DAPI: 4′,6-diamidino-2-

phenylindole, GGA: Golgi-localized, -ear-containing, ARF-binding) 

 
Figure 26: Immunocytochemistry example (20x objective). GGA2-ARF6-pUltraHot transduced primary hippocampal 

neurons (day in vitro 7). Images were recorded in the channels listed in the upper left corner (ARF: ADP-ribosylation 

factor, DAPI: 4′,6-diamidino-2-phenylindole, GGA: Golgi-localized, -ear-containing, ARF-binding) 
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Figure 27: Immunocytochemistry example (20x objective). ARF6-pUltraHot transduced primary hippocampal neurons 

(day in vitro 7). Images were recorded in the channels listed in the upper left corner (ARF: ADP-ribosylation factor, 

DAPI: 4′,6-diamidino-2-phenylindole) 

 

3.5 SHOLL ANALYSIS 

With the purpose of determining changes in dendritic arborization and complexity 

between the groups, a Sholl analysis was performed. With its aid, additional 

information concerning the structure of the dendritic tree are generated, e.g., 

because the length measurements alone cannot reveal if a neurite is directed 

centrifugally away from the soma or if it rather takes a winding course, leading to 

multiple intersections with one concentric circle. Furthermore, the length 

measurements did not differentiate between primary, secondary and tertiary 

dendrites, which in part can be depicted by Sholl analysis, for neurite branching 

potentially leads to an increased count of intersections with the concentric circles 

overlay. All neurons whose neurites initially had been traced were further used as 

templates for Sholl analysis.  

Table 19 gives an overview of the Sholl analysis results on a numerical basis, while 

Figure 28 illustrates the number of intersections in relation to the distance from 

soma. Four independent experiments (N=4) were performed, all of which revealed 

similar results.  
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Table 19: Overview of Sholl analysis results. Pooled data out of four independent experiments (N=4) (ARF: ADP-

ribosylation factor, GGA: Golgi-localized, -ear-containing, ARF-binding) 

Construct Distance from 

soma with peak of 

dendritic 

complexity 

Highest 

branching 

order  

Maximum distance 

from soma with 

intersection of at least 

one neurite 

pUltraHot 

control 

20 µm 8.04 
 

540 µm 

GGA1-

pUltraHot 

20 µm 6.65 360 µm 

GGA2-

pUltraHot 

20 µm 8.69 300 µm 

GGA3-

pUltraHot 

20 µm 7.72 320 µm 

GGA1-ARF6-

pUltraHot 

20 µm 8.62 500 µm 

GGA2-ARF6-

pUltraHot 

20 µm 7.52 560 µm 

GGA3-ARF6-

pUltraHot 

20 µm 5.93 380 µm 

ARF6-

pUltraHot 

20 µm 7.57 580 µm 
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Figure 28: Curve charts of Sholl analysis. Primary hippocampal neurons were transduced with the respective 

lentiviral vehicle listed in the legend of each chart. The mean values of neurite intersections with the concentric 

circles overlay (y-axis) in relation to the distance from the soma (x-axis) are depicted, with distance increments in 20 

µm intervals. Error bars indicate standard error of the mean. Pooled data out of four independent experiments (N=4) 

(ARF: ADP-ribosylation factor, GGA: Golgi-localized, -ear-containing, ARF-binding, pU: pUltraHot) 

Although some neurites did not even reach the first concentric circle (at 20 µm 

distance from the soma), the likelihood of intersections inherently increases with the 

number of neurites per neuron. Likewise, the highest branching order (mean value 

of intersections counted at the distance from soma with the peak of dendritic 

complexity) is proportional to the number of neurites per neuron. Accordingly, PHN 

transduced with GGA1-pU and GGA3-ARF6-pU constructs (which obtained the 

lowest average number of neurites per neuron, 12.16 and 13.53, respectively) had 

a lower starting point at 20 µm distance from the soma (see Figure 28). In contrast, 

GGA2-overexpressing cells obtained the highest average number of neurites per 

neuron (18.48) of all groups, resulting in a higher starting point. Interestingly, GGA1-

ARF6-overexpressing cells also revealed a high starting point despite their relatively 

low number of neurites per neuron (13.74), attributable to the fact that many neurites 

reached the first concentric circle. Nevertheless, as expected due to the neurite and 
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axon length distributions, the GGA-overexpressing neurons displayed a rapid 

decline in neurite intersections with increasing distance from the soma.  

In analogy to the neurite length measurements, the changes yielded by GGA 

overexpression were abrogated and partially even reversed by GGA-ARF6 co-

expression and ARF6 overexpression alone. E.g., the curve of GGA3-ARF6-

overexpressing cells with an initially lower starting point declined far less rapidly 

than the curve of GGA3-overexpressing cells. The differences between the GGA 

and GGA-ARF6 transfer vectors were particularly obvious in GGA2-ARF6-

overexpressing cells, mainly attributable to the averagely higher number of neurites 

per neuron in GGA2-ARF6-overexpressing cells (17.90) compared to GGA1-ARF6-

pU (13.74) and GGA3-ARF6-pU (13.53) constructs. Interestingly, the curves of 

GGA1-ARF6-pU and GGA3-ARF6-pU constructs even fell below that of pUltraHot 

at most of the measuring points, an observation explainable by the high number of 

neurites per neuron in pUltraHot-overexpressing cells (18.41). I.e., even the 

significantly longer neurites in GGA1-ARF6-pU and GGA3-ARF6-pU constructs 

compared to pUltraHot could not fully compensate for the imbalance of the number 

of neurites per neuron (pU-overexpressing cells possessed ≈ 5 more neurites per 

neuron than GGA1/3-ARF6-overexpressing cells). 

At large distances from the soma, ARF6-overexpressing PHN obtained the highest 

intersection counts. These results are in accordance with the high number of 

neurites per neuron (18.47) and the significantly increased axon length in ARF6-

overexpressing neurons (see Figure 23). Regardless of the type of construct used 

for transduction, the neurons reached their maximum branching order at the first 

concentric circle at 20 µm distance from the soma. 

 

3.6 INITIAL EXAMINATION OF SUBCELLULAR ARF6 LOCALIZATION 

To gain a first impression of subcellular ARF6 distribution (in relation to the type of 

overexpressed transgene), a subset of the transduced neurons was microscopically 

analyzed at high magnification. Although less cells were evaluated compared to the 

neurite length measurements and Sholl analysis, a clear trend concerning ARF6 

distribution (depending on the introduced transgene) was recognizable. Figures 29-

32 (acquired using the 100x objective) display representative ICC image examples 

illustrating this trend.  
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a) In the control group, ARF6 displayed a rather homogenous distribution throughout 

the soma and, to a somewhat lesser degree, in the neurites (see Figure 29). 

 

Figure 29: Immunocytochemistry example (100x objective). pUltraHot transduced primary hippocampal neuron (day 

in vitro 7). Images were recorded in the channels listed in the upper left corner (ARF: ADP-ribosylation factor, DAPI: 

4′,6-diamidino-2-phenylindole) 

b) In GGA-overexpressing PHN, ARF6 was preferentially located at juxtanuclear 

regions, possibly representing the TGN. In contrast, the ARF6 signal was relatively 

low in neurites (see Figure 30). 

 

Figure 30: Immunocytochemistry example (100x objective). GGA1-pUltraHot transduced primary hippocampal 

neuron (day in vitro 7). Images were recorded in the channels listed in the upper left corner (ARF: ADP-ribosylation 

factor, DAPI: 4′,6-diamidino-2-phenylindole, GGA: Golgi-localized, -ear-containing, ARF-binding) 
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c) In the GGA-ARF6-pU co-expression constructs, ARF6 revealed a predominantly 

juxtanuclear and dendritic localization in clusters. Furthermore, there was an 

increased extracellular/background ARF6 signal of unknown origin (see Figure 31). 

 

Figure 31: Immunocytochemistry example (100x objective). GGA1-ARF6-pUltraHot transduced primary hippocampal 

neuron (day in vitro 7). Images were recorded in the channels listed in the upper left corner (ARF: ADP-ribosylation 

factor, DAPI: 4′,6-diamidino-2-phenylindole, GGA: Golgi-localized, -ear-containing, ARF-binding) 

d) In ARF6-overexpressing cells, the ARF6 signal was homogenously distributed in 

the soma and in the neurites (see Figure 32). 

 

Figure 32: Immunocytochemistry example (100x objective). ARF6-pUltraHot transduced primary hippocampal 

neurons (day in vitro 7). Images were recorded in the channels listed in the upper left corner (ARF: ADP-ribosylation 

factor, DAPI: 4′,6-diamidino-2-phenylindole) 
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3.7 SHORT SYNOPSIS OF THE RESULTS SECTION 

In brief, the principle aims of the present thesis (depicted in chapter 1.6) were 

achieved. The cloning procedure of the required lentiviral constructs was carried out 

successfully, and transgene overexpression was demonstrated in transfected HEK 

293 cells and in transduced PHN. The Western Blot densitometry experiments 

confirmed comparable amounts of the expressed transgenes yielded by the different 

constructs in transduced PHN. After the transduction volume for each construct was 

determined with the aid of flow cytometry, the morphology of transduced PHN was 

microscopically evaluated. 

GGA overexpression resulted in a drastically shortened dendritic tree architecture 

with limited potential to communicate with neighboring neurons. As speculated, 

simultaneous GGA and ARF6 overexpression, as well as ARF6 overexpression 

alone, abrogated this phenotype. Intriguingly, the neurite length per neuron was 

even significantly increased in neurons simultaneously overexpressing GGA and 

ARF6, whereas the axon length (and, in most groups, the neurite length per neuron) 

was significantly increased in neurons overexpressing ARF6 alone. Supporting 

these findings, the Sholl analysis revealed that neurites in GGA-overexpressing 

cells do not spread out as far as those in GGA-ARF6- and ARF6-overexpressing 

neurons. Hence, the potential of GGA-overexpressing PHN to establish neuronal 

networks with adjacent cells seems to be substantially diminished. Interestingly, 

initial ICC experiments aimed at examining the subcellular ARF6 localization 

demonstrated changes supporting the working hypothesis, which suggests a 

functional depletion of ARF6 upon GGA overexpression. 
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4. DISCUSSION 

4.1 CLONING OF ARF6-PU AND GGA-ARF6-PU CONSTRUCTS 

Together with the already available pUltraHot and GGA1/2/3-pU constructs, and the 

purchased pcDNA3.1 HA ARF6 plasmid, ARF6-pU and GGA1/2/3-ARF6-pU 

plasmids were cloned to complete the vector arsenal required for this thesis. All 

transfer vectors passed the final DNA sequencing quality check. Nevertheless, 

certain changes in the primary structure of each transgene compared to the original 

amino acid sequence inevitably occurred, related to the nature of the 2A peptides 

and to the various PCRs performed during the cloning procedure. Regarding the 

pcDNA3.1 HA ARF6 plasmid, NheI and EcoRI recognition sites were inserted 

upstream and downstream of the ARF6 gene, respectively, because the 

corresponding cleavage sites are present in the pUltraHot plasmid for inserting a 

transgene into the designated cloning site downstream of the T2A peptide. The 

GCTAGC sequence encoding the NheI recognition site in between the T2A peptide 

and the ARF6 gene lead to the insertion of an additional prolyl-alanyl-seryl tripeptide 

at the N-terminus of ARF6 (considering the attached prolyl-residue attributed to 

ribosome skipping during translation of the T2A peptide). The GAATTC sequence 

encoding the EcoRI recognition site downstream of the ARF6 gene did not alter the 

amino acid sequence of ARF6, because the recognition site is located downstream 

of the ARF6 stop codon. Later in the cloning procedure, the stop codons 

downstream of the GGA genes were deleted in the GGA1/2/3-ARF6-pU constructs 

by means of a mutagenesis PCR to allow co-expression of mCherry, GGA1/2/3 and 

ARF6 from one single ORF. Subsequently, restriction enzyme recognition sites in 

between the GGA genes and the T2A peptide, which were inserted in preliminary 

PCRs during the cloning procedure of the GGA-pU constructs, became a part of the 

ORF and were attached to the C-terminus of the GGA genes in the final GGA1/2/3-

ARF6-pU constructs. Those recognition sites are translated into alanyl-arginyl-

glycyl-seryl (GGA1-ARF6-pU), glycyl-seryl (GGA2-ARF6-pU) or arginyl-seryl 

(GGA3-ARF6-pU) peptides. In analogy, recognition sites were also inserted in 

between the GGA genes and the P2A peptide in preliminary PCRs. The latter are 

translated into prolyl-seryl-arginyl-histidyl (GGA1-(ARF6-)pU), prolyl-seryl-arginyl-

tyrosyl (GGA2-(ARF6-)pU) or prolyl-seryl-seryl-tyrosyl (GGA3-(ARF6-)pU) 

tetrapeptides and attached to the N-terminus of the GGA genes (considering the 

prolyl-residue attributed to ribosome skipping during translation of the P2A peptide). 
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Finally, as mentioned in chapter 2.1.8, the major part of the 2A peptide (except for 

the C-terminal prolyl residue) remains attached to its N-terminal protein after 

ribosome skipping, namely mCherry in the case of P2A, and the GGA proteins in 

the case of T2A. Table 20 summarizes the changes in protein primary structure.  

 

Table 20: Overview of cloning-associated changes in the amino acid sequence of the transgenes compared to the 

original sequence, analyzed with uniprot.org and pDRAW32 software (aa: Amino acid, ARF: ADP-ribosylation factor, 

GGA: Golgi-localized, -ear-containing, ARF-binding, P2A/T2A: 2A peptides, inducing ribosome skipping. Amino acid 

abbreviations in accordance with the usual three-letter amino acid code) 

Construct Changes in primary structure 

pUltraHot  mCherry C-terminus: attachment of 21 aa from P2A 

GGA1-

pUltraHot 

mCherry C-terminus: attachment of 21 aa from P2A 

GGA1 N-terminus: Pro-Ser-Arg-His tetrapeptide 

GGA2-

pUltraHot 

mCherry C-terminus: attachment of 21 aa from P2A 

GGA2 N-terminus: Pro-Ser-Arg-Tyr tetrapeptide 

GGA3-

pUltraHot 

mCherry C-terminus: attachment of 21 aa from P2A 

GGA3 N-terminus: Pro-Ser-Ser-Tyr tetrapeptide 

GGA1-ARF6-

pUltraHot 

mCherry C-terminus: attachment 21 aa from P2A 

GGA1 N-terminus: Pro-Ser-Arg-His tetrapeptide 

GGA1 C-terminus: Ala-Arg-Gly-Ser tetrapeptide 

+attachment of 20 aa from T2A 

ARF6 N-terminus: Pro-Ala-Ser tripeptide 

GGA2-ARF6-

pUltraHot 

mCherry C-terminus: attachment of 21 aa from P2A 

GGA2 N-terminus: Pro-Ser-Arg-Tyr tetrapeptide 

GGA2 C-terminus: Gly-Ser dipeptide 

+attachment of 20 aa from T2A 

ARF6 N-terminus: Pro-Ala-Ser tripeptide 

GGA3-ARF6-

pUltraHot 

mCherry C-terminus: attachment of 21 aa from P2A 

GGA3 N-terminus: Pro-Ser-Ser-Tyr tetrapeptide 

GGA3 C-terminus: Arg-Ser dipeptide 

+attachment of 20 aa from T2A 

ARF6 N-terminus: Pro-Ala-Ser tripeptide 

ARF6-

pUltraHot 

mCherry C-terminus: attachment of 21 aa from P2A 

ARF6 N-terminus: Pro-Ala-Ser tripeptide 
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Concerns about a change or even loss of protein function due to the altered primary 

structure were at least alleviated by the markedly altered phenotype obtained in 

GGA-overexpressing PHN, reproducing internal results of the von Arnim working 

group (Kiechle 2014). Furthermore, the striking neurite shortening was abrogated 

by co-expression of GGA proteins and ARF6, suggesting a preserved ARF6 

function, although minor changes in protein function due to the altered amino acid 

sequences cannot be ultimately excluded. Supporting these data, the fluorescent 

properties of mCherry also were conserved (see Figure 17). Finally, the 2A peptides 

are relatively small, minimizing the risk of interference with native protein function. 

 

4.2 TESTING THE TRANSFER VECTORS FOR TRANSGENE 

OVEREXPRESSION 

Regarding the 2A peptides, another issue to be considered is the possibility of 

incomplete cleavage between the transgenes. In addition to proper ribosome 

skipping and separation of the upstream and downstream protein, the skipping may 

not take place, resulting in a fusion protein, or the ribosome may fall off at the prolyl-

glycyl interface after initially successful skipping, leading to a premature termination 

of translation (Liu et al. 2017). A fusion protein, e.g., composed of mCherry and a 

GGA protein (linked by P2A) and/or of a GGA protein and ARF6 (linked by T2A), 

would result in the detection of additional protein bands of higher molecular mass in 

Western Blots. Indeed, concerning GGA1-3, some faint bands with a molecular 

mass ≈ 20-30 kDa higher than the respective main band were visualized in all 

experiments (see Figure 19). Apart from the possibility of non-specific antibody 

binding, those bands potentially represent mCherry-GGA or GGA-ARF6 fusion 

proteins (in accordance with the molecular mass of mCherry of 27 kDa and of ARF6 

of 20 kDa). Of note, very similar bands were detected in the precursor work (Kiechle 

2014). Nevertheless, those bands constitute only a small fraction of the density of 

the main band, supporting data in the literature which describe a cleavage efficiency 

for P2A of ≈ 80-90% in HEK 293T cells and mouse liver cells (Kim et al. 2011). 

Interestingly, regarding ARF6, no additional band was detected in any Western Blot 

experiment, being consistent with the assumption of non-specific antibody binding 

in the GGA lanes, especially since T2A cleavage efficiency should rather be lower 

than that of P2A (Kim et al. 2011). These theoretical considerations are limited by 

the fact that Western Blotting remains a semi-quantitative method and additive 
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bands are attributable to many possible factors, including posttranslational 

modifications. To estimate the rate of protein fusion in our constructs in more detail, 

future experiments could use confocal microscopy to assess protein colocalization 

in cells as a different measure of failed ribosome skipping, and correlate the findings 

to Western Blotting results.  

On the other hand, premature termination of translation due to failed ribosome 

skipping would favor the expression of mCherry, with intermediate levels of GGA 

proteins and relatively low levels of ARF6 (attributable to their positions in the 

transfer vectors), finally resulting in an imbalance of the amount of expressed 

proteins. Interestingly, some studies also found that protein levels were 

paradoxically lowest at the second transgene position in tricistronic constructs, 

maybe due to the different cleavage efficiencies of the various 2A peptides (Liu et 

al. 2017). Contradicting the latter findings, the ARF6 band constantly was less dense 

than the respective GGA band in the GGA-ARF6-pU constructs in PHN Western 

Blots, in proportion to the different transduction efficiencies indicated by the tRFP 

band (see Figure 19). This could partly be explained by the above-mentioned 

differences in transgene expression in relation to the transgene position in the 

transfer vectors, i.e., the GGA genes (second transgene position) were expressed 

in higher amounts than ARF6 (third transgene position in GGA-ARF6-pU 

constructs), resulting in dense GGA bands in all constructs despite the differences 

in transduction efficiencies, which were only depicted by the varying ARF6 band 

density. However, these theoretical considerations are limited by the fact that it is 

problematic to compare band densities yielded by different primary antibodies. 

Noteworthy, the ARF6 band in the ARF6-pU construct was far denser than the ARF6 

band in all GGA-ARF6-pU constructs. Nevertheless, this is explainable by the 

different transduction efficiencies, since Western Blot densitometry revealed no 

significant change in the mean ARF6 band densities between all ARF6-

overexpressing constructs after normalization for tRFP. The same result was 

obtained concerning the GGA1, GGA2 and GGA3 bands, e.g., regarding the GGA1 

band, no significant difference was detected between GGA1-pU and GGA1-ARF6-

pU constructs. These results also suggest no significant difference in GGA and 

ARF6 protein levels between the bi- and tricistronic constructs, respectively. To sum 

it up, although differences in protein expression levels between GGA proteins and 

ARF6 (probably in favor of GGAs) within one individual construct are likely, the 
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constructs are comparable to each other, since GGA and ARF6 band densities did 

not significantly differ between the constructs, respectively (see Figure 20). Again, 

the induction and rescue of morphological changes in PHN upon overexpression of 

the respective transgenes suggests functional transgene expression in all used 

constructs. What remains to be elucidated is the possibility that the already obvious 

rescue effect upon GGA-ARF6 co-expression is weakened because of presumably 

lower ARF6 protein levels compared to GGA protein levels in one individual 

transduced cell. In future experiments, this idea could be addressed by alternative 

constructs with switched transgene positions, e.g., with the ARF6 gene at the 

second and the GGA genes at the third position. 

Importantly, β-actin levels were similar in all performed Western Blots, documenting 

a comparable protein load in all examined lanes. Ultimately, overexpression of 

pUltraHot alone did not seem to significantly alter the expression of endogenous 

GGA proteins or endogenous ARF6 (see Figure 19). 

 

4.3 DETERMINATION OF TRANSDUCTION VOLUMES VIA FLOW 

CYTOMETRY 

As mentioned above, the differences in transduction efficiencies are explainable by 

the different lengths of the transfer vectors. As illustrated in Figure 10, pUltraHot 

(8314 bp) and ARF6-pU (8794 bp) are the shortest constructs used. Concerning the 

GGA-pU constructs, the length peaks in GGA3-pU (10489 bp), followed by GGA1-

pU (10242 bp) and GGA2-pU (10159 bp). In analogy, the length of GGA3-ARF6-pU 

(10966 bp) exceeds that of GGA1-ARF6-pU (10720 bp) and GGA2-ARF6-pU 

(10636 bp). In fact, the highest transduction efficiencies were obtained with 

pUltraHot and ARF6-pU constructs, whereas regarding the GGA-containing 

constructs, efficiencies were lowest with GGA3-, intermediate with GGA1- and 

highest with GGA2-containing constructs (refer to section F of Figure 19). These 

findings are in accordance with the postulated packaging capacity of lentivirus-

based vehicles of 8-10 kb (Matrai et al. 2010). Importantly, this number is no strict 

cut-off, as proven by the functional constructs >10 kb in this thesis. In general, the 

packaging capacity is inversely proportional to the insert size, an observation which 

was confirmed in the present thesis (Sinn et al. 2005).  

Considering the transduction of PHN prior to the morphological analysis, it was 

desirable that the known inequalities in transduction efficiencies are balanced as far 
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as possible. The aim was to provide comparable ratios of functioning lentiviral 

particles to target cells (=MOI) for all constructs. Otherwise, some potentially 

disruptive factors concerning neurite outgrowth could distort the intergroup 

comparability of the results: 

a) Although the virus-containing supernatant of the Lenti-X 293T cells was filtered 

and purified by means of ultracentrifugation, unequally distributed residual 

contaminants (like cellular debris or DNA derived from the producer cells) could 

metabolically stress the PHN. 

b) An imbalance of infectious particles could result in disproportionate entry of 

multiple lentiviral particles into one single neuron (Barde et al. 2010), leading to 

imbalances of transgene expression and possibly alterations of neurite sprouting, 

e.g., by overstraining the cellular protein synthesis machinery. 

c) Any transduction may trigger inflammatory immune responses with alterations in 

e.g., cytokine levels, possibly affecting cell growth. However, these inflammatory 

responses seem to be less prominent in lentiviral vehicles compared to other (e.g., 

adenovirus-based) vehicles, explainable by the lack of pre-existing immunity against 

lentivirus-based particles (Matrai et al. 2010). On the other hand, this problem 

presumably is more relevant in in vivo studies. 

Interestingly, the precursor study in the von Arnim working group detected no 

significant change in the cell death rate of PHN after transduction with filtered 

lentiviral supernatants of pUltraHot, GGA1-pU and GGA3-pU constructs (Kiechle 

2014). Nevertheless, to exclude alterations in neurite outgrowth due to an imbalance 

of MOIs, lentiviral titers were estimated in the present thesis. In general, titers can 

be divided into physical and functional (also referred to as biological) titers. The 

physical titer is the overall concentration of viral particles in a vector preparation (
𝑉𝑃

µ𝑙
) 

and is usually calculated based on protein levels, e.g., by means of a p24 viral 

capsid antigen ELISA. There are some pitfalls concerning the physical titer. For 

instance, it also includes particles devoid of genomic RNA or lacking functional 

envelope proteins (i.e., non-functional particles). In contrast, the functional titer 

depicts the number of infectious particles in a vector preparation (
 𝑇𝑈

µl
), i.e., it 

measures a certain biological effect attributable to transduction of the host cell. This 

may be the expression of a fluorescent or membrane protein detectable by flow 

cytometry, as was the case with mCherry in this thesis. As a rule, it is favorable to 

determine functional titers because they allow a more precise estimation of 
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functional lentiviral particles and thus a more accurate calculation of the MOI (Barde 

et al. 2010). To obtain accurate data, the functional titer estimation was repeated for 

every new batch of lentiviral particle production. Based on the functional titers, the 

transduction volumes for each construct (normalized for pUltraHot as mentioned in 

chapter 2.2.11) were calculated to ensure similar MOIs and to enhance intergroup 

comparability. 

 

4.4 NEURITE LENGTH MEASUREMENTS AND SHOLL ANALYSIS 

In scientific studies, most morphological analyses are performed manually and 

based on immunofluorescence images of primary hippocampal neuronal cultures. 

In recent years, software offering automated, high-throughput analysis of neuronal 

morphology became available, often requiring special cell culture methods, e.g., the 

use of an additional astrocyte layer (Schmitz et al. 2011). Due to the unavailability 

of such automated methods in our working group at the time of the study, the 

morphological analysis was carried out manually. Mouse PHN (from embryonic day 

18 embryos, DIV 2) were transduced and treated equally apart from that. The 

transduced PHN (DIV 7) were prepared for the morphological analysis using ICC 

techniques. During the time-consuming and labor-intensive neurite tracing, it 

sometimes was difficult to distinguish which neurite belongs to which soma, even 

after adjusting contrast and brightness of the TIF images. To minimize the 

consequences of such inaccuracies, a high quantity of neurons (81-105 cells per 

construct) and neurites (>1000 per construct) was analyzed (see Table 18). A 

blinded study design would have been desirable, which was hampered by the 

evident morphological changes obtained upon GGA overexpression. During the 

preliminary examination of a microscopic slide using the 10x objective, it already 

was obvious which slide had been transduced with GGA constructs, because of the 

strikingly shortened dendritic tree. The same issue occurred in the precursor study 

(Kiechle 2014). Generally, isolated cells with a low neurite overlap with neighboring 

cells were preferentially examined. As mentioned before, only red fluorescent cells, 

implying successful transduction, were evaluated. To sum it up, the quantification 

was performed manually and thus may include some minor mistakes, but all 

examined cells were selected according to equal criteria, reducing the risk of a 

selection bias. Furthermore, a high number of data points was acquired, increasing 

the power of the results. 



 

72  

As detailed in the results chapter, GGA overexpression evoked a decrease in 

neurite length of 31% (mean) or 23% (median). Furthermore, the distributions of 

axon length and neurite length per neuron were significantly altered, with a 

predominance of shorter neurites compared to control.  

In contrast, simultaneous overexpression of GGA and ARF6 evoked an increase in 

neurite length of 22% (mean) or 43% (median), with significantly longer neurites per 

neuron, but no significant change in axon length distribution compared to control. 

Likewise, ARF6 overexpression alone resulted in an increase in neurite length of 

23% (mean) or 26% (median), and even a slightly significant change in axon length 

distribution with longer axons compared to control. The neurite length per neuron 

was significantly increased in all groups (based on mean values), or only in the 

GGA3 group (based on median values). The latter observation might be explained 

by the fact that the median of neurite length per neuron is less affected by statistical 

outliers as mean values are. Thus, it seems that ARF6-overexpressing neurons 

preferentially develop long axons (thereby significantly increasing the mean of 

neurite length per neuron in all groups), whereas no significant increase in the 

median of neurite length per neuron was detectable in the GGA1 and GGA2 groups 

compared to control. In general, the mean and median values of neurite length per 

neuron were included to obtain one measure of central tendency that depicts the 

statistical outliers (mean), and one robust measure of central tendency which is 

affected by statistical outliers to a lesser extent (median). 

In the Sholl analysis, the overall trend obtained in the neurite length measurements 

was confirmed. The curves of the GGA overexpression constructs were the first to 

reach the baseline, implying no neurite intersections beyond distances of 300-360 

µm from the soma (see Table 19). This was also observed in constructs with a high 

number of neurites per neuron (GGA2-pU). On the one hand, these results are in 

line with the observation that GGA-overexpressing neurites are significantly shorter 

compared to the control group. On the other hand, these findings also suggest that 

the neurites do not extend in a linear pattern, but rather form mesh-like structures 

near their soma and branch earlier, with only few neurites being able to reach 

adjacent cells, emphasizing a shifted architecture of the dendritic tree. 

Again, those changes were abrogated by the GGA-ARF6 co-expression constructs, 

with the most striking rescue in GGA2-ARF6-overexpressing cells, and somewhat 

weaker results in GGA1-ARF6-pU and GGA3-ARF6-pU constructs, partly 
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attributable to their different average number of neurites per neuron. The differences 

in neurite intersections between the co-expression constructs and the GGA 

overexpression constructs were especially prominent at a distance range of ≈ 100-

200 µm from the soma, because the latter neurites comprised a predominance at ≈ 

40-80 µm length, whereas the former neurites exhibited a more balanced distribution 

with most neurites measuring ≈ 100-150 µm. At distances beyond ≈ 200-300 µm, 

the curves of both groups gradually start to approach each other asymptotically, 

because fewer neurites in the co-expression constructs reach the concentric circles 

at those distances. The most distant intersections were observed at 380 µm (GGA3-

ARF6-pU), 500 µm (GGA1-ARF6-pU) and 560 µm (GGA2-ARF6-pU) from the 

soma, respectively. These findings suggest that the longer neurites in the co-

expression constructs bear the potential to form neuronal networks with adjacent 

cells, in contrast to most of the GGA-overexpressing neurons. As already 

mentioned, the tendency of ARF6-overexpressing neurons to form both significantly 

longer neurites (at least considering the mean values) and axons compared to 

control, along with their high number of neurites per neuron, resulted in the highest 

intersection counts beyond distances of 60 µm from the soma of all constructs. 

Accordingly, their potential to establish connections with neighboring cells can be 

interpreted the highest. 

Noteworthy, the precursor study observed the highest branching orders in GGA3-

overexpressing cells (8.96), followed by pUltraHot (8.65), GGA2-pU (7.81) and 

GGA1-pU (6.89) constructs (Kiechle, 2014). In the present thesis, these findings 

were partly reproduced, since GGA2-overexpressing cells (8.69) surpassed 

pUltraHot (8.04), GGA3-pU (7.72) and GGA1-pU (6.65) constructs. Thus, for yet 

unknown reasons, GGA1-overexpressing neurons seem to develop less neurites 

than the other GGA-overexpressing cells. In the co-expression constructs, the 

effects differ, since the GGA1-ARF6-pU construct (8.62) dramatically increased the 

highest branching order, whereas the GGA2-ARF6-pU (7.52) and GGA3-ARF6-pU 

(5.93) constructs lead to a decrease compared to GGA overexpression alone. 

These results suggest differentially regulated interactions between GGA proteins 

and ARF6 regarding neurite branching on the one hand, and neurite elongation on 

the other hand, but further experiments are required to put things into perspective. 

 



 

74  

4.5 CONCLUSIONS 

What are possible explanations for the observed alterations of the neuronal 

phenotype? First, the working hypothesis (GGA overexpression results in functional 

ARF6 depletion) could be correct. Hence, GGA overexpression would prevent ARF6 

from the exertion of its myriad of functions in neurite extension and branching, 

including cytoskeleton dynamics, membrane ruffling and phospholipid metabolism 

(Donaldson 2003). Indeed, a dominant negative ARF6 mutant lead to improper 

dendritic tree formation in rat PHN with a predominance of shorter neurites, which 

formed mesh-like structures around the soma, thereby mimicking the phenotype 

obtained in GGA-overexpressing neurons in this thesis and the precursor study in 

the von Arnim working group (Kiechle 2014). Interestingly, a similar phenotype was 

observed after expressing an inactive form of ARNO, an ARF6 GEF, and this 

phenotype was rescued upon co-expression of a constitutively active ARF6 mutant 

(Hernandez-Deviez et al. 2002). In chicken retinal neurons, simultaneous 

expression of the dominant negative ARF6 mutant and Rac1 drastically abrogated 

Rac1-induced neuritogenesis, with a fivefold decrease in neurons with branched 

neurites and a 3.6-fold increase in neurons without neurites. Furthermore, 

overexpression of ARF6 mutants locked in an either GDP- or GTP-bound state 

resulted in >70% of neurons without dendrites, and <10% of neurons with long 

neurites, whereas overexpression of wild-type ARF6 evoked no significant effect 

compared to control (Albertinazzi et al. 2003). Nevertheless, there are some 

contradictory data from the Hernandez-Deviez working group, which observed that 

axonal length was increased twofold in PHN overexpressing the dominant negative 

ARF6 mutant, with no significant change in axon length upon transfection with wild-

type ARF6 (Hernandez-Deviez et al. 2004). However, those results should be 

interpreted with care, as other studies again demonstrated shortened neurites in 

PHN after ARF6 knockdown or knockout. Interestingly, loss of function of ACAP3, 

an ARF6 GAP that ensures proper GDP/GTP nucleotide cycling rather than simply 

inactivating ARF6, evoked a phenotype similar to that observed upon ARF6 

depletion (Tanna et al. 2019). To sum it up, ARF6 plays a key role in cytoskeleton 

organization and membrane turnover, and thus is an important contributor to cell 

migration and neurite formation. ARF6 is expressed in the developing and adult 

hippocampus (Hernandez-Deviez et al. 2002), and most studies suggest a pro-

neuritogenic function of ARF6, which also depends on the integrity of associated 



 

75  

GEFs and GAPs. Importantly, a dominant negative ARF6 mutant mimicked the PHN 

phenotype obtained upon GGA overexpression in this study, supporting the working 

hypothesis. 

The next question to address, is how GGA overexpression possibly inhibits ARF6 

function in PHN. As mentioned in the introduction, ARF proteins are important 

regulators of vesicular trafficking by means of the recruitment of adaptor proteins to 

membrane-bound compartments. Membrane-bound ARF-GTP recruits GGA 

proteins to the TGN, based on an interaction with the GGA GAT domain. Thus, 

overexpression of GGA proteins potentially induces a spatial accumulation of ARF6 

at the TGN, where it colocalizes with GGA proteins, impairing it from the exertion of 

its pro-neuritogenic functions. Supporting this theory, GGA1 overexpression was 

shown to increase both ARF affinity to Golgi membranes and GTP affinity to ARF3. 

This possibly represents a positive feedback mechanism to enhance stability of the 

GGA-ARF protein complex upon binding of GGA to ARF-GTP (Zhu et al. 2000).  

Intriguingly, initial ICC images acquired in this thesis (using the 100x objective) 

revealed changes in ARF6 subcellular localization depending on the overexpressed 

transgenes (also refer to chapter 3.6):  

In the control group, ARF6 was distributed rather homogenously in the soma, with 

a somewhat diminished signal in the neurites. This pattern presumably represents 

native ARF6 distribution in PHN. 

In contrast, GGA-overexpressing PHN revealed a predominantly juxtanuclear ARF6 

localization, possibly representing ARF6 sequestration at the TGN. Likewise, the 

ARF6 signal in the neurites was markedly reduced in GGA-overexpressing neurons, 

and so are possibly the pro-neuritogenic functions of ARF6. This pattern of ARF6 

distribution supports the working hypothesis in principle. 

Upon simultaneous GGA and ARF6 overexpression, the ARF6 distribution was 

generally clustered and markedly increased in the neurites, whereas it remained 

prominent at juxtanuclear regions. Perhaps, GGA overexpression still sequesters a 

fraction of overexpressed ARF6 at the TGN, but the remainder is recruited to 

locations where neuritogenesis takes place. 

Finally, sole ARF6 overexpression evoked a homogenous ARF6 distribution 

throughout the neuron, involving both the soma and the neurites. Compared to 

control, the ARF6 signal was particularly increased in the neurites. The shifted ARF6 

distribution in favor of the neurites in both GGA-ARF6-pU and ARF6-pU constructs 
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further supports the working hypothesis by suggesting an explanation for the 

opposed effects on neurite length compared to GGA overexpression.  

Future experiments could address the topic of GGA-ARF colocalization more 

thoroughly, e.g., by means of an ICC experiment with simultaneous staining of GGA 

proteins and ARF6, followed by confocal microscopy. Furthermore, GGA mutants 

lacking the GAT domain or GGA knockdown constructs (e.g., via shRNA) could be 

cloned, and the corresponding lentiviral particles could be established. Transduction 

of PHN with those vehicles would possibly abrogate the shortened dendritic tree 

phenotype and the assumed colocalization of GGA proteins and ARF6, further 

supporting the working hypothesis. 

Interestingly, overexpression of the GGA3 GAT domain caused dissociation of other 

ARF-regulated, membrane-bound adaptor proteins (like AP-1) into the cytosol, 

either by means of ARF sequestration at the TGN or by blocking of a common ARF6 

effector binding site (Dell'Angelica et al. 2000). Consequently, not only the inhibition 

of ARF6 function, but also the functional impairment of other ARF6 effectors 

involved in cellular trafficking and other processes may contribute to the cellular 

phenotype obtained upon GGA overexpression. For instance, ARF6 sequestration 

at the TGN might prevent it from the exertion of its phospholipid-modifying functions 

at the plasma membrane (including activation of PI(4)P 5-kinase α and PLD), limiting 

membrane ruffling and thus neurite elongation. Furthermore, additional ARF6 

effectors like the Rho family GTPases including Rac1, which themselves are 

involved in neurite elongation, could lack activation modulated by ARF6, possibly 

hampering neuritogenesis (Honda et al. 1999) (Donaldson 2003) (Hernandez-

Deviez et al. 2004).  

On the other hand, the working hypothesis could be wrong, and the observed 

phenotypes are not attributable to a direct mechanistic link between GGA proteins 

and ARF6. As stated in the introduction, both GGA proteins and ARF6 influence 

BACE1 trafficking and APP metabolism, and thus inevitably affect sAPP generation. 

The neuroprotective and pro-neuritogenic properties of sAPP and sAPPβ are well-

established (Chasseigneaux et al. 2011) (Ohsawa et al. 1999). Preliminary studies 

in the von Arnim working group analyzed the effect of GGA overexpression on sAPP 

levels in the conditioned medium of N2A and HEK cells. Upon co-transfection with 

APP, BACE1 and either GGA1, GGA2 or GGA3, both sAPP and sAPPβ levels 

were significantly decreased (von Einem et al. 2015). This provides a possible 
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explanation for the drastically shortened dendritic tree observed in GGA-

overexpressing PHN. Perhaps, ARF6 overexpression instead raises sAPP levels, 

although another study observed increased sAPP production in ARF6 knockout 

mouse embryonic fibroblasts, and elevated Aβ levels in HeLa cells overexpressing 

the constitutively GDP-bound ARF6 (T27N) mutant (Sannerud et al. 2011). In 

contrast, another working group obtained decreased Aβ levels in mouse cortical 

neurons overexpressing ARF6 (T27N). These divergent results might be attributable 

to different ARF6 function in neuronal and HeLa cells (Tang et al. 2015). To sum it 

up, the available evidence concerning the impact of ARF6 on Aβ and sAPP 

production is somewhat contradictory.  

To further investigate the effect of simultaneous GGA-ARF6 overexpression and 

isolated ARF6 overexpression on sAPP levels in the supernatant of transduced 

PHN, an ELISA should be performed. Another strategy to be considered is the 

addition of recombinant sAPP to the culture medium of GGA-overexpressing PHN. 

If this sAPP supplementation results in an abrogation of the shortened neurite 

phenotype, the importance of additional contributing factors not directly covered by 

the working hypothesis would be emphasized. 
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5. SUMMARY 

Ever since the establishment of the amyloid hypothesis, a rising number of 

candidate genes suspected of contributing to Alzheimer’s disease (AD) 

pathogenesis evolved. These include cellular sorting proteins of the Golgi-localized, 

-ear-containing, ARF-binding (GGA) family and the small guanosine 

triphosphatase (GTPase) ADP-ribosylation factor 6 (ARF6). It has been shown that 

both GGA1 and GGA3 protein levels are decreased in the brains of AD patients. In 

contrast, ARF6 expression was demonstrated to expand throughout the 

hippocampus during the development of AD. Alongside with the ability of GGA 

proteins and ARF6 to affect amyloid precursor protein (APP) processing, these 

properties attracted the interest of neuroscientists. In preliminary studies in our 

working group, GGA overexpression in primary hippocampal neurons (PHN) by 

lentiviral transduction evoked a drastic phenotypic change, with a marked decline in 

neurite length and a shifted dendritic tree architecture. In an effort to narrow down 

the field of potential contributors to this phenotype, ARF6 comes into focus, and was 

analyzed together with GGA proteins in the present thesis. 

To guarantee stable transgene overexpression in PHN, lentiviral vehicles encoding 

pUltraHot (pU), GGA1/2/3-pU, ARF6-pU and GGA1/2/3-ARF6-pU were produced 

and purified after the cloning of ARF6-pU and GGA1/2/3-ARF6-pU plasmids was 

accomplished. Transgene overexpression in transfected human embryonic kidney 

(HEK) 293 cells and transduced PHN has been proven for all lentiviral constructs 

via Western Blotting. In addition, Western Blot densitometry confirmed comparable 

transgene levels between the different constructs. Prior to the morphological 

analysis of PHN by means of fluorescence microscopy, transduction volumes were 

calculated for all constructs based on their functional titers determined via flow 

cytometry, to ensure as similar multiplicities of infection (MOI) as possible. The 

results of the precursor study were reproduced, since GGA overexpression again 

evoked a drastically shortened dendritic tree with diminished potential to establish 

connections to neighboring cells. Intriguingly, simultaneous overexpression of GGA 

and ARF6, as well as sole overexpression of ARF6, did not only abrogate, but also 

mostly reverse this phenotype. These findings support available evidence in the 

literature, which mainly describes a pro-neuritogenic potential of ARF6. In addition, 

a dominant negative ARF6 mutant mimicked the phenotype obtained in GGA-

overexpressing PHN. 
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As an explanatory approach, a direct mechanistic interaction between GGA proteins 

and ARF6 is hypothesized, resulting in sequestration and functional depletion of 

ARF6 at the trans-Golgi network (TGN) upon GGA overexpression. The working 

hypothesis was supported by initial ICC images examining subcellular ARF6 

distribution, which was confined to juxtanuclear regions in GGA-overexpressing 

PHN, possibly representing the TGN. In contrast, ARF6 localization in the neurites 

was enhanced in neurons simultaneously overexpressing GGA and ARF6, or ARF6 

alone. 

Further experiments are required to clarify the underlying causes of the observed 

effects on neuronal morphogenesis. Initially, additional immunocytochemistry (ICC) 

experiments using co-staining of GGA proteins and ARF6 (and desirably confocal 

microscopy) could help to verify the suspected colocalization of GGA and ARF6 in 

the case of GGA overexpression. As mentioned above, GGA mutants lacking the 

GGA and TOM1 (GAT) domain are a promising tool. If their overexpression would 

abrogate the shortened dendritic tree as well as GGA and ARF6 colocalization, this 

would further affirm the working hypothesis. Moreover, possible changes in the 

activity of other ARF6 effectors involved in membrane turnover and thus 

neuritogenesis could be analyzed, e.g., by means of comparing phosphatidylinositol 

4-phosphate 5-kinase α (PI(4)P 5-kinase α) activity or phosphatidylinositol 4,5-

bisphosphate (PI(4,5)P2) concentration in GGA-overexpressing, GGA-ARF6-

overexpressing and ARF6-overexpressing PHN. 

On the other hand, factors not directly covered by the working hypothesis must be 

considered as well. To my mind, the most promising of these factors represents 

changes in secreted amyloid precursor protein (sAPP) concentrations in the 

supernatant of PHN. Consequently, an enzyme-linked immunosorbent assay 

(ELISA) should be performed to exclude opposed effects of GGA and ARF6 

overexpression on sAPP production, delivering an alternative explanation for the 

obtained phenotypes. 

The proper morphology of a neuron is crucial for the exertion of its inherent 

functions, and neuronal morphogenesis is affected by many AD relevant genes. 

Understandably, an improved comprehension of both the functions and interactions 

of AD relevant genes is an important building block in the effort to develop new 

therapeutic approaches for this yet incurable, devastating disease. The present 

thesis intends to make a small contribution to this challenging project. 
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