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ABSTRACT 

Alzheimer’s disease (AD) is the most common form of dementia and is 

characterized by the accumulation of extracellular amyloid beta (A) plaques 

and intracellular neurofibrillary tangles of hyperphosphorylated Tau, including 

the 4R0N isoform. Recent epigenome-wide association studies (EWAS) of AD 

have identified a number of loci that are differentially methylated in AD cortex. 

Indeed, hypermethylation of the Ankyrin 1 (ANK1) gene in AD has been reported 

in the cortex in numerous different post-mortem brain cohorts. Little is known 

about the normal function of ANK1 in the healthy brain, nor the role it may play 

in AD. We have generated Drosophila models to allow us to functionally 

characterize Drosophila Ank2, the ortholog of human ANK1. These models have 

targeted reduction in the expression of Ank2 in neurons. We find that Drosophila 

with reduced neuronal Ank2 expression have shortened lifespan, reduced 

locomotion, reduced memory and reduced neuronal excitability similar to flies 

overexpressing either human mutant APP (that leads to A42 production) and 

MAPT (that leads to 0N4R Tau). Therefore, we show that the mis-expression of 

Ank2 can drive disease relevant processes and phenocopy some features of AD 

and we propose targeting ANK1 may have therapeutic potential. This represents 

the first study to characterize a gene implicated in AD, which was nominated 

from EWAS.
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Author summary

The majority (>95%) of Alzheimer’s disease (AD) cases are sporadic, with their 

incidence attributed to common genetic mutations, epigenetic variation, aging 

and the environment. There is no cure for AD and only limited treatment options 

which only treat the symptoms of AD and only work in some people. Recent 

epigenome-wide association studies (EWAS) in AD have highlighted 

hypermethylation of the Ankyrin1 (ANK1) gene in AD cortex. Little is known of 

the normal role of the gene in the brain. Here, we have demonstrated that 

Drosophila with reduced neuronal expression of the Drosophila ortholog of 

human ANK1 (Ank2), can drive AD relevant processes including locomotor 

difficulties, memory loss and shortened lifespan similar to expression of human 

amyloid-Beta or tau mutant proteins. Furthermore, increasing Ank2 expression 

reversed the memory loss caused by expression of human amyloid-Beta or tau 

mutant proteins, suggesting that targeting ANK1 may have therapeutic 

potential. This represents the first study to characterize a gene implicated in AD, 

which was nominated from EWAS.
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INTRODUCTION 

AD is the most common form of dementia, with patients suffering from premature 

death and accelerated cognitive decline including memory loss. Post-mortem 

examination of AD brain samples reveals the accumulation of extracellular amyloid-

beta (A) plaques and intracellular neurofibrillary tangles (NFTs) of 

hyperphosphorylated microtubule associated protein Tau (MAPT), which is 

accompanied by gliosis, neuronal cell loss and brain atrophy. Aβ is produced by the 

amyloidogenic cleavage of the amyloid precursor protein (APP) gene by β and γ 

secretases resulting in the formation of neurotoxic aggregating A peptides with the 

42 amino acid (aa) peptide (A42) being more toxic than A40 [1]. Tau exists in six 

different isoforms, which vary with the number of C-terminal aggregating tubulin 

binding repeats (3R or 4R) and the number of N-terminal domains (0N, 1N or 2N) [2]. 

The 4R isoforms are upregulated in AD brain and show stronger tubulin binding and 

aggregation than the 3R isoforms [2]. Another contributing factor to Tau aggregation 

is its hyperphosphorylation by a number of different kinases [2, 3]. Less than 5% of 

AD cases are due to autosomal dominant mutations in the amyloid precursor protein 

(APP), presenilin 1 (PSEN1) or PSEN2 genes. The remainder of AD cases are 

sporadic, with incidence attributed to both genetic and environmental risk factors. 

Genome-wide association studies (GWAS) have identified a number of genes where 

common genetic variation is associated with increased risk of sporadic AD, including 

APOE (4 allele), BIN1 and PICALM genes amongst others [4] with many additional 

risk factors for AD being associated with lifestyle and/or the environment. 

Epigenetics refers to the mitotically and meiotically heritable changes in gene 

expression without alterations in the underlying DNA sequence for instance by DNA 
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methylation and downregulation of genes [5]. This also potentially allows for alterations 

in gene expression in response to environmental variation, such as stress, diet or 

exposure to environmental chemicals. In order, to characterize the contribution of 

epigenetic mechanisms to AD etiology, recent epigenome-wide association studies 

(EWAS) of AD [6-8] have been performed and have identified a number of genetic loci 

that are associated with increased risk of AD. One locus that showed consistent 

cortical AD-associated hypermethylation in five independent cohorts resided in the 

ANK1 gene [6, 7, 9]. A recent publication has demonstrated that ANK1 DNA 

methylation in entorhinal cortex is observed in only certain neurodegenerative 

diseases [10]. This study reported disease-associated hypermethylation in AD, 

Huntington’s disease (HD) and to a lesser extent Parkinson’s disease (PD). The 

authors showed that disease-associated hypermethylation was only seen in donors 

with vascular dementia (VaD) and dementia with Lewy bodies (DLB) when individuals 

had co-existing AD pathology; in individuals with “pure” VaD or DLB, no ANK1 

hypermethylation was observed. ANK1 is an integral membrane and adaptor protein, 

that mediates the attachment of membrane proteins such as ion channels, cell 

adhesion proteins and receptors with the spectrin-actin cytoskeleton and is important 

for cell proliferation, mobility, activation, and maintenance of specialized membrane 

domains [11]. 

Most of our understanding of the molecular changes that cause AD pathology comes 

largely from experiments using rodents to model genetic variation; however, these are 

models of familial AD, and do not recapitulate sporadic disease. As such, new drugs 

effective in these rodents have not translated to any new successful treatments for AD 

and highlighting the need to generate and characterize new models of sporadic AD [6, 

12-16]. For example, widespread constitutive overexpression of a range of different 
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mammalian APP transgenes in rodents lead to a range of AD relevant phenotypes 

such as shortened lifespan, movement and memory deficits however by itself leads to 

little or no neurodegeneration or development of NFTs [13, 17, 18]. Likewise, 

widespread constitutive overexpression of a range of different mammalian MAPT 

transgenes in rodents lead to a range of dementia relevant phenotypes, but little 

neurodegeneration [3, 19, 20]. However, much of this work characterized rodents 

overexpressing P301L mutant MAPT, which is associated with frontotemporal 

dementia (FTD) and not AD [21, 22] or with mice expressing multiple mutant 

transgenes from different diseases [23]. It is not currently known how A and Tau 

pathology are linked, however the amyloid cascade hypothesis suggests that Aβ 

pathology leads to the other hallmarks of AD, including the spread of NFTs [1] and 

recent work suggests changes in neuronal excitability and calcium (Ca2+) signaling 

may be important for their connection and disease progression [24, 25], but exactly 

how remains unknown. 

In Drosophila, neuronal overexpression of different human APP products (including 

A42) and mutants has been reported to cause degeneration of the photoreceptor 

neurons of the fly eye, shortened lifespan, change in neuronal excitability as well as 

movement, circadian, sleep and learning defects in a number of different studies [26-

32]. Likewise, neuronal overexpression of human Tau isoforms associated with AD 

have been shown to result in degeneration of the photoreceptor neurons of the fly eye, 

shortened lifespan, movement and learning defects in many different studies [33-41]. 

Fewer animal models have determined the effect of expression of human A and Tau 

together [39, 40, 42, 43], a scenario that more accurately reflects the progression of 

AD in humans [1, 2, 24, 44-46]. Furthermore, fewer studies have compared the effect 

of common variants nominated from GWAS for AD [43, 47-50] and to our knowledge 
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none from EWAS for AD. Thus, many genomic and epigenomic loci nominated in 

these studies remain uncharacterized in any living organism, with many of these genes 

or loci having a completely unknown function in the brain [6, 46, 49-52].   

In order to address these issues, we have generated and characterized the first animal 

model to investigate the function of a locus nominated from EWAS in AD. We have 

investigated ANK mis-expression and compared its AD relevant phenotypes to 

Drosophila models expressing either (a) human mutant APP (which results in an 

aggregating form of oligomerized A42), (b) MAPT (resulting in 0N4R Tau), (c) APP 

(A42) with MAPT (0N4R Tau) and (d) APP (Aβ42) or MAPT (0N4R Tau) with Ank 

mis-expression, finding that mis-expression of these AD associated genes cause 

similar reduction in lifespan, movement, memory and neuronal excitability.

RESULTS

Mis-expression of human mutant APP, MAPT or Ank2 shortens lifespan

Increased neuronal levels of A or Tau lead to AD pathology and early death [1, 45]. 

We therefore overexpressed in all neurons either an aggregating form of human 

mutant APP that encodes oligomerized human A42 (tandem A42 [29]) or human 

MAPT (0N4R Tau [35, 37]) both of which caused premature death reducing the flies’ 

lifespan by about 25% (Fig. 1). In order to test for additive, synergistic or no change in 

effect we overexpressed both mutant APP (Aβ42) and MAPT (0N4R) together in all 

neurons and got a further reduction to exactly half the lifespan of a normal fly. The 

reduction in median lifespan due to co-expression was equivalent to an additive effect 

of the shortening of life due to mutant APP (Aβ42) and MAPT (0N4R) alone, this 

suggests that A42 and Tau pathology may act in separate pathways to cause 

neurotoxicity and early death. 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 20, 2018. ; https://doi.org/10.1101/423129doi: bioRxiv preprint 

https://doi.org/10.1101/423129
http://creativecommons.org/licenses/by/4.0/


Page 8

Recently, human ANK1 gene has been shown to be differentially methylated in AD, 

with some evidence for altered expression of some transcript variants in AD [7]. There 

are two other ANK genes in the human genome, ANK2 and ANK3. In Drosophila, there 

are two Ank genes, the ubiquitously expressed Ank1, while Ank2 is specifically 

expressed in neurons [53-57]. The closest orthologue to Drosophila Ank1 is human 

ANK3 with 51% total amino acid identity while the closest homolog of Drosophila Ank2 

is human ANK1 with 43% amino acid identity. Human ANK2 is more similar to 

Drosophila Ank1 (49% identity) than Drosophila Ank2 (33% identity). Because 

hypermethylation of human ANK1 has been reported in AD cortex [7], we used RNAi 

to knock-down expression of Ank1 and Ank2 comparing the effect of reducing these 

genes in all Drosophila neurons using two different RNAi transgenes designed to non-

overlapping regions of each gene. Pan-neural mis-expression of Drosophila Ank1 did 

not cause any AD relevant behavioral deficits (Fig. 2A-B), while reduction in Ank2 

using the same promoter caused both a reduction in locomotion (Fig. 4) and 1 hour 

memory (Fig. 2B). Therefore, we conclude, that Drosophila Ank2 is the closest 

functional ortholog of human ANK1, which we characterized in subsequent 

experiments. 

We found that pan-neural reduction of Ank2 resulted in a shortening of lifespan by 

15% compared to control (Fig.1). We verified are results by using two independent 

RNAi lines (A and B) to non-overlapping sequences in Ank2, both lines gave similar 

results in all assays. Depending on the genomic location of DNA methylation, it can 

result in either increased or decreased expression of the target gene [58]; we therefore 

tested if neuronal Ank2 overexpression affected longevity and found that it also 

shortened lifespan (~10%), but to a slightly less extent. In order to test if there was a 

genetic interaction between mutant APP (Aβ42) or MAPT (0N4R) and Ank2 we 
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generated flies that co-expressed mutant APP (Aβ42) or MAPT (0N4R) with the Ank2 

transgenes. We found that the detrimental effect of each gene on lifespan was 

additive, again suggesting the molecules may act in separate senescence pathways. 

One potential cause of a reduction or suppression of toxicity of a gene product is due 

to a dilution of Gal4. Whereby, a single Gal4 transcription factor driving expression by 

binding to a single UAS transgene (e.g. mutant APP (Aβ42) or MAPT (0N4R)) gene 

gets diluted when adding a second UAS site of a gene (e.g. Ank2) is present. This 

results in a reduction in the amount of the AD toxic gene product being made giving a 

false positive of a suppression phenotype. To control for such a dilution effect, we 

generated flies that co-expressed a second unrelated neutral gene product (GFP) with 

either human mutant APP (Aβ42) or MAPT (0N4R Tau). We found no reduction in the 

toxicity of the transgenes in terms of shortening lifespan and in any other AD relevant 

phenotypes tested (i.e. neurodegeneration, locomotion or memory), showing any 

suppression of neurotoxicity caused by human mutant APP (Aβ42) or MAPT (0N4R 

Tau) overexpression was likely due to Ank2 overexpression. 

 

Overexpression of human mutant APP or mutant MAPT but not mis-expression 

of Ank2 caused degeneration of photoreceptor neurons

Increased levels of aggregating toxic A and Tau lead to neurodegeneration and AD. 

In order to model this neurotoxicity in Drosophila, human mutant APP causing A42 

production (Fig. 3B) or mutant MAPT (0N4R Tau) (Fig. 3C) was expressed throughout 

development and adulthood in the photoreceptor neurons of the eye, resulting in a so 

called “rough eye” phenotype, where the degeneration and loss of the normally 

regularly arrayed ommatidia of the compound eye of wild-type flies (Fig. 3A) gives rise 

to a disorganized and smaller eye. The loss of photoreceptors could be quantified by 
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measuring the total surface area of the eye, which showed that expression of human 

mutant APP (A42) and MAPT (0N4R Tau) reduced the size of the eye by 37% and 

40%, respectively (Fig. 3H). This degenerative phenotype became only slightly worse 

when both human mutant APP (A42) and MAPT (0N4R Tau) were co-expressed (Fig. 

3D), resulting in a 53% reduction in eye size, suggesting that A42 and Tau act in 

partially overlapping pathways to cause neurotoxicity in the fly eye. Reduction (Fig. 

3E-F) or overexpression (Fig. 3G) of Ank2 alone did not cause degeneration or 

reduction in size of the eye (Fig. 3H). Overexpression of Ank2 with human mutant 

MAPT (0N4R Tau) rescued the reduction in size of eye caused by human mutant 

MAPT (0N4R Tau) alone to levels similar to wild-type, while co-expression of human 

mutant MAPT (0N4R Tau) with reduced Ank2 continued to result in a significantly 

reduced eye size.  

Overexpression of human mutant APP and MAPT genes and reduction in Ank2 

expression caused locomotor deficits

Flies show a negative geotaxis reflex, such that after tapping on a surface about 80% 

of young control flies will climb to the top of a tube in 10 seconds, indicative of a healthy 

coordinated nervous system (Fig. 4). In order to quantify any detrimental effect of 

human mutant APP (A42) and MAPT (0N4R Tau) on the nervous system function 

and behavioral output, we pan-neuronally expressed human mutant APP (A42) and 

MAPT (0N4R Tau), which resulted in a 20% and 40% reduction in climbing ability, 

respectively. Reduction in Ank2 expression likewise caused a 15% reduction in 

climbing, while Ank2 overexpression had no effect. All other gene combinations were 

found to significantly reduce climbing behavior. 
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Overexpression of human mutant APP and MAPT genes and reduced Ank2 

causes memory deficits

In order to determine the effect of the human mutant APP (Aβ42), MAPT (0N4R Tau) 

and Drosophila Ank2 genes on memory we performed an olfactory shock assay [59-

61] assessing memory at the 1 hour time point, which is considered to be intermediate 

memory. Olfactory shock memory is mediated by mushroom body (MB) neurons, we 

therefore drove expression of the genes using a promoter with broad expression in 

these neurons [59, 60]. We found MB expression of human mutant APP (Aβ42) or 

MAPT (0N4R Tau) caused a large reduction in memory (Fig. 5). Ank2 is highly 

expressed in the adult MB as shown by Ank2 reporter line (R54H11-Gal4) expression 

[62] and previous studies [57]. Reduction as opposed to overexpression of Ank2 

caused a similar reduction in memory. Co-expression of human mutant APP (Aβ42) 

and MAPT (0N4R Tau)  or either AD gene with Ank2-RNAi caused a similar reduction 

in memory, suggesting that all three genes may act in the same pathway to regulate 

memory, an effect we localize to the MB. Overexpression of Ank2 did not cause a 

significant reduction in memory, while co-expression of Ank2 with human mutant APP 

(Aβ42) or MAPT (0N4R Tau) rescued memory to levels not significantly different to 

wild-type.   

In order for the flies to be able to perform the olfactory shock assay, the fly must be 

able to respond normally to shock and the odors used in the memory task. Therefore, 

we performed behavioral controls that showed that there was no significant difference 

between mutant genotypes and wild-type in terms of avoidance of shock (Fig. 6A), 

methylcyclohexanol (Fig. 6B) and octanol (Fig. 6C) odors [59-61]. Therefore, any 

mutant genotype showing a significant reduction in memory in Fig. 5 was a bona fide 

memory mutant.   
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Mis-expression of human mutant APP (Aβ42), MAPT (0N4R Tau) and Ank2 

decrease the neural excitability of memory neurons

Changes in neuronal excitability and Ca2+ signaling are thought to occur early in 

disease progression prior to neurodegeneration and are proposed to mediate early 

changes in behavior in AD, such as memory loss [24, 25]. Therefore, in order to 

determine how mis-expression of human mutant APP (Aβ42), MAPT (0N4R Tau) and 

Ank2 may lead to changes in neuronal function and AD relevant phenotypes, we 

expressed the genetically encoded Ca2+ reporter, GCaMP6f in MB memory neurons 

and measured peak excitability in response to high [K+] solution that depolarizes 

neurons [60]. The axons and synaptic terminals of MB neurons form a pair of bilaterally 

arranged and symmetrically lobed structures which show low basal Ca2+ fluorescence 

levels (F0, Fig. 7A left panel) which in response to depolarizing high [K+] saline show 

a large peak in Ca2+ fluorescence levels (F, Fig. 7A right panel). The increase in 

neuronal activity can be expressed as %F/F0 time line plot (Fig. 7A bottom) showing 

high [K+] causes peak Ca2+ influx excitability that returns to baseline after washing. MB 

overexpression of human mutant APP (Aβ42), MAPT (0N4R Tau) or mis-expression 

of Ank2 all caused a similar decrease in peak Ca2+ influx of memory neurons (Fig. 7B), 

suggesting a reduction in neuronal excitability.
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DISCUSSION

In this study we have generated and characterized the first animal model based on 

mis-expression of the AD EWAS nominated ANK1 gene ortholog in Drosophila. 

Altered DNA methylation of human ANK1 occurs in AD brains, especially in regions 

that show AD pathology, such as the entorhinal cortex [6, 7]. Here, we found reduction 

in expression of the fly ortholog of human ANK1, which is Drosophila Ank2, in areas 

of the brain responsible for memory (the MB), caused memory loss similar in 

magnitude to that caused by overexpression of human mutant APP resulting in an 

oligomerizing form of A42 or MAPT resulting in the 0N4R isoform of Tau particularly 

associated with the disease. In flies, overexpression of the fly Ank2 ortholog of the 

ANK1 gene, did not result in degeneration of the eye, locomotor or memory defects 

but did lead to mild shortening of lifespan (by ~10%) and reduced MB excitability. 

Interestingly Ank2 overexpression in flies expressing human mutant APP (A42) or 

MAPT (0N4R Tau), was found to return memory performance to a level statistically 

indistinguishable from wild-type. This suggests that Ank2 may be acting in a similar 

pathway as A42 or Tau to affect memory processing in the MB. Likewise, increasing 

Ank2 expression reversed the degeneration of the eye caused by MAPT (0N4R Tau) 

overexpression in the eye. Therefore, altering the expression of ANK1, by targeting 

DNA methylation, may be considered a potential therapeutic strategy for treating AD. 

In addition to memory loss, animals with reduced neuronal Ank2 also recapitulated the 

shortening of lifespan seen in those with AD, again a phenotype seen in flies 

overexpressing human mutant APP (A42) or MAPT (0N4R Tau). Co-expression of 

human mutant APP (A42) and MAPT (0N4R Tau) caused a further reduction in 

lifespan, suggesting that the two molecules may act in partially non-overlapping and 
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therefore additive pathways that lead to the pathology causing the flies to die early. A 

similar effect on lifespan has been reported previously for another form of APP that 

resulted in a non-oligomerizing version of A42 and another form of MAPT, resulting 

in the 1N4R isoform of Tau, however the longevity assays were only run for roughly 

half the lifespan of the flies [40]. We also found a reduction in locomotion in flies 

expressing human mutant APP (Aβ42), MAPT (0N4R Tau) and reduced Ank2. 

Interestingly, a recent study has shown that ANK1 hypermethylation is observed in 

PD, a movement disorder, that can also be associated with dementia [10]. In the eye 

expression of human mutant APP (Aβ42), MAPT (0N4R Tau) were both neurotoxic 

causing degeneration of the fly eye photoreceptor neurons. Co-expression caused a 

further reduction implying the two act in separate and additive pathways to cause 

neurotoxicity and neuronal death. Reduction in Ank2 did not cause degeneration of 

the eye suggesting that Ank2 may affect neuronal function independent of 

degeneration. This likely to be via changes in neuronal excitability, as we saw when 

the gene was misexpressed in MB neurons probably via ion channels, receptors or 

exchangers with which the adaptor molecule, ANK interacts with [11]. We found 

misexpression of human mutant APP (Aβ42), MAPT (0N4R Tau) and Ank2 

misexpression all reduced the peak Ca2+ response of MB neurons, a decrease in 

excitability likely to contribute to the memory deficits of these flies.  

In Drosophila, Ank2 has been shown to be important for synaptic plasticity and stability 

[54-56, 63, 64] and is involved in a glia mediated pathway that causes degeneration 

of motor neurons [54]. Therefore it is possible that reduction of Ank2 may only cause 

degeneration in certain types of neurons in the eye. Furthermore, because human 

ANK1 has also been shown to be misexpressed in glia in the AD brain [65], it is also 

possible that neurodegeneration results from misexpression of Ank2 in glia. 
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In summary, we have made the first animal model of a gene implicated in AD that was 

nominated from EWAS. We found that mis-expression of the fly orthologue of this 

gene, Ank2, in neurons caused a range of AD relevant phenotypes such as shortened 

lifespan, memory loss and changes in neuron excitability similar to those resulting from 

human A42 and 0N4R Tau. Furthermore increasing Ank2 expression reverses the 

memory loss and degeneration caused by overexpression of human mutant APP 

(A42) and MAPT (0N4R Tau), suggesting that targetting ANK1 may represent a new 

therapeutic target for the treatment of AD.  

MATERIALS AND METHODS

Drosophila genetics

Drosophila genetics

Flies were raised at a standard density with a 12 h:12 h light dark (LD) cycle with lights 

on at ZT 0 (Zeitgeber time) on standard Drosophila medium (0.7% agar, 1.0% soya 

flour, 8.0% polenta/maize, 1.8% yeast, 8.0% malt extract, 4.0% molasses, 0.8% 

propionic acid and 2.3% nipagen) at 25°C. The following flies used in this study were 

previously described or obtained from the Bloomington and Vienna fly stock centers: 

Wild type control was Canton S w- (CSw-) (gift from Dr Scott Waddell). Experimental 

genotypes were elav-Gal4 (Bloomington stock center line number BL8760), OK107-

Gal4 (BL854), GMR-Gal4 (BL9146), uas-human MAPT (TAU 0N4R) wild-type (gift 

from Dr Linda Partridge) [36, 66], uas-human tandem A42-22 amino acid linker-A42 

(gift from Dr Damian Crowther) [29], uas-GFP (gift from Dr Mark Wu), uas-GCaMP6f 

(BL42747 [67]), uas-Ank2-RNAi line A (BL29438), uas-Ank2 RNAi (Vienna Drosophila 

RNAi Center stock number VDRC107238 and KK10497) and uas-Ank2 (gift from Dr 
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RR Dubreuil) [53], uas-Ank1-RNAi line A (VDRC25946) and uas-Ank1-RNAi line B 

(VDRC25945). 

Survival assay

Approximately two days after eclosion ten mated females were transferred to a vial 

containing standard food and maintained at 25oC throughout. Deaths were scored 

every two days and then transferred to a fresh food vial [66]. Data was presented as 

Kaplan-Meier survival curves with statistical analysis performed using log-rank tests 

to compare survival between genotypes. All statistical tests were performed using 

Prism (GraphPad Software Inc., La Jolla, CA, USA).

Eye degeneration assay

Adult flies of designated age were anesthetized by CO2 prior to immersion in ethanol 

in order to euthanize the fly to prevent any further movement during image capture 

[40]. The eyes were imaged with a Zeiss AxioCam MRm camera attached to a 

stereomicroscope (Zeiss SteREO Discovery.V8, up to 8× magnification). Surface area 

was quantified using Zeiss Zen software and normalized to the mean size of the 

wildtype control. One-way ANOVA with Dunnett’s multiple comparisons was used to 

analyze data.

 

Climbing assay

Ten flies were collected and given 1hour to acclimatize to the test vial in an 

environmentally controlled room at 25oC and 70% humidity. Using the negative 

geotaxis reflex of Drosophila, flies were gently tapped to the bottom of a 7.5cm plastic 

vial and the number of flies that crossed a line drawn 2 cm from the top of the tube in 
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10 seconds was counted [27]. One-way ANOVA with Dunnett’s multiple comparisons 

was used to analyze data.

Memory

1hr memory and sensory controls were performed as previously described using the 

olfactory-shock aversive conditioning assay [59-61]. Experiments were performed with 

groups of 30-50 flies of a given genotype, in a T-maze apparatus housed in an 

environmentally controlled room at 25oC and 70% humidity under dim red light. Flies 

were exposed to either 4-methylcyclohexanol (MCH, Sigma, ~1:400) or 3-octanol 

(OCT, Sigma, ~1:100) diluted in mineral oil (Sigma) paired with 1.5 second pulses of 

60 volt electric shock interspersed with 3.5 second pauses from shock for a minute. 

After 30 seconds of fresh air the flies were exposed to the reciprocal order without 

shock for another minute. After a 1 hour rest, memory was assessed by transferring 

the flies to a choice point of the T maze, with one arm containing the shock paired 

odor and the other the non-shock paired odor, flies showed learning by avoiding the 

shock paired odor (i.e. correct flies). 

Performance index (PI) = (number of correct flies – number of incorrect flies)/total 

number of flies.    

To eliminate odor bias, the assay was performed with two groups of flies (30-50 flies 

in each), one shocked with MCH and then the other shocked with OCT. The average 

of taken of the two groups to give an n=1 PI value. Control experiments were 

performed to show that the different genotypes of flies could responded two MCH, 

OCT and shock alone. One-way ANOVA with Dunnett’s multiple comparisons was 

used to analyze data.
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Calcium imaging

Calcium imaging was performed using a genetically encoded GCaMP Ca2+ reporters 

and adapting previously published protocols [60, 67-70]. Adult flies of the indicated 

genotypes using OK107-Gal4 and uas-GCaMP6f were collected between 2 and 5 

days post eclosion, decapitated and the brain dissected in extracellular saline solution 

containing (in mM): 101 NaCl, 1 CaCl2, 4 MgCl2, 3 KCl, 5 glucose, 1.25 NaH2PO4, 

20.7 NaHCO3, pH adjusted to 7.2. Brains were placed ventral side up in the recording 

chamber, secured with a custom-made anchor and continuously perfused with aerated 

saline. To activate neurons, high concentration KCl (100 M in saline) was bath 

applied through the perfusion system for 4 min and then washed out. The calcium 

fluorescence signal was acquired using a CCD camera (Zeiss Axiocam) and a 470 nm 

LED light source (Colibri, Zeiss) on an upright Zeiss Examiner microscope with a 20x 

water immersion lens, recorded with ZEN (Zeiss, 4 frames/sec) and plotted with 

Microsoft Excel. One-way ANOVA with Dunnett’s multiple comparisons was used to 

analyze data.

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 20, 2018. ; https://doi.org/10.1101/423129doi: bioRxiv preprint 

https://doi.org/10.1101/423129
http://creativecommons.org/licenses/by/4.0/


Page 19

ACKNOWLEGMENTS

We thank Drs: Damian Crowther, Ronald Dubreuil, Linda Partridge, Scott Waddell 

and Mark Wu for Drosophila stocks and Dr Owen Peters for helpful comments on the 

manuscript. This work was supported by a GW4 accelerator (GW4-AF2-002) award 

to Drs: Katie Lunnon, Jonathan Mill, Jon Brown, Nick Allen, Vasanta Subramanian 

and James Hodge, as well as by Alzheimer’s Society undergraduate grants to Dr 

James Hodge. The authors declare no competing financial interests.

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 20, 2018. ; https://doi.org/10.1101/423129doi: bioRxiv preprint 

https://doi.org/10.1101/423129
http://creativecommons.org/licenses/by/4.0/


Page 20

REFERENCES
1. Selkoe DJ, Hardy J. The amyloid hypothesis of Alzheimer's disease at 25 years. 
EMBO molecular medicine. 2016;8(6):595-608. Epub 2016/03/31. doi: 
10.15252/emmm.201606210. PubMed PMID: 27025652.
2. Arendt T, Stieler JT, Holzer M. Tau and tauopathies. Brain research bulletin. 
2016;126(Pt 3):238-92. Epub 2016/10/26. doi: 10.1016/j.brainresbull.2016.08.018. 
PubMed PMID: 27615390.
3. Andorfer C, Kress Y, Espinoza M, de Silva R, Tucker KL, Barde YA, et al. 
Hyperphosphorylation and aggregation of tau in mice expressing normal human tau 
isoforms. Journal of neurochemistry. 2003;86(3):582-90. Epub 2003/07/16. PubMed 
PMID: 12859672.
4. Lambert JC, Ibrahim-Verbaas CA, Harold D, Naj AC, Sims R, Bellenguez C, et 
al. Meta-analysis of 74,046 individuals identifies 11 new susceptibility loci for 
Alzheimer's disease. Nature genetics. 2013;45(12):1452-8. Epub 2013/10/29. doi: 
10.1038/ng.2802. PubMed PMID: 24162737; PubMed Central PMCID: 
PMCPMC3896259.
5. Gräff J, Sanchez-Mut JV. Epigenetic Alterations in Alzheimer's Disease. 
Frontiers in Behavioral Neuroscience. 2015;9. doi: 10.3389/fnbeh.2015.00347.
6. De Jager PL, Srivastava G, Lunnon K, Burgess J, Schalkwyk LC, Yu L, et al. 
Alzheimer's disease: early alterations in brain DNA methylation at ANK1, BIN1, 
RHBDF2 and other loci. Nature neuroscience. 2014;17(9):1156-63. Epub 2014/08/19. 
doi: 10.1038/nn.3786. PubMed PMID: 25129075; PubMed Central PMCID: 
PMCPMC4292795.
7. Lunnon K, Smith R, Hannon E, De Jager PL, Srivastava G, Volta M, et al. 
Methylomic profiling implicates cortical deregulation of ANK1 in Alzheimer's disease. 
Nature neuroscience. 2014;17(9):1164-70. Epub 2014/08/19. doi: 10.1038/nn.3782. 
PubMed PMID: 25129077; PubMed Central PMCID: PMCPMC4410018.
8. Smith RG, Hannon E, De Jager PL, Chibnik L, Lott SJ, Condliffe D, et al. 
Elevated DNA methylation across a 48-kb region spanning the HOXA gene cluster is 
associated with Alzheimer's disease neuropathology. Alzheimer's & dementia : the 
journal of the Alzheimer's Association. 2018. Epub 2018/03/20. doi: 
10.1016/j.jalz.2018.01.017. PubMed PMID: 29550519.
9. Smith RG, Lunnon K. DNA Modifications and Alzheimer's Disease. Advances 
in experimental medicine and biology. 2017;978:303-19. Epub 2017/05/20. doi: 
10.1007/978-3-319-53889-1_16. PubMed PMID: 28523553.
10. Smith AR, Smith R, Burrage J, Troakes C, Al-Saraj S, Kalaria RN, et al. A cross-
brain-regions study of ANK1 DNA methylation in different neurodegenerative 
diseases. Neurobiology of aging. 2018;in press.
11. Smith KR, Penzes P. Ankyrins: Roles in synaptic biology and pathology. Mol 
Cell Neurosci. 2018. Epub 2018/05/08. doi: 10.1016/j.mcn.2018.04.010. PubMed 
PMID: 29730177.
12. Gama Sosa MA, De Gasperi R, Elder GA. Modeling human neurodegenerative 
diseases in transgenic systems. Human genetics. 2012;131(4):535-63. Epub 
2011/12/15. doi: 10.1007/s00439-011-1119-1. PubMed PMID: 22167414.
13. Guo Q, Wang Z, Li H, Wiese M, Zheng H. APP physiological and 
pathophysiological functions: insights from animal models. Cell research. 
2012;22(1):78-89. Epub 2011/07/20. doi: 10.1038/cr.2011.116. PubMed PMID: 
21769132; PubMed Central PMCID: PMCPMC3351924.

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 20, 2018. ; https://doi.org/10.1101/423129doi: bioRxiv preprint 

https://doi.org/10.1101/423129
http://creativecommons.org/licenses/by/4.0/


Page 21

14. McGowan E, Eriksen J, Hutton M. A decade of modeling Alzheimer's disease 
in transgenic mice. Trends in genetics : TIG. 2006;22(5):281-9. Epub 2006/03/29. doi: 
10.1016/j.tig.2006.03.007. PubMed PMID: 16567017.
15. Van Dam D, De Deyn PP. Animal models in the drug discovery pipeline for 
Alzheimer's disease. British journal of pharmacology. 2011;164(4):1285-300. Epub 
2011/03/05. doi: 10.1111/j.1476-5381.2011.01299.x. PubMed PMID: 21371009; 
PubMed Central PMCID: PMCPMC3229762.
16. Crews L, Masliah E. Molecular mechanisms of neurodegeneration in 
Alzheimer's disease. Hum Mol Genet. 2010;19(R1):R12-20. doi: 
10.1093/hmg/ddq160. PubMed PMID: 20413653; PubMed Central PMCID: 
PMCPMC2875049.
17. Sasaguri H, Nilsson P, Hashimoto S, Nagata K, Saito T, De Strooper B, et al. 
APP mouse models for Alzheimer's disease preclinical studies. Embo j. 
2017;36(17):2473-87. Epub 2017/08/05. doi: 10.15252/embj.201797397. PubMed 
PMID: 28768718; PubMed Central PMCID: PMCPMC5579350.
18. Webster SJ, Bachstetter AD, Nelson PT, Schmitt FA, Van Eldik LJ. Using mice 
to model Alzheimer's dementia: an overview of the clinical disease and the preclinical 
behavioral changes in 10 mouse models. Frontiers in genetics. 2014;5:88. Epub 
2014/05/06. doi: 10.3389/fgene.2014.00088. PubMed PMID: 24795750; PubMed 
Central PMCID: PMCPMC4005958.
19. Sennvik K, Boekhoorn K, Lasrado R, Terwel D, Verhaeghe S, Korr H, et al. 
Tau-4R suppresses proliferation and promotes neuronal differentiation in the 
hippocampus of tau knockin/knockout mice. Faseb j. 2007;21(9):2149-61. Epub 
2007/03/08. doi: 10.1096/fj.06-7735com. PubMed PMID: 17341679.
20. Ishihara T, Hong M, Zhang B, Nakagawa Y, Lee MK, Trojanowski JQ, et al. 
Age-dependent emergence and progression of a tauopathy in transgenic mice 
overexpressing the shortest human tau isoform. Neuron. 1999;24. doi: 
10.1016/s0896-6273(00)81127-7.
21. Booth CA, Witton J, Nowacki J, Tsaneva-Atanasova K, Jones MW, Randall AD, 
et al. Altered Intrinsic Pyramidal Neuron Properties and Pathway-Specific Synaptic 
Dysfunction Underlie Aberrant Hippocampal Network Function in a Mouse Model of 
Tauopathy. J Neurosci. 2016;36(2):350-63. Epub 2016/01/14. doi: 
10.1523/jneurosci.2151-15.2016. PubMed PMID: 26758828; PubMed Central PMCID: 
PMCPMC4710765.
22. Crimins JL, Rocher AB, Luebke JI. Electrophysiological changes precede 
morphological changes to frontal cortical pyramidal neurons in the rTg4510 mouse 
model of progressive tauopathy. Acta Neuropathol. 2012;124(6):777-95. Epub 
2012/09/15. doi: 10.1007/s00401-012-1038-9. PubMed PMID: 22976049; PubMed 
Central PMCID: PMCPMC3509230.
23. Oddo S, Caccamo A, Shepherd JD, Murphy MP, Golde TE, Kayed R, et al. 
Triple-transgenic model of Alzheimer's disease with plaques and tangles: intracellular 
Abeta and synaptic dysfunction. Neuron. 2003;39(3):409-21. Epub 2003/08/05. 
PubMed PMID: 12895417.
24. Spires-Jones TL, Hyman BT. The intersection of amyloid beta and tau at 
synapses in Alzheimer's disease. Neuron. 2014;82(4):756-71. Epub 2014/05/24. doi: 
10.1016/j.neuron.2014.05.004. PubMed PMID: 24853936; PubMed Central PMCID: 
PMCPMC4135182.
25. Wu JW, Hussaini SA, Bastille IM, Rodriguez GA, Mrejeru A, Rilett K, et al. 
Neuronal activity enhances tau propagation and tau pathology in vivo. Nature 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 20, 2018. ; https://doi.org/10.1101/423129doi: bioRxiv preprint 

https://doi.org/10.1101/423129
http://creativecommons.org/licenses/by/4.0/


Page 22

neuroscience. 2016;19(8):1085-92. Epub 2016/06/21. doi: 10.1038/nn.4328. PubMed 
PMID: 27322420; PubMed Central PMCID: PMCPMC4961585.
26. Chen KF, Possidente B, Lomas DA, Crowther DC. The central molecular clock 
is robust in the face of behavioural arrhythmia in a Drosophila model of Alzheimer's 
disease. Disease models & mechanisms. 2014;7(4):445-58. Epub 2014/02/28. doi: 
10.1242/dmm.014134. PubMed PMID: 24574361; PubMed Central PMCID: 
PMCPMC3974455.
27. Iijima K, Liu HP, Chiang AS, Hearn SA, Konsolaki M, Zhong Y. Dissecting the 
pathological effects of human Abeta40 and Abeta42 in Drosophila: a potential model 
for Alzheimer's disease. Proceedings of the National Academy of Sciences of the 
United States of America. 2004;101(17):6623-8. Epub 2004/04/08. doi: 
10.1073/pnas.0400895101. PubMed PMID: 15069204; PubMed Central PMCID: 
PMCPMC404095.
28. Ping Y, Hahm ET, Waro G, Song Q, Vo-Ba DA, Licursi A, et al. Linking abeta42-
induced hyperexcitability to neurodegeneration, learning and motor deficits, and a 
shorter lifespan in an Alzheimer's model. PLoS Genet. 2015;11(3):e1005025. Epub 
2015/03/17. doi: 10.1371/journal.pgen.1005025. PubMed PMID: 25774758; PubMed 
Central PMCID: PMCPMC4361604.
29. Speretta E, Jahn TR, Tartaglia GG, Favrin G, Barros TP, Imarisio S, et al. 
Expression in drosophila of tandem amyloid beta peptides provides insights into links 
between aggregation and neurotoxicity. The Journal of biological chemistry. 
2012;287(24):20748-54. Epub 2012/03/31. doi: 10.1074/jbc.M112.350124. PubMed 
PMID: 22461632; PubMed Central PMCID: PMCPMC3370257.
30. Tabuchi M, Lone SR, Liu S, Liu Q, Zhang J, Spira AP, et al. Sleep interacts with 
abeta to modulate intrinsic neuronal excitability. Current biology : CB. 2015;25(6):702-
12. Epub 2015/03/11. doi: 10.1016/j.cub.2015.01.016. PubMed PMID: 25754641; 
PubMed Central PMCID: PMCPMC4366315.
31. Blake MR, Holbrook SD, Kotwica-Rolinska J, Chow ES, Kretzschmar D, 
Giebultowicz JM. Manipulations of amyloid precursor protein cleavage disrupt the 
circadian clock in aging Drosophila. Neurobiol Dis. 2015;77:117-26. Epub 2015/03/15. 
doi: 10.1016/j.nbd.2015.02.012. PubMed PMID: 25766673; PubMed Central PMCID: 
PMCPMC4402283.
32. Chiang HC, Wang L, Xie Z, Yau A, Zhong Y. PI3 kinase signaling is involved in 
Abeta-induced memory loss in Drosophila. Proceedings of the National Academy of 
Sciences of the United States of America. 2010;107(15):7060-5. Epub 2010/03/31. 
doi: 10.1073/pnas.0909314107. PubMed PMID: 20351282; PubMed Central PMCID: 
PMCPMC2872421.
33. Kosmidis S, Grammenoudi S, Papanikolopoulou K, Skoulakis EMC. Differential 
effects of Tau on the integrity and function of neurons essential for learning in 
Drosophila. J Neurosci. 2010;30. doi: 10.1523/jneurosci.1490-09.2010.
34. Mershin A, Pavlopoulos E, Fitch O, Braden BC, Nanopoulos DV, Skoulakis 
EMC. Learning and memory deficits upon TAU accumulation in Drosophila mushroom 
body neurons. Learn Mem. 2004;11. doi: 10.1101/lm.70804.
35. Papanikolopoulou K, Skoulakis EM. Temporally distinct phosphorylations 
differentiate Tau-dependent learning deficits and premature mortality in Drosophila. 
Hum Mol Genet. 2015;24(7):2065-77. Epub 2014/12/20. doi: 10.1093/hmg/ddu726. 
PubMed PMID: 25524708.
36. Wittmann CW, Wszolek MF, Shulman JM, Salvaterra PM, Lewis J, Hutton M, 
et al. Tauopathy in Drosophila: neurodegeneration without neurofibrillary tangles. 
Science. 2001;293. doi: 10.1126/science.1062382.

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 20, 2018. ; https://doi.org/10.1101/423129doi: bioRxiv preprint 

https://doi.org/10.1101/423129
http://creativecommons.org/licenses/by/4.0/


Page 23

37. Sealey MA, Vourkou E, Cowan CM, Bossing T, Quraishe S, Grammenoudi S, 
et al. Distinct phenotypes of three-repeat and four-repeat human tau in a transgenic 
model of tauopathy. Neurobiol Dis. 2017;105:74-83. Epub 2017/05/16. doi: 
10.1016/j.nbd.2017.05.003. PubMed PMID: 28502805.
38. Beharry C, Alaniz ME, Alonso Adel C. Expression of Alzheimer-like pathological 
human tau induces a behavioral motor and olfactory learning deficit in Drosophila 
melanogaster. Journal of Alzheimer's disease : JAD. 2013;37(3):539-50. Epub 
2013/08/21. doi: 10.3233/jad-130617. PubMed PMID: 23948901.
39. Iijima K, Gatt A, Iijima-Ando K. Tau Ser262 phosphorylation is critical for 
Abeta42-induced tau toxicity in a transgenic Drosophila model of Alzheimer's disease. 
Hum Mol Genet. 2010;19(15):2947-57. Epub 2010/05/15. doi: 10.1093/hmg/ddq200. 
PubMed PMID: 20466736; PubMed Central PMCID: PMCPMC2901137.
40. Folwell J, Cowan CM, Ubhi KK, Shiabh H, Newman TA, Shepherd D, et al. 
Abeta exacerbates the neuronal dysfunction caused by human tau expression in a 
Drosophila model of Alzheimer's disease. Experimental neurology. 2010;223(2):401-
9. Epub 2009/09/29. doi: 10.1016/j.expneurol.2009.09.014. PubMed PMID: 
19782075.
41. Wittmann CW, Wszolek MF, Shulman JM, Salvaterra PM, Lewis J, Hutton M, 
et al. Tauopathy in Drosophila: neurodegeneration without neurofibrillary tangles. 
Science. 2001;293(5530):711-4. Epub 2001/06/16. doi: 10.1126/science.1062382. 
PubMed PMID: 11408621.
42. Lee S, Wang JW, Yu W, Lu B. Phospho-dependent ubiquitination and 
degradation of PAR-1 regulates synaptic morphology and tau-mediated Abeta toxicity 
in Drosophila. Nature communications. 2012;3:1312. Epub 2012/12/29. doi: 
10.1038/ncomms2278. PubMed PMID: 23271647; PubMed Central PMCID: 
PMCPMC4307937.
43. Shulman JM, Imboywa S, Giagtzoglou N, Powers MP, Hu Y, Devenport D, et 
al. Functional screening in Drosophila identifies Alzheimer's disease susceptibility 
genes and implicates Tau-mediated mechanisms. Hum Mol Genet. 2014;23(4):870-7. 
Epub 2013/09/27. doi: 10.1093/hmg/ddt478. PubMed PMID: 24067533; PubMed 
Central PMCID: PMCPMC3900103.
44. Bouleau S, Tricoire H. Drosophila models of Alzheimer's disease: advances, 
limits, and perspectives. Journal of Alzheimer's disease : JAD. 2015;45(4):1015-38. 
Epub 2015/02/24. doi: 10.3233/jad-142802. PubMed PMID: 25697708.
45. Selkoe DJ. Preventing Alzheimer's disease. Science. 2012;337(6101):1488-92. 
Epub 2012/09/22. doi: 10.1126/science.1228541. PubMed PMID: 22997326.
46. Guerreiro RJ, Hardy J. Alzheimer's disease genetics: lessons to improve 
disease modelling. Biochemical Society transactions. 2011;39(4):910-6. Epub 
2011/07/27. doi: 10.1042/bst0390910. PubMed PMID: 21787322.
47. Chapuis J, Hansmannel F, Gistelinck M, Mounier A, Van Cauwenberghe C, 
Kolen KV, et al. Increased expression of BIN1 mediates Alzheimer genetic risk by 
modulating tau pathology. Mol Psychiatry. 2013;18(11):1225-34. Epub 2013/02/13. 
doi: 10.1038/mp.2013.1. PubMed PMID: 23399914; PubMed Central PMCID: 
PMCPMC3807661.
48. Dourlen P, Fernandez-Gomez FJ, Dupont C, Grenier-Boley B, Bellenguez C, 
Obriot H, et al. Functional screening of Alzheimer risk loci identifies PTK2B as an in 
vivo modulator and early marker of Tau pathology. Mol Psychiatry. 2016. Epub 
2016/04/27. doi: 10.1038/mp.2016.59. PubMed PMID: 27113998.
49. Gotz J, Matamales M, Gotz NN, Ittner LM, Eckert A. Alzheimer's disease 
models and functional genomics-How many needles are there in the haystack? 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 20, 2018. ; https://doi.org/10.1101/423129doi: bioRxiv preprint 

https://doi.org/10.1101/423129
http://creativecommons.org/licenses/by/4.0/


Page 24

Frontiers in physiology. 2012;3:320. Epub 2012/08/31. doi: 
10.3389/fphys.2012.00320. PubMed PMID: 22934069; PubMed Central PMCID: 
PMCPMC3429089.
50. Shulman JM, Chipendo P, Chibnik LB, Aubin C, Tran D, Keenan BT, et al. 
Functional screening of Alzheimer pathology genome-wide association signals in 
Drosophila. American journal of human genetics. 2011;88(2):232-8. Epub 2011/02/08. 
doi: 10.1016/j.ajhg.2011.01.006. PubMed PMID: 21295279; PubMed Central PMCID: 
PMCPMC3035702.
51. Del-Aguila JL, Koboldt DC, Black K, Chasse R, Norton J, Wilson RK, et al. 
Alzheimer's disease: rare variants with large effect sizes. Current opinion in genetics 
& development. 2015;33:49-55. Epub 2015/08/28. doi: 10.1016/j.gde.2015.07.008. 
PubMed PMID: 26311074.
52. Devall M, Roubroeks J, Mill J, Weedon M, Lunnon K. Epigenetic regulation of 
mitochondrial function in neurodegenerative disease: New insights from advances in 
genomic technologies. Neuroscience Letters. doi: 
http://dx.doi.org/10.1016/j.neulet.2016.02.013.
53. Mazock GH, Das A, Base C, Dubreuil RR. Transgene rescue identifies an 
essential function for Drosophila beta spectrin in the nervous system and a selective 
requirement for ankyrin-2-binding activity. Molecular biology of the cell. 
2010;21(16):2860-8. Epub 2010/06/25. doi: 10.1091/mbc.E10-03-0180. PubMed 
PMID: 20573981; PubMed Central PMCID: PMCPMC2921109.
54. Keller LC, Cheng L, Locke CJ, Muller M, Fetter RD, Davis GW. Glial-derived 
prodegenerative signaling in the Drosophila neuromuscular system. Neuron. 
2011;72(5):760-75. Epub 2011/12/14. doi: 10.1016/j.neuron.2011.09.031. PubMed 
PMID: 22153373; PubMed Central PMCID: PMCPMC3313621.
55. Koch I, Schwarz H, Beuchle D, Goellner B, Langegger M, Aberle H. Drosophila 
ankyrin 2 is required for synaptic stability. Neuron. 2008;58(2):210-22. Epub 
2008/04/29. doi: 10.1016/j.neuron.2008.03.019. PubMed PMID: 18439406.
56. Pielage J, Cheng L, Fetter RD, Carlton PM, Sedat JW, Davis GW. A 
Presynaptic Giant Ankyrin Stabilizes the NMJ through Regulation of Presynaptic 
Microtubules and Transsynaptic Cell Adhesion. Neuron. 2008;58(2):195-209. doi: 
http://dx.doi.org/10.1016/j.neuron.2008.02.017.
57. Siegenthaler D, Enneking EM, Moreno E, Pielage J. L1CAM/Neuroglian 
controls the axon-axon interactions establishing layered and lobular mushroom body 
architecture. J Cell Biol. 2015;208(7):1003-18. Epub 2015/04/01. doi: 
10.1083/jcb.201407131. PubMed PMID: 25825519; PubMed Central PMCID: 
PMCPMC4384726.
58. Suzuki MM, Bird A. DNA methylation landscapes: provocative insights from 
epigenomics. Nat Rev Genet. 2008;9(6):465-76. Epub 2008/05/09. doi: 
10.1038/nrg2341. PubMed PMID: 18463664.
59. Cavaliere S, Malik BR, Hodge JJ. KCNQ channels regulate age-related 
memory impairment. PloS one. 2013;8(4):e62445. Epub 2013/05/03. doi: 
10.1371/journal.pone.0062445. PubMed PMID: 23638087; PubMed Central PMCID: 
PMCPMC3640075.
60. Malik BR, Gillespie JM, Hodge JJ. CASK and CaMKII function in the mushroom 
body α'/β' neurons during Drosophila memory formation. Front Neural Circuits. 
2013;7:52. doi: 10.3389/fncir.2013.00052. PubMed PMID: 23543616; PubMed Central 
PMCID: PMCPMC3608901.
61. Malik BR, Hodge JJ. Drosophila adult olfactory shock learning. Journal of 
visualized experiments : JoVE. 2014;(90):e50107. Epub 2014/08/26. doi: 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 20, 2018. ; https://doi.org/10.1101/423129doi: bioRxiv preprint 

https://doi.org/10.1101/423129
http://creativecommons.org/licenses/by/4.0/


Page 25

10.3791/50107. PubMed PMID: 25145496; PubMed Central PMCID: 
PMCPMC4672959.
62. Pfeiffer BD, Jenett A, Hammonds AS, Ngo TT, Misra S, Murphy C, et al. Tools 
for neuroanatomy and neurogenetics in Drosophila. Proceedings of the National 
Academy of Sciences of the United States of America. 2008;105(28):9715-20. Epub 
2008/07/16. doi: 10.1073/pnas.0803697105. PubMed PMID: 18621688; PubMed 
Central PMCID: PMCPMC2447866.
63. Bulat V, Rast M, Pielage J. Presynaptic CK2 promotes synapse organization 
and stability by targeting Ankyrin2. J Cell Biol. 2014;204(1):77-94. Epub 2014/01/08. 
doi: 10.1083/jcb.201305134. PubMed PMID: 24395637; PubMed Central PMCID: 
PMCPMC3882785.
64. Massaro CM, Pielage J, Davis GW. Molecular mechanisms that enhance 
synapse stability despite persistent disruption of the spectrin/ankyrin/microtubule 
cytoskeleton. J Cell Biol. 2009;187(1):101-17. Epub 2009/10/07. doi: 
10.1083/jcb.200903166. PubMed PMID: 19805631; PubMed Central PMCID: 
PMCPMC2762090.
65. Mastroeni D, Sekar S, Nolz J, Delvaux E, Lunnon K, Mill J, et al. ANK1 is up-
regulated in laser captured microglia in Alzheimer's brain; the importance of 
addressing cellular heterogeneity. PloS one. 2017;12(7):e0177814. Epub 2017/07/13. 
doi: 10.1371/journal.pone.0177814. PubMed PMID: 28700589; PubMed Central 
PMCID: PMCPMC5507536.
66. Kerr F, Augustin H, Piper MD, Gandy C, Allen MJ, Lovestone S, et al. Dietary 
restriction delays aging, but not neuronal dysfunction, in Drosophila models of 
Alzheimer's disease. Neurobiology of aging. 2011;32(11):1977-89. Epub 2009/12/09. 
doi: 10.1016/j.neurobiolaging.2009.10.015. PubMed PMID: 19969390; PubMed 
Central PMCID: PMCPMC3176895.
67. Shaw RE KB, Ludlow ZN, Kim D, da Silva SM, Buhl E, Hodge JJL, Hirth F, 
Sousa-Nunes R In vivo titration of the transcription factor Prospero can expand the 
number of integrated functional interneurons in the absence of tumorigenesis. EMBO 
J. 2018;10.15252/embj.201798163.
68. Cavaliere S, Gillespie JM, Hodge JJ. KCNQ channels show conserved ethanol 
block and function in ethanol behaviour. PloS one. 2012;7(11):e50279. Epub 
2012/12/05. doi: 10.1371/journal.pone.0050279. PubMed PMID: 23209695; PubMed 
Central PMCID: PMCPMC3510227.
69. Gillespie JM, Hodge JJ. CASK regulates CaMKII autophosphorylation in 
neuronal growth, calcium signaling, and learning. Frontiers in molecular neuroscience. 
2013;6:27. Epub 2013/09/26. doi: 10.3389/fnmol.2013.00027. PubMed PMID: 
24062638; PubMed Central PMCID: PMCPMC3769642.
70. Schlichting M, Menegazzi P, Lelito KR, Yao Z, Buhl E, Dalla Benetta E, et al. A 
Neural Network Underlying Circadian Entrainment and Photoperiodic Adjustment of 
Sleep and Activity in Drosophila. J Neurosci. 2016;36(35):9084-96. Epub 2016/09/02. 
doi: 10.1523/jneurosci.0992-16.2016. PubMed PMID: 27581451; PubMed Central 
PMCID: PMCPMC5005721.

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 20, 2018. ; https://doi.org/10.1101/423129doi: bioRxiv preprint 

https://doi.org/10.1101/423129
http://creativecommons.org/licenses/by/4.0/


Page 26

FIGURE LEGENDS

Figure 1. The effect of expression of human mutant APP (A42), MAPT (Tau 0N4R) 

and Drosophila Ank2 on Drosophila lifespan. 

(A) Survival curves of pan-neuronal expressing A42 (elav>A42), Tau (elav>Tau), 

Ank2-RNAi (elav>Ank2-RNAi line A or B), Ank2 (elav>Ank2), Tau with A42 

(elav>Tau, A42), A42 with Ank2-RNAi (elav>A42, Ank2-RNAi line A or B), A42 

with Ank2 (elav>A42, Ank2), A42 with Ank2 (elav>A42, Ank2), A42 with Ank2 

(elav>A42, GFP), Tau with Ank2-RNAi (elav>Tau, Ank2-RNAi line A or B), Tau with 

Ank2 (elav>Tau, Ank2), Tau with GFP (elav>A42, GFP) compared to wild type 

control (elav/+) flies kept at 25oC. Misexpression of all AD genes caused a significant 

reduction in lifespan compared to control using the Kaplan-Meier and log rank test 

(n>100 per genotype of flies). (B) Table listing all genotypes characterized with median 

lifespan (days) and significant reductions in lifespan as determined by Kaplan-Meier 

and log rank test and indicated as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and 

used in all subsequent figures.

Figure 2. The effect of pan-neuronal expression of Drosophila Ank1 and Ank2 on 

behavior

(A) The negative geotaxis-climbing reflex was used to quantify motor deficits. Pan-

neuronal reduction of Ank1 (elav-Gal4>Ank1-RNAi line A or B) was compared to 

control using one-way ANOVA with Dunnett’s multiple comparison and showed no 

significant difference. n6 groups of ten flies. (B) 1 hour memory was assessed using 

the olfactory shock-conditioning assay. Pan-neuronal reduction in Ank2 (elav>Ank2-

RNAi line A) as opposed to Ank1 (elav>Ank1-RNAi line A) caused a significant 

reduction in memory compared to control using one-way ANOVA with Dunnett’s 
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multiple comparisons. Error bars are standard error of the mean (SEM). n4 groups 

of ~50 flies.

Figure 3. The effect of expression of human mutant APP (A42), MAPT (Tau 0N4R)  

and Drosophila Ank2 on degeneration of photoreceptor neurons.  

Images of compound eyes of (A) control fly (GMR-Gal4/+) showing the regular 

alignment of ommatidia compared to photoreceptors neurons overexpressing (B) 

A42 (GMR-Gal4>A42), (C) Tau (GMR-Gal4>Tau) and (D) Tau with A42 (GMR-

Gal4>Tau, A42) which were smaller and displayed a “rough eye” phenotype. (D-E) 

photoreceptors expressing Ank2-RNAi (GMR>Ank2-RNAi line A or B) or (F) Ank2 

(GMR>Ank2) appeared normal. (H) Degeneration of photoreceptor neurons was 

quantified as normalized percentage surface area of the eye of genotypes compared 

to the mean of the control (GMR/+) which was set at 100%, comparisons were made 

between to mutant genotypes using one-way ANOVA with Dunnett’s multiple 

comparisons. Genotypes that included expression of APP (A42) or MAPT (Tau 

0N4R) in the eye showed a significantly reduced size of eye, while those mis-

expressing and Drosophila Ank2 did not. Co-expression of MAPT (Tau 0N4R) and 

Ank2 rescued eye size to a level indistinguishable from wildtype. Error bars are SEM. 

n7 eyes per genotype. 

Figure 4. The effect of expression of human mutant APP (A42), MAPT (Tau 0N4R) 

or Drosophila Ank2 on locomotor behavior.

The negative geotaxis-climbing reflex was used to quantify locomotor behavior. About 

80% of control (elav-Gal4/+) flies were able to climb to the top of test vial within 10 

seconds this compared to experimental genotypes expressing AD transgenes 
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throughout their nervous system. Mis-expression of all AD associated genes except 

for overexpression of Ank2 alone, resulted a significant reduction in climbing 

performance using one-way ANOVA with Dunnett’s multiple comparisons. Error bars 

are SEM. n15 groups of ten flies. 

 

Figure 5. The effect of expression of human mutant APP (A42), MAPT (Tau 0N4R)  

and Drosophila Ank2 on memory.

1 hour memory was assessed using the olfactory shock-conditioning assay. The 

performance index of flies expressing AD transgenes throughout their mushroom body 

(MB) was compared to control (OK107-Gal4/+) were found to show a a significant 

reduction in memory using one-way ANOVA with Dunnett’s multiple comparisons, 

except genotypes overexpressing Ank2.  Error bars are SEM. n4 groups of ~100 

flies. 

Figure 6. The effect of expression of human mutant APP (A42), MAPT (Tau 0N4R)  

and Drosophila Ank2 on response to negative reinforcement (shock) and olfaction.

(A) The response of flies to negative reinforcement was quantified as % avoidance of 

shock, with experimental genotypes with AD genes expressed throughout their MB 

compared to control (OK107/+). The avoidance of these genotypes of flies to 

methylcyclohexanol (B) and octanol (C) was expressed as a performance index. All 

genotypes responded to odors and shock in a manner not significantly different from 

wild type using one-way ANOVA with Dunnett’s multiple comparisons. n4 groups of 

~50 flies.
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Figure 7: The effect of expression of human mutant APP (A42), MAPT (Tau 0N4R) 

and Drosophila Ank2 on activation of mushroom body neurons.

(A) Exemplary control MB expressing the calcium reporter GCaMP6f shows a big 

increase in relative fluorescence in response to elevated KCl (100 mM, bath-applied 

as indicated by bar). Images show the same brain before and during KCl application; 

scale bar 50m.

(B) Quantitative analysis of the maximal response for the indicated genotypes shows 

a reduced responsiveness of all mutants. Data was analyzed with one-way ANOVA 

with Tukey’s post hoc and error bars are Standard Deviation. n5 flies.
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Figure 4
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Figure 5

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 20, 2018. ; https://doi.org/10.1101/423129doi: bioRxiv preprint 

https://doi.org/10.1101/423129
http://creativecommons.org/licenses/by/4.0/


Page 35

Figure 6
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