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 L1-type cell adhesion molecule (L1-CAM) is a synaptic membrane protein that is 

associated with L1 syndrome, which exhibits spasticity, intellectual disability and 

hydrocephalus Neuroglian (Nrg) is the invertebrate homologue of L1-CAM in Drosophila 

melanogaster. In vitro studies have shown L1-CAM is proteolytically cleaved and the 

intracellular domain (ICD) translocates to the nucleus. There it is involved in the 

upregulation of genes that are involved in DNA damage response, cell cycle progression, 

apoptosis and cellular differentiation. In some forms of Alzheimer’s Disease (AD) 

proteolytic cleavage of L1-CAM are enhanced. We studied the effects of expression of 

NrgICD in vivo. Our results indicate that ubiquitous expression of NrgICD like its vertebrate 

homologue resulted in upregulation of NBS1 and c-myc in Drosophila. We found that the 

ubiquitous expression of NrgICD resulted in reduced viability in various models of oxidative 

stress. This suggests that enhanced proteolytic cleavage of Nrg/L1-CAM contributes to the 

pathology of AD. Our results may provide new insights into the cellular mechanisms of 

neurodegenerative diseases. 
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Chapter 1 

INTRODUCTION 

 Cell adhesion molecules (CAM) are the transmembrane receptors belonging to the 

immunoglobulin (Ig) superfamily. The human CAM family is composed of four genes – 

L1CAM, CHL1, NrCAM, and neurofascin (Figure 1). L1CAM is involved in neuronal 

development. It is expressed on the plasma membrane of neurons and glial cells and 

interacts with a large variety of other CAMs and receptors as well as the extracellular 

matrix (Haspel & Grumet, 2003). These interactions promote cellular signaling promoting 

central nervous system development. The cellular functions that are promoted include 

neuron-neuron and neuron-glial adhesion (Friedlander, Grumet, & Edelman, 1986; Grumet 

& Edelman, 1988), axonal fasciculation (Rathjen, Wolff, Frank, Bonhoeffer, & 

Rutishauser, 1987), neurite outgrowth (Chang, Rathjen, & Raper, 1987), migration 

(Chuong, Crossin, & Edelman, 1987), axon guidance (Castellani, Chedotal, Schachner, 

Faivre-Sarrailh, & Rougon, 2000), neuronal survival (Chen, Mantei, Dong, & Schachner, 

1999), myelination (Haney et al., 1999; Wood, Schachner, & Bunge, 1990), and memory 

consolidation (Pradel, Schachner, & Schmidt, 1999; Scholey, Mileusnic, Schachner, & 

Rose, 1995). In addition, mutations in the human L1CAM  is linked to CRASH syndrome 

causing a broad spectrum of neurological defects (corpus callosum hypoplasia, mental 

retardation, adducted thumbs, spastic paraplegia, and hydrocephalus), Alzheimer’s 

disease, autism, schizophrenia, and cancer (Marui et al., 2009; Raveh, Gavert, & Ben-

Ze'ev, 2009; Sakurai, Migita, Toru, & Arinami, 2002; Strekalova et al., 2006).  
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Structure of L1-type CAMs: 

All L1-type CAMs have a highly conserved structure with an extracellular domain, 

containing six immunoglobulin-like domains (Ig1-Ig6) and five fibronectin-like domains 

(Fn1-Fn5), a transmembrane domain, followed by an intracellular domain. The 

intracellular domain consists of an ezrin-adixin-moesin (ERM) binding motif, which 

provide links to the spectrin and the actin cytoskeleton of the neuron, and a highly 

conserved FIGQY motif for Ankyrin binding (Figure 1.1) (Cheng, Itoh, & Lemmon, 2005; 

Davis & Bennett, 1994; Dickson, Mintz, Benson, & Salton, 2002). 

Figure 1.1 L1-type isoforms 

 
Figure 1.1 Diagram showing the structure of L1-type CAM, with an extracellular domain 

containing Ig and Fn like repeats, a transmembrane domain and an intracellular domain 

containing the ERM and FIGQY binding motifs.  
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 Recently, in vitro studies have shown that the vertebrate L1-CAM is proteolytically 

cleaved by various enzymes and the fragments translocate to the nucleus (Figure 1.2) 

(Cheng et al., 2011; Lutz et al., 2012; Lutz, Wolters-Eisfeld, Schachner, & Kleene, 2014; 

Riedle et al., 2009). Certain enzymes like Alzheimer’s associated metalloproteases 

(ADAMs), specifically ADAM10 and ADAM17, cleave the full-length L1-CAM (220 

kDa) into a large extracellular fragment as well as a 32 kDa transmembrane fragment 

(Gutwein et al., 2003; Maretzky et al., 2005). The 32 kDa stub further acts as a substrate 

for γ-secretase/presenilin resulting in a 28 kDa soluble fragment containing the intracellular 

domain (ICD) which translocates to the nucleus (Maretzky et al., 2005). This 28 kDa 

fragment regulates the expression of a number of genes that are related to cancer suggesting 

that the intracellular domain of L1 plays an important role in cancer progression (Kiefel et 

al., 2012; Maretzky et al., 2005; Riedle et al., 2009). L1-CAM is also cleaved by a serine 

protease releasing a 135 kDa and a 70 kDa fragment. This 70 kDa fragment also 

translocates to the nucleus and is implicated in neurodevelopmental function such as 

neurite outgrowth (Lutz et al., 2012). The 70 kDa fragment can be cleaved by Cathepsin 

E. The resulting 30 kDa soluble fragment also translocates to the nucleus and is associated 

with a function in neuronal migration (Figure 1.2) (Lutz et al., 2014). Finally, in a mouse 

model of Alzheimer disease proteolytic cleavage of the 70 kDa fragment by presenilin into 

the soluble 28kDa was enhanced (Lutz et al., 2012). Interestingly, recombinant expression 

of L1ICD has been shown to regulate the expression of NBS1 via upregulation of c-Myc 

suggesting that, L1-CAM augments DNA damage checkpoint activation and increases the 

radioresistance of glioblastoma stem cells (Cheng et al., 2011). Thus, in vitro studies 
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suggests that the L1ICD is involved in the protection against cellular stress by activating 

pathways that promote cell survival. Therefore, enhanced proteolytic presenilin mediated-

cleavage of L1-CAM may either augment AD pathology due to the reduction of the 70kDa 

fragment or the increased import of the 28kDa as a cellular stress response to alleviate AD 

pathology. However, the in vivo functions and effects of L1-type fragments in the nucleus 

are not studied. Here, we use Drosophila as a model and will test the hypothesis of in vivo 

expression of the intracellular domain of the Drosophila L1-CAM homologue, Neuroglian, 

promotes or decreases neuronal survival under cellular stress conditions.  

Figure 1.2. Cleavage sites for L1-CAM 

 
Figure 1.2 Full length L1-CAM is 220 kDa. ADAM10 cleaves L1-CAM releasing a 200 

kDa and 32 kDa fragment. The 32 kDa fragment is further cleaved into a 28 kDa fragment 

by γ-secretase/presenilin. A serine protease also cleaves L1-220 into a 135 kDa and 70 kDa 

fragment. Cathepsin E works on the 70 kDa fragment releasing an intracellular 30 kDa 

fragment.   
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Drosophila as a model organism: 

 Drosophila is used as a model organism first and foremost because 70% of human 

disease-causing genes are conserved in Drosophila (Rubin et al., 2000) and this organism 

provides aspects of development and behavior that parallel those found in humans 

(Beckingham, Armstrong, Texada, Munjaal, & Baker, 2007). Conjointly, Drosophila 

exhibit a short generation time, which allows several generations to be studied in a short 

time period. Additionally, the Drosophila expresses the sole invertebrate homologue of L1-

type CAMs, called Neuroglian (Nrg). 

 The Drosophila Nrg shares structural similarities to all L1-type CAMs, however it 

is important to note that Nrg exhibits the most extensive homology with the vertebrate L1-

CAM (Bieber et al., 1989). Both consist of an extracellular domain (the Ig1-Ig6 domain 

and the Fn1-Fn5 domain), a transmembrane domain, and an intracellular domain. This 

cytoplasmic domain contains the highly conserved FIGQY Ankyrin-binding motif    

(Figure 1.3).  



6 
 

Figure 1.3. L1-CAM and Nrg structure

  

Figure 1.3 Vertebrate L1-CAM and the invertebrate Nrg exhibit structural homology. The 

FIQGY Ankyrin-binding motif is highly conserved from human L1-CAM to Drosophila 

Nrg.   

  

 In addition to structural and functional homology in Drosophila genetics, certain 

genetic tools, created by exploiting the function of P element transposons in Drosophila, 

allow us to generate transgenic animals and to have control over expression of genes of 

interest (GOI). One particular tool that can be utilized is the UAS-Gal4 system. 

The UAS-Gal4 system: 

 The UAS-Gal4 system allows us to express or enhance the expression of the GOI 

in a tissue-specific manner in Drosophila (Brand & Perrimon, 1993). In this system, the 



7 
 

Gal4 gene, a yeast transcription activator, is expressed in a tissue-specific manner. The 

Gal4 sequence is carried in the Drosophila driver line and is controlled by a Drosophila 

enhancer sequence. The second line that carries the GOI carries the yeast-specific 

upstream-activation sequence (UAS) upstream of the coding sequence for the GOI (St 

Johnston, 2002) (Figure 1.4). In order to express the GOI, the driver line and the UAS line 

are crossed. The resulting progeny will exhibit an enhanced expression of the GOI in a 

tissue-specific manner reflected by the Gal-line (Beckingham et al., 2007). For the 

purposes of my research, the UAS-Gal4 system was used to ubiquitously express the GOI 

(L1ICD and NrgICD) and assess its potential neuroprotective functions in vivo.  

Figure 1.4. UAS-Gal4 system in Drosophila  

 

Figure 1.4 (adapted from Daniel St Johnston) The Gal4 gene, a yeast transcription 

activator, is expressed in a tissue-specific manner. The Gal4 sequence is carried in the 

Drosophila driver line while the UAS is carried in the second line along with the GOI 

sequence.  
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Chapter 2 

METHODS 

UAS-Gal4 lines: 

 To characterize the neuroprotective function of Nrg/L1CAM in vivo, UAS 

constructs that allowed transgenic expression of either NrgICD, L1ICD, or the full length, 

NrgWT were previously generated by Priyanka Kakad (Godenschwege lab). Here, the 

transgenic UAS lines that carried the NrgICD, L1ICD, or NrgWT genes were crossed to the 

Daughterless (Da) Gal4 driver line. All F1 offspring (UAS-NrgICD/+; Da-Gal4/+, UAS-

L1ICD/+; Da-Gal4/+, or UAS-NrgWT/+; Da-Gal4/+) were in a w1118 background. The 

genotype of the control was Da-Gal4/+. (For the purposes of simplicity, the tested 

genotypes will be written as Da; NrgICD, Da; L1ICD, Da; NrgWT and Da, respectively). The 

resulting F1 progeny which ubiquitously expressed the GOI was used in behavioral studies 

(survival assays) to investigate its neuroprotective effect.  

Survival and Longevity Assays: 

 A life span assay was done in order to determine how well the expression of 

NrgICD/L1ICD protected against oxidative stress. The oxidative stress was induced in the 

flies either physically or genetically. Physically, the flies were either exposed to hypoxia, 

ultraviolet (UV) radiation, or fed paraquat. Genetically, the APP Alzheimer mutant (V717) 

was expressed in adult male flies to induce oxidative stress. For each of the stress assays, 

F1 male flies were collected, all within 1 week of age, and placed in vials containing 
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standard food. For each lifespan assay the number of flies recovered from oxidative stress 

was noted in sequential readings.  

A. Paraquat induced oxidative stress 

Paraquat, or methyl viologen hydrate, is the active compound found in a number of 

pesticides and herbicides and is an oxidant that interferes with the electron transport 

chain of mitochondria and thereby induces cellular oxidative stress. Paraquat 

undergoes an in vivo NADPH-dependent reduction forming a stable radical that 

reacts with oxygen. This generates superoxide anions, the reactive oxygen species 

(ROS). The accumulation of the ROS creates an oxidative stress environment 

causing lipid, protein, and DNA damage (Rzezniczak, Douglas, Watterson, & 

Merritt, 2011). For the paraquat assay, 4 sets of 20 male flies were collected per 

genotype (Da; NrgICD, Da; L1ICD, Da; NrgWT) to give a sample size of 80 and 

compared to control flies (Da). After collection, the flies were transferred to the 

treatment vials, which contained the standard food infused with 5mM paraquat 

(methyl viologen hydrate, 98% [ACROS Organics]) compound. The number of 

dead and alive flies were recorded every second day. After each reading, the flies 

were replaced back into a 25oC incubator. Every second reading or every 3 days, 

the old paraquat treated food was replaced with fresh paraquat treated food. The 

readings were taken until all of the flies had deceased.  
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B. Hypoxia induced oxidative stress 

O2 is essential for all aerobic life. Concentrations of O2 that are either too high or 

too low are capable of inducing oxidative stress and increasing mortality in the 

organism (Zhao & Haddad, 2011). In Drosophila, hypoxia induces a down 

regulation and suppression of metabolic genes as well as producing altered gene 

expression. This enables the organism to withstand the stress of a hypoxic 

environment and prolonging survival (Zhou et al., 2008). For the hypoxia assay, 5 

sets of 10 male flies were collected per genotype (Da, Da; NrgICD, Da; L1ICD, and 

Da; NrgWT) to give a sample size of 50. The flies were placed in vials with standard 

food and the vials were transferred to a hypoxia chamber. The flies were subjected 

to an acute 4-hour exposure in a hypoxic environment in which argon gas replaced 

the air in the hypoxia chamber, giving a final oxygen concentration of 0.2%. 

Immediately after exposure, the flies recovered from comatose state were counted. 

They were placed in a 25oC incubator. Thereafter, 2 daily readings (one in the 

morning and evening) were conducted to tabulate how many recovered from being 

comatose. After every 3 days, the flies were transferred into a new vial containing 

fresh standard food. Readings were taken until all flies were dead.    

C. UV Radiation induced cellular stress 

Along with free radical formation, UV radiation is known to interfere with genetic 

integrity resulting in DNA damage. DNA damage results in faulty DNA replication, 

hydrolytic damage, and oxidative stress mediated by the UV radiation induced ROS 
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(Rastogi, Richa, Kumar, Tyagi, & Sinha, 2010). Oxidative stress induced from 

DNA damage affects the survivability of the organism. For the UV irradiation 

assay, 2 sets of 10 male flies were collected per genotype (Da, Da; NrgICD, Da; 

L1ICD, and Da; NrgWT) to give a sample size of 20. Flies were placed in small petri 

dishes and wrapped with clear plastic cling wrap. The petri dishes were placed in a 

UV StratalinkerTM Model: 1800 machine and exposed to 9000 µJ/cm2 of UV-C 

(255 nm) radiation. Immediately after exposure, the number of dead and alive flies 

were counted. The flies were replaced into vials containing fresh standard food and 

transferred into a 25o C incubator. One reading was taken daily. After 3 days, the 

flies were transferred to a new vial containing fresh standard food. Readings were 

taken until all flies had deceased.  

D. Genetically induced oxidative stress 

Mutations in the human PS-1 and APP genes are implicated in the pathogenesis of 

Alzheimer’s disease. Mutations in such genes creates and increase in production of 

amyloidogenic amyloid beta-peptide (Aβ42) which causes significant oxidative 

stress on the brain (Abdul, Wenk, Gramling, Hauss-Wegrzyniak, & Butterfield, 

2004). In the genetic assay, 4 sets of 25 male flies were collected per genotype –

UAS-v717/+; Da-Gal4/+ and UAS-NrgICD/v717; Da-Gal4/+ (hereafter referred to 

as Da; v717, Da; NrgICD; v717) – to give a sample size of 100. Flies were placed in 

vials containing standard food. One reading was taken every 3 days and the number 

of dead and alive flies was recorded. After 3 days, the flies were transferred into a 
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new vial containing fresh standard food. Readings were taken until all flies had 

deceased.  
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Chapter 3 

RESULTS AND DISCUSSION 

 To begin with, we determined if ubiquitous expression of NrgICD similar to L1ICD 

in line vertebrate cell lines, affect the transcription of NBS and d-myc. Real-time PCR, 

conducted by Priyanka Kakad, was used to quantify the expression of NBS and d-myc (the 

Drosophila homologue to vertebrate c-myc) transcripts in nervous systems. In our in vivo 

model, both NBS and myc were upregulated (Figure 3.1, adapted from Priyanka Kakad). 

These results were consistent with previous in vitro studies (Cheng et al., 2011). 

Figure 3.1.  In vivo Real-time PCR of NBS and d-myc transcript expression 

 

Figure 3.1 Ubiquitous expression of NrgICD increased the in vivo expression of NBS and 

d-myc transcripts as compared to the control. These results were consistent with previous 

in vitro studies.  
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A. Paraquat induced oxidative stress 

 In our paraquat stress assay, we found that the ubiquitous expression of NrgICD 

decreased the survival rate of the flies as compared to the control. NrgICD did not protect 

against oxidative stress but instead increased the mortality of the flies. In addition, neither 

the expression of L1ICD nor the expression of the full-length version of Nrg, NrgWT, 

increased the survival rate of the flies as compared to the control (Figure 3.2). 

Figure 3.2. Survival rates of NrgICD, L1ICD, and NrgWT expression in paraquat 
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Figure 3.2 With the paraquat assay, flies expressing the NrgICD were observed to have a 

decreased survival rate and compared to the control. Likewise, the expression of L1ICD and 

the expression of NrgWT also produced decreased survival rates in flies as compared to the 

control.  
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B. Hypoxia induced oxidative stress  

 In the hypoxia assay, we found that the expression of NrgICD did not improve the 

survival rate of flies when compared to the control (Figure 3.3). Like the paraquat assay, 

neither the expression of L1ICD, nor NrgWT, increased the survival rates of the flies. 

Therefore, the expression of NrgICD, L1ICD, or NrgWT, did not protect against the 

effe100081f oxidative stress.  

Figure 3.3. Survival rates of NrgICD, L1ICD, and NrgWT expression under hypoxic 

conditions
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Figure 3.3 In a hypoxic environment, flies expressing NrgICD, L1ICD, or NrgWT were 

observed to have a decreased survival rate as compared to the control and therefore did not 

have a neuroprotective function. (Note: the sample size for Da; L1ICD was 30).  
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C. UV induced cellular stress 

 Flies were irradiated with UV-C (255 nm) to potentially induce DNA damage and 

determine if the expression of the intracellular domain of L1-type CAMs had a beneficial 

effect on survival under these conditions. We observed a difference in the survival rates of 

flies expressing NrgICD, L1ICD, or NrgWT (Figure 3.4) when compared to the life span 

observed in the hypoxia or paraquat assays. The flies in the UV assay had shorter life spans, 

ranging from 7 to 8 days while flies in the hypoxia and paraquat assays experienced much 

longer life spans up to 40 days.  

Figure 3.4. Survival rates of NrgICD, L1ICD, and NrgWT expression after UV irradiation 
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Figure 3.4 There was a difference in the survival rates of flies expressing NrgICD, L1ICD, 

or NrgWT when compared to the life span observed in the hypoxia or paraquat assays.  

Previous studies show that UV radiation has negative effects regarding survival and 

viability, but only in Drosophila larvae (Baden, Kollias, Anderson, Hopkins, & Raftery, 

1996; Jassim, Fink, & Cagan, 2003). However, our in vivo model was the adult Drosophila 
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fly and it is unknown if our UV-C treatment caused DNA damage in the nervous system 

or affected cellular functions in the cytosol of other tissues such as muscles. Furthermore, 

UV irradiation has been shown to affect cytoskeletal organization (Grzanka, Domaniewski, 

Grzanka, & Zuryn, 2006; Rafferty, Rafferty, & Zigman, 1997).  

D. Genetically induced oxidative stress 

 In the final stress assay, flies expressed the NrgICD and the human APP (amyloid 

precursor protein) carrying the pathological V717 mutation (Abdul et al., 2004). We saw 

that there was a slight decrease in the survival rate as compared to the control (Figure 3.5), 

suggesting that NrgICD expression is not protective against V717 toxicity.  

Figure 3.5. Survival rate of flies co-expressing NrgICD and mutant APPV717
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Figure 3.5 The survival rate in flies co-expressing expression NrgICD and mutant APPV717 

protein, was slightly decreased as compared expression of APPV717 alone.  
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 From our results, we concluded that ubiquitous expression of NrgICD did not 

improve the survival rate and viability of Drosophila. We also expressed the full length 

neuroglian, NrgWT, and expressed the human L1ICD. Both expressions resulted in a decrease 

in the survival rate in most assays. This suggests that the previously hypothesized 

protective function of the intracellular domain of L1-type CAMs in vitro, does not directly 

translate to a universal neuroprotective function in vivo to other cellular stressors. 

Expression of L1ICD causes an increase NBS1 expression via c-myc (Figure 3.6), which 

has been shown to play a role in DNA damage repair. However, overexpression of c-myc 

was shown to also cause oxidative stress (Yu et al., 2009), which more consistent with the 

findings in our oxidative stress assay. Thus the increased expression of d-myc induced by 

our expression of the ICD of L1-type CAMs observed in the Drosophila nervous systems 

with real-time PCR, enhanced oxidative stress in the flies. This resulted in a further 

decrease of the survival rates in our oxidative stress assays. Thus we proposed that the 

increased cleavage of L1-CAM into the 28kDa, as seen in some forms of Alzheimer’s 

disease, contributed to AD pathology. 



19 
 

Figure 3.6. L1-CAM signaling

 

Figure 3.6 Increased expression of L1ICD causes an increase in c-Myc expression (Cheng 

et al., 2011). Additionally, oxidative stress causes increase in L1-CAM cleavage.  

 

 To summarize, our study ventured to investigate the neuroprotective effects of 

NrgICD expression in vivo using the Drosophila model organism. The results obtained 

suggested that in fact NrgICD expression does not improve the overall survivability and 

viability of the flies. Two possible explanations are that increased ICD expression also 

increased myc expression, which is known to cause additional stress. Secondly, the 

oxidative stress could have increased the activity of γ-secretase/presenilin releasing more 

ICD to the nucleus. While we did not produce positive results, we can look at NrgICD as a 

potential target for pharmacological and genetic therapy. We now know that NrgICD, and 

L1ICD for that matter, are implicated in the pathology of Alzheimer’s disease. For future 

directions, more in-depth studies might help us understand more about neurodegenerative 

diseases.  
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