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Abstract: Accumulation of highly post-translationally modified tau proteins is a hallmark of neu-
rodegenerative disorders known as tauopathies, the most common of which is Alzheimer’s disease.
Although six tau isoforms are found in the human brain, the majority of animal and cellular tauopathy
models utilize a representative single isoform. However, the six human tau isoforms present overlap-
ping but distinct distributions in the brain and are differentially involved in particular tauopathies.
These observations support the notion that tau isoforms possess distinct functional properties impor-
tant for both physiology and pathology. To address this hypothesis, the six human brain tau isoforms
were expressed singly in the Drosophila brain and their effects in an established battery of assays
measuring neuronal dysfunction, vulnerability to oxidative stress and life span were systematically
assessed comparatively. The results reveal isoform-specific effects clearly not attributed to differences
in expression levels but correlated with the number of microtubule-binding repeats and the accu-
mulation of a particular isoform in support of the functional differentiation of these tau isoforms.
Delineation of isoform-specific effects is essential to understand the apparent differential involvement
of each tau isoform in tauopathies and their contribution to neuronal dysfunction and toxicity.

Keywords: tau isoforms; learning and memory; habituation; neuronal dysfunction; toxicity; Drosophila

1. Introduction

Tau is an abundant central nervous system (CNS) protein, largely localized on the
labile domains of microtubules, promoting their elongation and thus regulation of axonal
transport [1]. Despite its initial characterization as an axonal protein, recent evidence
revealed that tau is also present, albeit at low levels, in the somatodendritic compartments,
sub-synaptic sites, and the nucleus suggesting additional physiological roles to its standard
function in cytoskeletal regulation [2].

Alternative splicing of the primary transcript from the single human MAPT gene
on chromosome 17 gives rise to 6 tau isoforms in the adult CNS and two isoforms in
the peripheral nervous system [3,4]. The brain-specific isoforms vary in the number of
N-terminal inserts (0N, 1N, or 2N) and C-terminal repeat domains (3R or 4R) due to the
inclusion or omission of exons 2, 3 and 10, resulting in protein sizes from 48 kDa (shortest
0N3R) to 67 kDa (longest 2N4R). Because of the extra microtubule-binding repeat, 4R
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isoforms ostensibly bind more effectively to microtubules and promote their assembly
more potently than their 3R counterparts [5]. However, the number of microtubule-binding
repeats does not seem to regulate tau axonal sorting [6]. The diversity of tau isoforms
is further increased by potentially differential post-translational modifications including
phosphorylation, glycosylation, ubiquitination, nitration, deamidation, oxidation and
glycation [7].

Tau expression is developmentally regulated, with 0N3R being the sole isoform in
the developing human embryonic brain. In contrast, all isoforms are expressed in the
adult CNS with almost an equimolar ratio of 3R to 4R species. However, 1N, 0N and 2N
isoforms are not equally represented, but rather account for 54%, 37% and 9% of total
tau, respectively [4,8]. The subcellular distribution of tau seems to be isoform-specific.
Hence, 2N isoforms show a higher propensity for somatodendritic localization [6], while
1N isoforms are abundant in the nucleus [9,10] and 0N isoforms are detectable both in the
soma and axon [2]. Furthermore, tissue-specific splicing differences of the MAPT transcript
appear to account for the lower amount of 0N3R in the cerebellum compared to other brain
regions and the elevation of 4R isoforms in the globus pallidus of the basal ganglia [11,12].
These observations suggest neuronal type-specific functions of the isoforms and may also
reflect functional differentiation among the isoforms as well.

Although the functional implications of this differential distribution of tau isoforms
are still unclear, the 3R/4R isoform balance appears critical for brain function since its
disruption is a hallmark of tauopathies [7]. Tauopathies encompass a range of neurode-
generative disorders characterized by the presence of intraneuronal fibrillar inclusions of
highly phosphorylated forms of tau. Some familial tauopathies are consequent to MAPT
mutations resulting in excess exon 10 inclusion by splicing dysregulation and thus elevation
of 4R isoforms [13]. Furthermore, altered 3R/4R ratios are observed in the CNS of largely
non-familial Alzheimer’s disease (AD) patients [14]. Altered 3R/4R ratios appear to also
be reflected in tau aggregates, leading to the categorization of tauopathies on the basis
of whether filamentous inclusions are composed largely of 3R, 4R or both types of iso-
forms [15]. Therefore, it is essential to elucidate any molecular and physiological differences
among isoforms towards gaining insights into their apparent differential involvement in
distinct tauopathies and their contribution to neuronal dysfunction and toxicity.

Functional differences between 4R and 3R isoforms have been revealed in vitro, focus-
ing mostly on how they alter microtubule dynamics [6,16,17]. In addition, upon isoform
imbalance, cultured neurons presented mitochondrial axonal transport defects [18] and
impaired axonal transport of amyloid precursor protein [19]. Human tau isoform-specific
phenotypes in vivo have been described mostly in Drosophila tauopathy models by assess-
ing neuronal function (including axonal transport, locomotor behavior, synaptic function,
olfactory learning and memory) [20–22] and cell loss/toxicity during development (pho-
toreceptor neuron and mushroom body neuron loss), or in adult animals (elevated oxidative
stress, shortened lifespan) [22–24]. For example, the 3R isoform in Drosophila resulted in
more severe axonal transport abnormalities, locomotor deficits and a shorter lifespan than
4R [22]. In contrast, the 4R isoform caused more severe neurodegeneration and learning
and memory deficits, which were not observed in 3R-expressing animals [22,24].

Even though these differences may reflect bona fide distinct physiological functions
and pathogenic potential among these two tau species, the remaining isoforms were not
examined in these assays. Hence, it has been unclear whether these differences generalize
to the remaining 3R and 4R isoforms or are specific to 0N3R and 0N4R [22]. In addition,
such differences among isoforms could arise because of differences in the expression of
tau-encoding transgenes inserted in different genomic locations (position effects). Herein,
we systematically examine the effect of all six CNS-expressed human isoforms in the
Drosophila CNS for deficits in tauopathies relevant neuronal function, toxicity and prema-
ture lethality assays. This is facilitated by the availability of strains where all human tau
isoform-encoding transgenes were landed at the same chromosomal site and their cDNA
was codon optimized for expression in Drosophila [25]. Collectively, the results support the
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notion that the CNS-expressed human tau isoforms are not functionally equivalent with
respect to their pathogenic potential, probably reflecting differences in their physiological
function as well.

2. Results

Distinct accumulation levels of the transgenic hTau isoforms in the fly CNS.
To unravel in an unbiased manner the effect of each human tau (hTau) isoform in vivo,

we used transgenic Drosophila lines generated by a site-directed integration strategy on
chromosome II and reported to ensure comparable expression levels under the double
nSyb-GAL4 driver [25]. To obtain comparable results with prior work [24,26,27], the trans-
genes were expressed under the elavC155-GAL4 (henceforth elavG4) and, to our surprise,
they yielded variable tau levels (Figure 1A) in multiple experiments from different crosses.
The quantification of three independent blots revealed statistically significant differences
in the levels of hTau0N3R, hTau2N3R and hTau2N4R compared to hTau1N3R, hTau0N4R and
hTau1N4R (Supplementary Table S1). hTau0N3R, hTau2N3R and hTau2N4R levels were not
significantly different from each other as were those of hTau1N3R, hTau0N4R and hTau1N4R.
These results are in broad agreement with those of Fernius [25] but offer better resolution,
possibly because of the strong pan-neuronal expression throughout development and adult-
hood under elavGal4. Therefore, hTau levels comprise two abundance groups (Figure 1A),
with their levels not correlating with their size, N or R repeats. These unexpected results for
single-site inserted transgene-encoded proteins under the same Gal4 driver could reflect
mRNA instability, differences in translation efficiency or differential instability of the hTau
isoforms in the fly CNS.

To address these possibilities, the steady-state transgenic mRNA levels were quanti-
fied (Figure 1B) and were not found to be statistically different (Supplementary Table S1).
Therefore, the differential hTau isoform accumulation may reflect differences in the trans-
lational efficiency of their mRNAs or in the stability of the resultant proteins. Given that
the transgenic transcripts were codon optimized for Drosophila, it is unlikely that the
differences in hTau isoform accumulation result from the differential translatability of their
encoding transgenic RNAs. Therefore, it appears that the hTau isoforms are differentially
stable in the Drosophila CNS.

Differential effects of hTau isoforms in the development of mushroom body neurons.
The mushroom bodies (MBs) are bilaterally symmetrical, structurally stereotypical

neuronal assemblies in the fly CNS [28]. The MBs constitute major insect brain centers
for learning and memory and are thought to be functionally analogous to the vertebrate
hippocampus [29,30]. Expression of the randomly inserted hTau0N4R and hTau2N4R during
development under elavG4 impaired the late-dividing mushroom body neuroblasts, result-
ing in aberrant and reduced in-size mushroom body neurons (MBNs), while other neuropils
such as the protocerebral bridge remained unaffected [21,24]. In fact, while hTau0N4R and
hTau2N4R expression impaired MBN development, hTau0N3R did not, despite its relatively
elevated amount relative to that of the former isoforms [21,24]. However, unlike for the
randomly inserted hTau0N4R, pan-neuronal expression of the same transgene integrated
into a different chromosomal site did not affect MB structure [26]. As the MB structural
deficits correlate with hTau levels in early embryogenesis [24], we hypothesized that the in-
sulated from position effects attP landing sites attenuate early embryonic expression of the
inserted tau transgenes [26], resulting in grossly normal MBs. To address this hypothesis
systematically, we used this new set of hTau isoforms at the same landing site, facilitated
by the quantification of their protein levels (Figure 1).
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Figure 1. Variable levels of hTau isoforms in the Drosophila CNS. (A) A representative Western
blot of head lysates from animals expressing the different hTau transgenes under the elavGAL4 driver
detected with the 5A6 anti-tau antibody. The hTau isoform expressed in the fly CNS is indicated
below the quantification. For the quantification, hTau levels were normalized using the Syx loading
control and are shown as the mean ± SEM of n = 3 independent experiments. Bars marked with
# are not significantly different from each other but are from those marked with ‡ and conversely
‡ marked bars are not significantly different from each other but are from ones marked with #.
(B) Quantification of tau mRNA levels by Reverse Transcription followed by the Polymerase Chain
Reaction in the CNS of flies expressing the indicated hTau transgenes under elavGAL4. The rp49
RNA served as an internal reference transcript for the reaction and has been used to normalize the
quantifications. Bars indicate mean ± SEM relative mRNA levels. n = 4. Statistical details for both
experiments are presented in Supplemental Table S1.

As shown in Figure 2A for the posterior of the brain, the overall structure and mor-
phology of the CNS appeared unaltered. However, upon close examination, the MBs of
animals expressing particular isoforms appeared reduced in size. To quantify this potential
difference, the area covered by the dendritic fields of MBNs, known as calyces, was carefully
estimated. This revealed small but statistically significant differences in the size of the calyx
in animals expressing hTau0N3R, hTau1N3R, hTau2N3R and hTau0N4R (Figure 2A bottom
and Supplementary Table S2). Notably, there does not appear to be a correlation between
reduced calyx size and hTau isoform accumulation in the CNS (Figure 1A). One of the most
abundantly accumulating isoforms, hTau1N4R and one of the least abundant, hTau2N4R,
appear not to precipitate statistically significant size reductions (Figure 2A bottom and
Supplementary Table S2). Conversely, accumulation of the low-abundance hTau2N3R and
the more abundant hTau1N3R results in reduced calyx size. However, all 3R isoforms and
the smaller of the 4R, hTau0N4R, reduce the size of the MBs (Supplementary Table S2). It
should also be noted that hTau0N3R accumulation results in this small reduction in MB
size but does not affect its overall structure. This likely accounts for the reports [21,24]
indicating that the randomly inserted hTau0N3R does not alter MB structure as these stud-
ies concentrated on gross morphological defects and did not use the careful quantitation
method used herein.
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indicate significant differences from control flies. n ≥ 7 for all genotypes. (B) Learning after 3 and 6 
pairings of animals accumulating pan-neuronally the indicated hTau transgenes under elavGAL4 
(black bars) compared with driver (grey bars) and transgene heterozygotes (white bars). The 
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Figure 2. Tau isoforms affect differentially mushroom body neurons structurally and functionally.
(A) Carnoy’s-fixed paraffin-embedded frontal sections stained with anti-Leonardo antibody at the
level of the dendrites (calyces) of MB neurons, from control (elavGAL4/+) and animals expressing
the indicated hTau transgenes under elavGal4. The area of the calyx from multiple similar sections
per genotype was quantified, averaged below and presented as the mean ± SEM. Stars indicate
significant differences from control flies. n ≥ 7 for all genotypes. (B) Learning after 3 and 6 pairings
of animals accumulating pan-neuronally the indicated hTau transgenes under elavGAL4 (black bars)
compared with driver (grey bars) and transgene heterozygotes (white bars). The means ± SEMs
are shown. Stars (*) indicate significant differences from both controls. n ≥ 11 for all genotypes.
Statistical details for both experiments are presented in Supplemental Table S2.

4R hTau isoform accumulation affects associative learning and memory
In agreement with the early appearance of cognitive deficits in human tauopa-

thy patients, associative learning and memory are impaired in Drosophila tauopathy
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models [21,22,24,26,27,31–33]. Given that the MBs are cardinal for these behavioral out-
puts [29,30] and their size is differentially affected by particular hTau isoforms, we aimed
to systematically examine the consequence of all hTau isoforms in associative learning and
memory and whether any defects correlate with protein levels, or MB size differences.

As before, the well-established Pavlovian olfactory conditioning paradigm [34] was
used, which requires the flies to associate one odorant with aversive electric foot shocks and
avoid it preferentially. To increase the resolution of the assay, three and six odor/footshock
associations were used for conditioning and performance was assessed immediately after
(learning, or 3-min memory). Significantly, the accumulation of all 4R isoforms resulted
in highly significant (Supplementary Table S2) learning impairment both at three and six
stimulus pairings (Figure 2B). In contrast, animals accumulating 3R isoforms performed
normally, except for those expressing hTau0N3R. These flies presented defective learning
after 3 stimulus pairings but not after six (Figure 2B). This suggests that hTau0N3R- express-
ing flies are defective in the rate of learning and not learning per se, as increased pairings
ameliorate the deficit. This effect of hTau0N3R cannot be attributed to its expression, as its
levels are not significantly different from the other 3R isoforms (Supplementary Table S1).

Does accumulation of hTau isoforms affect the memory of the odor/footshock associa-
tion differentially? Two forms of consolidated memory can be elicited in Drosophila by
repeated cycles of 12 odor/footshock pairings and assessed 24 h later. A protein synthesis-
dependent memory (PSDM) was induced by 5 cycles of pairings spaced 15 min apart,
while a protein synthesis independent memory (PSIM) was elicited by the same number of
conditioning cycles but without the intervening rest interval [35,36].

In agreement with the learning results, expression of all 4R isoforms resulted in
significantly impaired PSDM, while accumulation of 3R isoforms did not affect this form of
consolidated memory (Figure 3A and Supplementary Table S3). In contrast, PSIM was not
affected by the accumulation of any hTau isoform (Figure 3B and Supplementary Table S3).
These results are in agreement with prior reports [22,32,33] and expand them to include
all hTau isoforms. Importantly, the specificity of consolidated memory defects to PSDM
for all 4R isoforms is consistent with the interpretation [37] that hTau excess of these hTau
species in the fly CNS impairs translation-related processes required for PSDM [29,36].
Furthermore, these results strongly support the notion that the severity of learning and
memory impairment is not proportional to hTau levels (Figure 1) or the mild reduction in
MB size (Figure 2A), but rather correlates with the number of microtubule-binding repeats.

To ascertain that the learning and memory deficits are not a consequence of re-
duced olfactory and mechanosensory acuity due to hTau excess, the naïve responses
to these stimuli were quantified for animals expressing all isoforms (Figure 4A and
Supplementary Table S4). Controls and hTau-expressing flies avoided equally the aversive
odors of benzaldehyde and 3-octanol, as well as the 90-V electric footshock. Therefore,
expression of all hTau isoforms in the fly CNS does not affect perception and reactivity to
the aversive stimuli used for conditioning and does not account for the defects uncovered.

As an added pertinent control, since flies have to move to different arms of the
choice maze and impaired movement might appear as reduced cognitive performance,
locomotion was assessed in hTau-expressing animals. To increase resolution, the task
was made more demanding by assessing innate locomotor behavior based on negative
geotaxis (climbing). When tapped to the bottom of a vial, flies will attempt to escape by
climbing to the top, and the assay has been used to demonstrate locomotor dysfunction
in aged tau-expressing animals [22,38,39]. As shown in Figure 4B, the climbing ability of
the relatively young hTau-expressing animals used in all our assays was not significantly
different from controls (Supplementary Table S4). Collectively, these results indicate that
pan-neuronal hTau accumulation does not precipitate deficits in sensory modalities requisite
for olfactory conditioning.
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cated above each graph. The means ± SEMs for the indicated repetitions are shown. Stars (*) indi-
cate significant differences from both controls. Statistical details in Supplemental Table S3. (A) 
Protein synthesis-dependent memory of animals accumulating pan-neuronally the indicated hTau 
isoforms (black bars) compared with driver and transgene heterozygotes (grey and white bars). n 
≥ 7 for all genotypes. (B) Protein synthesis independent memory of animals accumulating pan-
neuronally the indicated hTau proteins (black bars) compared with driver and transgene hetero-
zygotes (grey and white bars). n ≥ 9 for all genotypes. 
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Figure 3. PSD memory deficits emerge for all 4R isoforms. The hTau isoform expressed is indicated
above each graph. The means ± SEMs for the indicated repetitions are shown. Stars (*) indicate
significant differences from both controls. Statistical details in Supplemental Table S3. (A) Protein
synthesis-dependent memory of animals accumulating pan-neuronally the indicated hTau isoforms
(black bars) compared with driver and transgene heterozygotes (grey and white bars). n ≥ 7 for all
genotypes. (B) Protein synthesis independent memory of animals accumulating pan-neuronally the
indicated hTau proteins (black bars) compared with driver and transgene heterozygotes (grey and
white bars). n ≥ 9 for all genotypes.
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Figure 4. Conditioning stimulus perception and mobility is unaffected by hTau isoform accumu-
lation. (A) Odor and electric footshock avoidance of animals accumulating pan-neuronally the
indicated hTau isoforms compared with driver and transgene heterozygotes. The means ± SEM
are shown for n ≥ 6 for all genotypes. (B) Negative geotaxis (climbing) of flies accumulating pan-
neuronally for 5 days at 25 ◦C the indicated hTau isoforms compared with driver heterozygotes. The
hTau isoform expressed is indicated below each bar. The means ± SEMs are shown for n ≥ 12 for all
genotypes. Statistical details for both experiments are presented in Supplemental Table S4.

Differential effects of hTau isoforms on footshock habituation.
In addition to their established function in olfactory learning and memory, MBs also

play a role in the habituation of repeated footshocks [37,40,41]. Habituation is a form of
non-associative plasticity manifested as a reduction in response to specific inconsequential
repetitive stimuli. The endogenous Drosophila tau (dTau) functions in habituation since
dTau null mutants fail to habituate to footshocks as controls do, whereas dTau overexpres-
sion results in premature habituation [37]. Because footshock habituation is sensitive to tau
levels, we hypothesized that hTau could also affect this non-associative process as overex-
pression of dTau does [37]. Hence, flies expressing pan-neuronally the six hTau isoforms
were subjected to the standard habituation assay of repeated 45V footshocks [40,41].

As shown in Figure 5A, controls habituated normally to 15 footshocks, as did flies
expressing all hTau isoforms except hTau1N3R (Supplementary Table S5). Importantly, the
habituated response of hTau2N3R, hTau0N4R and hTau1N4R-expressing flies was actually
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premature as it occurred after only two stimuli, which do not suffice for control animals to
habituate to (Figure 5B and Supplementary Table S5). Consistently, hTau1N3R-expressing
flies did not habituate prematurely (Figure 5B). Therefore, it appears that excess hTau1N3R

inhibits processes necessary for habituation, while hTau2N3R, hTau0N4R and hTau1N4R

promote it. Whether these effects are mediated by the same or distinct neuronal circuits in
the fly CNS is part of ongoing research, but these results clearly differentiate the roles of
these hTau isoforms in the process. Additional support for the specificity of the effects is
provided by the lack of habituation aberrations in flies expressing hTau0N3R and hTau2N4R,
both of which affect associative learning and memory (Figures 2B and 3A), despite their
lower accumulation levels (Figure 1A).
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Figure 5. hTau isoforms affect differentially habituation to footshocks. Habituation following
exposure to 15 (A) or 2 footshocks (B) of flies accumulating pan-neuronally the indicated hTau
isoforms (black bars) compared with driver and transgene heterozygotes (grey and white bars). The
means ± SEMs are shown for n ≥ 7 for all genotypes. Stars (*) indicate significant differences from
both controls. Statistical details in Supplemental Table S5.

All hTau isoforms alter circadian activity.
Circadian behavioral deficits, such as increased night-time wakefulness and increased

daytime sleep, are common in Alzheimer’s disease and related tauopathies [42]. Flies
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exhibit daily cycles of activity and inactivity, a behavioral rhythm that is governed by the
animal’s endogenous circadian system [43]. To investigate how the six hTau isoforms affect
circadian behavior, we expressed them pan-neuronally and monitored locomotor activity
under a 12 h light-dark (LD) cycle. As expected, the activity profiles contained morning and
evening activity peaks, centered around the light transitions (lights on and off), separated
by a midday siesta and a period of sleep during the night (Figure 6 left panel).
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animals accumulating pan-neuronally the indicated hTau isoforms under elavGAL4 (black bars)
compared with driver and transgene heterozygotes (grey and white bars). Flies were monitored for
2 days at 25 ◦C in a 12 h light/dark cycle. Representations of the average activities of the indicated
genotypes monitored in 30-min bins over two days (left panel) divided in four 6-h intervals (early
day: 0600–1130, late day: 1200–1730, early night: 1800–2330 and late night 2400–0530 h) as indicted
by the light on (white) and off (black) and bar on the bottom of the graph. Total activities shown as
means ± SEMs for each quarter day for animals accumulating the indicated isoform and relevant
controls are indicated on the right. Stars (*) indicate significant differences from both controls.
n ≥ 50 flies per genotype. Statistical details in Supplemental Table S6.
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These two periods of activity are controlled by the endogenous clock, and alterations
in their timing may indicate a change in the circadian behavior. However, the rhythmicity
of these activity peaks in hTau-expressing flies was maintained as for controls for the two
24-h periods the activity was monitored (Figure 6 left panel). Another property indicative of
proper clock function is the anticipatory increase in locomotor activity, which occurs prior
to the dark-to-light or light-to-dark transition. This was assessed by quantification of the
total activity of all flies monitored over the two days and displayed per 6 h (Figure 6 right
panel). Interestingly, all hTau-expressing flies presented significantly increased activity
levels compared to controls (Supplementary Table S6), largely during the evening light-
to-dark transition. Notably, flies over-expressing hTau0N3R, hTau0N4R and hTau1N4R also
showed statistically significantly elevated activity during the dark-to-light transition in the
morning (Figure 6 right panel and Supplementary Table S6).

Collectively, these results indicate that expression of hTau0N3R, hTau0N4R and hTau1N4R

in the fly CNS results in significant increases in activity at the light transition periods, while
in flies expressing hTau1N3R, hTau2N3R and hTau2N4R, elevated activity is limited to the
evening light-to-dark transition. It seems that the more abundantly accumulating species
correlate with the higher overall light transition activity, with the exception of hTau0N3R,
which elevates activity at both transition periods but whose levels do not appear particularly
high. Therefore, hTau levels do not appear to affect the activity of flies expressing them as
much as the particular isoforms do.

Isoform-specific elevation of oxidative stress vulnerability.
Vulnerability to oxidative stress has been employed as a measure of tau accumulation-

dependent toxicity in tauopathies including Alzheimer’s disease [44,45] and has been
modeled in Drosophila [32,33,46,47]. Hence, the resistance of adult hTau expressing flies
and controls to 5% H2O2 was assessed as before [32,33,48].

Mortality of hTau-expressing flies was significantly increased as early as 24 h of ex-
posure to 5% H2O2 and presented a steady significant increase over controls over the
duration of the experiment (Figure 7, and Supplementary Table S7). Importantly, flies
expressing the three 4R isoforms presented significantly enhanced susceptibility to ox-
idative injury as they started to expire much earlier than those expressing 3R isoforms
(Figure 7, 24 h and 48 h and Supplementary Table S7). Moreover, hTau2N3R- expressing
animals appeared more vulnerable to H2O2 than those expressing hTau1N3R (Figure 7, 52 h
and 58 h and Supplementary Table S7). In contrast, flies expressing the hTau0N3R isoform
were the most resistant since compared to controls, they presented statistically significantly
higher mortality only upon treatment for 75 h (Figure 7 and Supplementary Table S7,
75 h). Clearly, therefore, vulnerability to H2O2 toxicity correlates well with the number of
microtubule-binding repeats, but not with protein abundance in the fly CNS.

Adult lifespan is equally reduced by all hTau isoforms.
An ultimate test of hTau toxicity, which also affords resolution of potential differences,

is the survival of animals expressing pan-neuronally hTau proteins [26,27]. To ascertain
that any differences uncovered would not be attributed to isoform-specific developmental
compromises [24], the inducible TARGET system [49] was utilized, which permits pan-
neuronal transgene expression only in adulthood. To that end, animals were raised at 18 ◦C
and when adult, they were transferred and maintained at 30 ◦C to induce expression from
the hTau transgenes [27].

The survival of these hTau isoform-expressing flies was monitored until they all
expired. As demonstrated in Figure 8, all hTau isoforms presented statistically significant
shortened lifespans compared to controls (Supplementary Table S8). This is evident both
in maximal survival, which was 35 days for controls and 31–32 for hTau-expressing flies
and their 50% attrition date, which was day 25 for hTau-expressing flies and day 27 for
controls (Figure 8). The attrition measure refers to the date when 50% of the population
of a given genotype expires and is presented at day 27 in the inserts in Figure 8 for clarity.
Clearly, the expression of all hTau isoforms results in a statistically significant survival
decrease on this day (Supplementary Table S8). These results are congruent with those
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of Fernius [25], who concentrated only on the maximal survival day and expanded them
by incorporating survival measures at the 50% attrition day, which offers an increased
resolution of the toxicity phenotype. Importantly, there does not appear to be a correlation
between the premature mortality of hTau-expressing animals and the level of the particular
isoform accumulating in their CNS, indicating equal toxicity for all 3R and 4R isoforms.
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Figure 8. Lifespan is equally decreased by all hTau isoforms. Survival curves for animals accumu-
lating pan-neuronally the six hTau isoforms under elav-GAL4; tub-Gal80ts compared with driver
heterozygotes (w1118). Flies were raised at 18 ◦C, but adults were transferred and maintained at 30 ◦C
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was reduced by 50% (50% attrition) indicated by the dotted line and the number of surviving animals
per genotype on that day is quantified in the insert. Stars indicate significant differences from control.
Statistical details in Supplemental Table S8.
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3. Discussion

Animal and cellular models of tauopathies aim to mimic human disease symptoms
and pathology [50,51] towards understanding mechanisms of pathogenesis mediated by
hTau deregulation. A plethora of such models are in use today [50,51] and are characterized
by the expression of a single hTau isoform as a representative mediator of pathology [52,53].
The collective contribution of all animal and cellular models to our current understanding
of tauopathy pathogenesis mechanisms is invaluable [54]. In patients, however, multiple
isoforms are involved in some tauopathies such as Alzheimer’s disease, while Pick’s
disease apparently involves only 3R species and the 3R/4R ratio alteration appears to
characterize most of these disorders [7]. The contribution of each hTau isoform involved in
the pathogenesis and pathology of each distinct tauopathy is currently unclear. Although
still isolated from the rest, an essential step forward toward that goal is to determine the
contribution of each isoform to typical tauopathy presentations.

Initial answers to this question are presented above and summarized in Figure 9.
Despite the differences in steady-state levels among the isoforms in the fly CNS, it appears
that the smaller isoforms affect similarly the size of the MB calyx, most likely a consequence
of impaired MB neuroblast division [24]. This phenotype differs somewhat from previous
work in that randomly inserted hTau2N4R was shown to affect MB structure significantly
and hTau0N3R not to [24]. This could be a consequence of increased protein levels in the
case of the randomly inserted transgenic protein, which are rather low for the hTau2N4R

protein used herein (Figure 1A). In the case of the randomly inserted hTau0N3R, potential
mild defects could have evaded detection then [24], which are uncovered herein because of
the precise measurement method employed (Figure 1A).
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However, all isoforms decrease longevity more or less equally, despite their differences
in steady-state levels. Vulnerability to oxidative stress likely contributes to this premature
mortality, with an accumulation of 4R isoforms being more potent mediators than their
3R counterparts. Similarly, all hTau isoforms elevate locomotor activity, apparently in
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anticipation of subjective dawn and dusk, potentially a manifestation of anxiety and
restlessness, also observed in patients [55,56].

Significantly, associative learning and protein synthesis-dependent memory are com-
promised only by the accumulation of 4R but not 3R isoforms. This suggests that 4R hTau
isoforms might interfere with or inhibit regulated translation, which underlies this form of
memory [36]. It is unclear at the moment whether the preferential interference of 4R iso-
forms with PSDM reflects their apparent more effective binding to microtubules, potentially
impeding processes requiring more plasticity. A role for the endogenous Drosophila tau in
translation regulation and PSDM formation has been reported recently [37], in congruence
with data from vertebrate systems [57]. Interestingly, Pick’s disease involving largely 3R
isoforms does not present significant learning and memory deficits but other dementia
manifestations [58,59]. We have not yet tested compulsive behaviors such as persistent
grooming in Drosophila, which characterize Pick’s disease and other such dementias and
will strengthen this still tenuous correlation.

Altered habituation upon hTau accumulation suggests putative roles for particular
isoforms in fly CNS synapses, in agreement with reports from other systems [60,61]. Regu-
lated neurotransmission is thought to underlie habituation [62] and, interestingly, four hTau
isoforms affect this process. As summarized in Figure 9, hTau1N3R impedes habituation,
whereas hTau2N3R, hTau0N4R and hTau1N4R lead to premature habituation, a manifestation
of more expedient devaluation of recurrent stimuli [40]. As inhibition of premature habit-
uation and normal habituation onset require neurotransmission from different types of
MB neurons [40,41], it is possible that hTau1N3R and the other three hTau isoforms affect
neurotransmission from different neuronal types. This hypothesis, currently under investi-
gation, might provide additional support in favor of the differential functional specificity
of hTau isoforms.

A consistent conclusion from the work presented above is the lack of correlation in
isoform abundance with the effects mediated by hTau isoform accumulation in the fly CNS.
Therefore, the specific defects elicited by hTau isoforms are most likely a consequence of
their structural elements-mediated functional specialization and differential interactions
with intracellular partners, possibly in a neuronal type of specific manner.

It is, however, of interest to determine the cause of the apparent differential stability
of the transgenic hTau proteins in the Drosophila CNS. Their steady-state levels do not
correlate with their size, N or R repeats, suggesting that the instability is not mediated by
primary sequence elements. However, potential secondary and tertiary structures could in
principle differ among isoforms, rendering them differentially stable or unstable in the fly
CNS. An alternative explanation currently under investigation is that tau isoforms may
be stabilized by interactions with other tau species. If so, then hTau1N3R, hTau0N4R and
hTau1N4R could be stabilized by the endogenous dTau, whereas interaction with hTau0N3R,
hTau2N3R and hTau2N4R might be significantly weaker or not possible at all. The availability
of a null dTau strain enables the formal address of this hypothesis. Moreover, experiments
utilizing co-expression of hTau species aiming to equalize their levels in the presence or
absence of dTau will further elucidate the issue.

Understanding tauopathies requires comprehension of the role and potential contribu-
tion of each hTau species in their characteristic pathologies within tissues and cell types,
whether they are expressed alone or with their companion isoforms. We have revealed a
number of common and hTau isoform-specific effects in the Drosophila model (Figure 9).
Namely, all isoforms affect locomotor activity, oxidative stress response and survival. On
the other hand, the 4R isoforms alone exhibit functions related to learning and memory,
while only 0N4R and 1N4R, along with 1N3R and 2N3R, appear to be involved in habitua-
tion. Moreover, despite their effect on cognitive functions, 1N4R and 2N4R are the only
isoforms not associated with MB size regulation. Everything considered, each hTau isoform
has a unique functional profile. The genetic arsenal and facility of the fly model system
will likely enable us to expand the results of this initial study, provide answers to questions
posed above and facilitate our understanding of hTau physiology and pathobiology.
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4. Materials and Methods

Drosophila culture and strains:
Flies were cultured in standard sugar-wheat flour food supplemented with soy flour

and CaCl2 [40]. Crosses, unless otherwise stated, were kept at 25 ◦C and 70% rela-
tive humidity with a 12 h light-dark cycle. For pan-neuronal transgene expression the
elavC155-GAL4 [63] was employed. The elavC155-GAL4; tub-Gal80ts strain was constructed
using standard methods [49]. The fly lines carrying the six UAS-hTau isoforms were kindly
provided by Dr. Stefan Thor (Linkoping University, [25]) and were backcrossed into the
resident Cantonized w1118 control background for five generations.

Molecular and histological:
RNA extraction and RT-PCR: As previously described [32], total RNA was extracted

from 20 Drosophila heads (1 to 3 days post-eclosion) using TRI Reagent® (Sigma-Aldrich,
St. Louis, Mo., USA), following the manufacturer’s instructions. Reverse transcription
from DNase I treated total RNA was carried out using SuperScript® II Reverse Trancrip-
tase (Invitrogen, Waltham, MA, USA) and cDNA was subjected to PCR using the Go
Taq® Flexi DNA Polymerase (Promega, Madison, WI, USA). The ribosomal gene rp49
was used as a standardizing control of the RT. Four independent biological repeats were
performed. Quantification was performed using ImageJ (NIH) and the resultant means
were compared with the least square means planned comparisons method following an
initial positive ANOVA.

Western blotting and Antibodies: Seven fly heads at 1–3 days post-eclosion were ho-
mogenized in 1x Laemmli buffer (50 mM Tris pH 6.8, 100 mM DTT, 5% 2-mercaptoethanol,
2% SDS, 10% glycerol and 0.01% bromophenol blue), boiled and separated in 10% SDS-
acrylamide gels. Proteins were transferred to PVDF membranes and probed with mouse
monoclonal anti-tau (5A6, Developmental Studies Hybridoma Bank) at 1:1000 dilution.
Membranes were concurrently probed with an anti-syntaxin primary antibody (8C3, Devel-
opmental Studies Hybridoma Bank) at a 1:3000 dilution. The anti-mouse HRP-conjugated
secondary antibody was applied at 1:5000 dilution and proteins were visualized with chemi-
luminescence (Immobilon Crescendo, Millipore). Signals were quantified by densitometry
with the Image Lab 5.2 program (BioRad) and results were plotted as means ± standard
error of the mean (SEM) from three independent experiments. The means were compared
using the least square means method following an initial positive ANOVA.

Immunohistochemistry: Adult female flies at 2–3 days old were fixed in Carnoy’s
solution (60% ethanol, 30% chloroform, 10% glacial acetic acid), and embedded in paraffin.
Serial frontal sections (4 µm) were prepared through the entire fly brain. Slides were
processed as previously described [24] through xylene, ethanol, water and into PBHT
buffer (0.01 M NaH2PO4, 0.25 M NaCl, 0.2% Triton X-100, pH 7.4). Slides were blocked in
PBHT containing 10% normal goat serum for 3 h at room temperature. Immunostaining
was performed using rabbit anti-LEO [64] at 1:4000. Images were acquired at 40× with an
Olympus BX53 microscope. The area of mushroom body calyces was estimated using Image
J (NIH). Results were plotted as means ± SEM from at least seven independent experiments.
The data were analyzed by Dunnett’s tests relative to control driver heterozygotes following
an initial positive ANOVA.

Neuronal function and toxicity assays:
Husbandry: Mixed-sex populations of from 2 to 5-day-old flies were used for all

behavioral experiments. UAS-hTau transgenic strain males were crossed en masse with
ElavC155-Gal4 driver females at 25 ◦C. Upon eclosion they were separated in groups of
50–70 animals in vials and placed at 30 ◦C overnight to boost transgene expression.

Associative learning and memory: Flies were trained with classical olfactory aversive
conditioning protocols [34] as previously described [22,37]. We used benzaldehyde (5%
v/v) and 3-octanol (50% v/v) diluted in isopropylmyristate (Fluka) as standard odorants.
Training and testing were carried out at 25 ◦C and 70–75% relative humidity under dim
red light. To assess learning, flies were tested immediately after a single training cycle
consisting of 15 or 30 s odor A with either three or six 90 V footshocks at 4.5 s inter-
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stimulus intervals, 30 s room air and 15 or 30 s odor B without reinforcement. For protein
synthesis-dependent memory (PSDM), flies underwent 5 training cycles spaced 15 min
apart and tested 24 h later. For protein synthesis independent memory (PSIM), flies were
also submitted to five conditioning cycles, but without the 15 min rest interval (massed
conditioning) and memory was tested after 24 h. In each cycle, flies were exposed for
1 min to odor A paired with twelve 90 V electric shocks at 4.5 s inter-stimulus intervals,
followed by 30 s of air and 1 min odor B without reinforcement. The performance index
was calculated by subtracting the fraction of flies in the shock-associated odorant arm of the
maze from those in the opposite arm and averaging the outcome from the two mazes where
the complementary odorants were associated with the odor as described before [22,37].

Electric footshock and odor avoidance: Experiments were performed as described
before [65]. Briefly, ∼70 flies were placed in a T-maze and allowed to choose for 90 s
between an electrified (90 V shocks every 4.5 s) and an otherwise identical inert standard
copper grid. Odor avoidance was quantified by exposing flies to an airstream carrying
the odor in one arm of a T-maze and fresh air in the other. Flies were given 90 s to choose
between aversive odors and air. The odorants utilized for these experiments were as
described for associative learning and memory assays. At the end of the choice period, flies
in each arm were trapped and counted. The performance index (PI) was calculated as the
percentage of the fraction of flies that avoid the odor/shock minus the fraction of flies that
prefer the odor/shock-bearing arm.

Climbing assay: Approximately two days after eclosion, male flies were collected
in groups of 10–12 and aged for 5 days at 25 ◦C. Each group of flies was transferred
in an empty vial (2 cm diameter) at 25 ◦C, 40% relative humidity under dim red light
and was allowed 1 min to acclimate. The vial was divided into three compartments
of 2 cm each (bottom, middle, upper). Flies were gently tapped to the bottom of the
vial, and their negative geotaxis reflex response was recorded by camera (Basler AG
acA1920–155 µm, Germany) with rate of 1 frame per second (FPS). To determine the optimal
frame to analyze, the time required for control flies to ascent to the top was estimated
and a standard curve was constructed (Supplementary Figure S1) demonstrating that 3 s
after initializing the response affords the most resolution as only 50% of the flies are in
the top. Consequently 3 s after taping the flies to the bottom of the vial animals in each
compartment were counted and compartment frequency was calculated as the quotient of
flies in every compartment divided by the total number in the group. Comparison of the
climbing ability was performed using the least squares means (LSM) approach relative to
control driver heterozygotes.

Habituation to electric footshock: Experiments were performed as described
before [41,65]. The avoiding fraction (AF) was calculated as described [41], by dividing the
number of flies avoiding 45 V shock by the total number of flies. For the training phase
∼70 flies were exposed to either 15 or 2 electric shocks at 45 V. After a 30 s rest, flies were
tested by choosing for 90 s between an electrified (45 V) and an inert grid. At the end of the
choice period, the flies in each arm were trapped and counted and the habituation fraction
(HF) was calculated by dividing the number of flies preferring the electrified grid by the
total number of flies. Finally, the habituation index (HI) was calculated by subtracting
the avoidance fraction from the habituation fraction multiplied by 100. HI represents the
change in footshock avoidance contingent upon prior footshock experience (habituation).

Statistical analysis of behavioral experiments: All genotypes involved in an experiment
were tested per day and data were analyzed parametrically with the JMP statistical package
(SAS Institute Inc., Cary, NC, USA) as described before [22,37]. Performance indices
calculated for each genotype were examined for differences using ANOVA, followed by
planned multiple comparisons using the least squares means (LSM) approach.

Locomotor activity: Locomotor activity was recorded with the TriKinetics DAM2
monitors, which use infrared beams to automatically detect and record locomotor activity
of individual flies. Briefly, male flies (2–5 days old) were introduced into transparent
locomotor activity tubes (5 mm diameter) with agar food supplemented with fructose and



Int. J. Mol. Sci. 2022, 23, 12985 17 of 20

sugar (1.5% w/w fructose, 3% w/w brown sugar, 0.25% nipagen and 1.5% agar) at one end
and cotton plug at the other. Flies were transferred to locomotor activity behavior for at
least 12 h for acclimatization before collecting data and then monitored for about 2 days
at 25 ◦C in a 12 h light/dark cycle. The average of raw activities per fly for 30-min bins
were collected and summed into four 6-h intervals per day (early day: 600–1130, late day:
1200–1730, early night: 1800–2330 and late night 2400–530 h). Activity data of flies that died
within 12 h of recording were not considered. Averaged activities were compared to that of
designated control using the least squares means (LSM) approach.

H2O2 sensitivity: Animals accumulating the six human tau isoforms under the control
of the pan-neuronal elavC155-GAL4 driver were raised at 25 ◦C together with control driver
heterozygotes. Oxidative stress test was performed at 25 ◦C using a medium containing
10% sucrose, 1xPBS, 0.8% low melt agarose and 5% H2O2. Twenty young males (1–3 days
old) were transferred to fresh medium every 24 h [48]. At least 300 flies were assessed per
genotype. Means of survival were compared to that of designated control using the least
squares means (LSM) approach.

Lifespan Determination: Animals accumulating the six hTau transgenes under
elavC155-GAL4; tub-Gal80ts were raised at 18 ◦C together with control driver heterozy-
gotes. Groups of 20 young male flies (1–3 days old) were collected and maintained at 30 ◦C
until they expired. Flies were transferred to fresh vials every 2 days. At least 300 flies
were assessed per genotype. Survival curves were compared using log-rank tests (JMP 7.1
statistical software package, SAS Institute Inc.).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232112985/s1.

Author Contributions: Conceptualization, E.M.C.S. and K.P. formal analysis, E.V., V.P., A.B., M.-C.Z.
and E.P.; funding acquisition, K.P. and E.M.C.S.; investigation, E.V., V.P., A.B., M.-C.Z. and E.P.; project
administration, K.P. and E.M.C.S.; resources, E.M.C.S.; writing—original draft, K.P.; Writing—review
and editing, E.M.C.S. All authors have read and agreed to the published version of the manuscript.

Funding: V.P. and A.B. would like to acknowledge that their research was co-financed by Greece
and the European Union (European Social Fund-ESF) through the Operational Program « Human
Resources Development, Education and Lifelong Learning» in the context of the project “Support for
researchers with an emphasis on young researchers” (EDBM103). E.M.C.S. and E.V. acknowledge
funding from the Flagship Initiative in the framework of Work Package: Hellenic Precision Medicine
Research Network for Neurodegenerative Diseases, of the project “Infrastructures for National
Research Networks for Precision Medicine and Climate Change” no. 2018ΣE01300001 of the GSRT
National Public Investments Programme.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank the Developmental Studies Hybridoma Bank for antibodies and we
are grateful to S. Thor for fly stocks and to M. Loizou for expert technical help.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Qiang, L.; Sun, X.; Austin, T.O.; Muralidharan, H.; Jean, D.C.; Liu, M.; Yu, W.; Baas, P.W. Tau Does Not Stabilize Axonal

Microtubules but Rather Enables Them to Have Long Labile Domains. Curr. Biol. 2018, 28, 2181–2189. [CrossRef]
2. Sotiropoulos, I.; Galas, M.C.; Silva, J.M.; Skoulakis, E.; Wegmann, S.; Maina, M.B.; Blum, D.; Sayas, C.L.; Mandelkow, E.M.;

Mandelkow, E.; et al. Atypical, non-standard functions of the microtubule associated Tau protein. Acta Neuropathol. Commun.
2017, 5, 91. [CrossRef] [PubMed]

3. Couchie, D.; Mavilia, C.; Georgieff, I.S.; Liem, R.K.; Shelanski, M.L.; Nunez, J. Primary structure of high molecular weight tau
present in the peripheral nervous system. Proc. Natl. Acad. Sci. USA 1992, 89, 4378–4381. [CrossRef] [PubMed]

4. Goedert, M.; Jakes, R. Expression of separate isoforms of human tau protein: Correlation with the tau pattern in brain and effects
on tubulin polymerization. Embo J. 1990, 9, 4225–4230. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms232112985/s1
https://www.mdpi.com/article/10.3390/ijms232112985/s1
http://doi.org/10.1016/j.cub.2018.05.045
http://doi.org/10.1186/s40478-017-0489-6
http://www.ncbi.nlm.nih.gov/pubmed/29187252
http://doi.org/10.1073/pnas.89.10.4378
http://www.ncbi.nlm.nih.gov/pubmed/1374898
http://doi.org/10.1002/j.1460-2075.1990.tb07870.x
http://www.ncbi.nlm.nih.gov/pubmed/2124967


Int. J. Mol. Sci. 2022, 23, 12985 18 of 20

5. Panda, D.; Samuel, J.; Massie, M.; Feinstein, S.; Wilson, L. Differential regulation of microtubule dynamics by three- and
four-repeat tau: Implications for the onset of neurodegenerative disease. Proc. Natl. Acad. Sci. USA 2003, 100, 9548–9553.
[CrossRef]

6. Bachmann, S.; Bell, M.; Klimek, J.; Zempel, H. Differential Effects of the Six Human TAU Isoforms: Somatic Retention of 2N-TAU
and Increased Microtubule Number Induced by 4R-TAU. Front. Neurosci. 2021, 15, 643115. [CrossRef] [PubMed]

7. Arendt, T.; Stieler, J.T.; Holzer, M. Tau and tauopathies. Brain Res. Bull. 2016, 126, 238–292. [CrossRef] [PubMed]
8. Miguel, L.; Rovelet-Lecrux, A.; Feyeux, M.; Frebourg, T.; Nassoy, P.; Campion, D.; Lecourtois, M. Detection of all adult Tau

isoforms in a 3D culture model of iPSC-derived neurons. Stem Cell Res. 2019, 40, 101541. [CrossRef]
9. Bukar Maina, M.; Al-Hilaly, Y.K.; Serpell, L.C. Nuclear Tau and Its Potential Role in Alzheimer’s Disease. Biomolecules 2016, 6, 9.

[CrossRef]
10. Liu, C.; Gotz, J. Profiling murine tau with 0N, 1N and 2N isoform-specific antibodies in brain and peripheral organs reveals

distinct subcellular localization, with the 1N isoform being enriched in the nucleus. PLoS ONE 2013, 8, e84849. [CrossRef]
11. Boutajangout, A.; Authelet, M.; Blanchard, V.; Touchet, N.; Tremp, G.; Pradier, L.; Brion, J.P. Characterisation of cytoskeletal

abnormalities in mice transgenic for wild-type human tau and familial Alzheimer’s disease mutants of APP and presenilin-1.
Neurobiol. Dis. 2004, 15, 47–60. [CrossRef] [PubMed]

12. McMillan, P.; Korvatska, E.; Poorkaj, P.; Evstafjeva, Z.; Robinson, L.; Greenup, L.; Leverenz, J.; Schellenberg, G.D.; D’Souza, I. Tau
isoform regulation is region- and cell-specific in mouse brain. J. Comp. Neurol. 2008, 511, 788–803. [CrossRef] [PubMed]

13. Andreadis, A. Tau gene alternative splicing: Expression patterns, regulation and modulation of function in normal brain and
neurodegenerative diseases. Biochim. Biophys. Acta 2005, 1739, 91–103. [CrossRef] [PubMed]

14. Niblock, M.; Gallo, J.M. Tau alternative splicing in familial and sporadic tauopathies. Biochem. Soc. Trans. 2012, 40, 677–680.
[CrossRef]

15. Buee, L.; Delacourte, A. Comparative biochemistry of tau in progressive supranuclear palsy, corticobasal degeneration, FTDP-17
and Pick’s disease. Brain Pathol. 1999, 9, 681–693. [CrossRef] [PubMed]

16. Goode, B.L.; Chau, M.; Denis, P.E.; Feinstein, S.C. Structural and functional differences between 3-repeat and 4-repeat tau isoforms.
Implications for normal tau function and the onset of neurodegenetative disease. J. Biol. Chem. 2000, 275, 38182–38189. [CrossRef]
[PubMed]

17. Gustke, N.; Trinczek, B.; Biernat, J.; Mandelkow, E.M.; Mandelkow, E. Domains of tau protein and interactions with microtubules.
Biochemistry 1994, 33, 9511–9522. [CrossRef] [PubMed]

18. Mertens, J.; Stuber, K.; Poppe, D.; Doerr, J.; Ladewig, J.; Brustle, O.; Koch, P. Embryonic stem cell-based modeling of tau pathology
in human neurons. Am. J. Pathol. 2013, 182, 1769–1779. [CrossRef] [PubMed]

19. Lacovich, V.; Espindola, S.L.; Alloatti, M.; Pozo Devoto, V.; Cromberg, L.E.; Carna, M.E.; Forte, G.; Gallo, J.M.; Bruno, L.;
Stokin, G.B.; et al. Tau Isoforms Imbalance Impairs the Axonal Transport of the Amyloid Precursor Protein in Human Neurons.
J. Neurosci. Off. J. Soc. Neurosci. 2017, 37, 58–69. [CrossRef]

20. Kadas, D.; Papanikolopoulou, K.; Xirou, S.; Consoulas, C.; Skoulakis, E.M.C. Human Tau isoform-specific presynaptic deficits in a
Drosophila Central Nervous System circuit. Neurobiol. Dis. 2018, 124, 311–321. [CrossRef]

21. Papanikolopoulou, K.; Kosmidis, S.; Grammenoudi, S.; Skoulakis, E.M. Phosphorylation differentiates tau-dependent neuronal
toxicity and dysfunction. Biochem. Soc. Trans. 2010, 38, 981–987. [CrossRef] [PubMed]

22. Sealey, M.A.; Vourkou, E.; Cowan, C.M.; Bossing, T.; Quraishe, S.; Grammenoudi, S.; Skoulakis, E.M.C.; Mudher, A. Distinct
phenotypes of three-repeat and four-repeat human tau in a transgenic model of tauopathy. Neurobiol. Dis. 2017, 105, 74–83.
[CrossRef] [PubMed]

23. Grammenoudi, S.; Anezaki, M.; Kosmidis, S.; Skoulakis, E.M.C. Modeling Cell and Isoform type specificity of Tauopathies in
Drosophila. In Drosophila: A Toolbox for the Study of Neurodegenerative Disease; Mudher, A., Chapman, T., Eds.; Taylor and Francis:
Abingdon-on-Thames, UK, 2008; Volume 60, pp. 39–56.

24. Kosmidis, S.; Grammenoudi, S.; Papanikolopoulou, K.; Skoulakis, E.M.C. Differential effects of Tau on the integrity and function
of neurons essential for learning in Drosophila. J. Neurosci. 2010, 30, 464–477. [CrossRef] [PubMed]

25. Fernius, J.; Starkenberg, A.; Pokrzywa, M.; Thor, S. Human TTBK1, TTBK2 and MARK1 kinase toxicity in Drosophila melanogaster
is exacerbated by co-expression of human Tau. Biol. Open 2017, 6, 1013–1023. [CrossRef] [PubMed]

26. Keramidis, I.; Vourkou, E.; Papanikolopoulou, K.; Skoulakis, E.M.C. Functional Interactions of Tau Phosphorylation Sites That
Mediate Toxicity and Deficient Learning in Drosophila melanogaster. Front. Mol. Neurosci. 2020, 13, 569520. [CrossRef]

27. Papanikolopoulou, K.; Skoulakis, E.M. Temporally distinct phosphorylations differentiate Tau-dependent learning deficits and
premature mortality in Drosophila. Hum. Mol. Genet. 2015, 24, 2065–2077. [CrossRef]

28. Crittenden, J.R.; Skoulakis, E.M.; Han, K.A.; Kalderon, D.; Davis, R.L. Tripartite mushroom body architecture revealed by
antigenic markers. Learn. Mem. 1998, 5, 38–51. [CrossRef]

29. Cognigni, P.; Felsenberg, J.; Waddell, S. Do the right thing: Neural network mechanisms of memory formation, expression and
update in Drosophila. Curr. Opin. Neurobiol. 2018, 49, 51–58. [CrossRef]

30. Davis, R.L. Olfactory memory formation in Drosophila: From Molecular to systems Neuroscience. Annu. Rev. Neurosci. 2005, 28,
275–302. [CrossRef]

31. Mershin, A.; Pavlopoulos, E.; Fitch, O.; Braden, B.C.; Nanopoulos, D.V.; Skoulakis, E.M. Learning and memory deficits upon TAU
accumulation in Drosophila mushroom body neurons. Learn. Mem. 2004, 11, 277–287. [CrossRef]

http://doi.org/10.1073/pnas.1633508100
http://doi.org/10.3389/fnins.2021.643115
http://www.ncbi.nlm.nih.gov/pubmed/34113229
http://doi.org/10.1016/j.brainresbull.2016.08.018
http://www.ncbi.nlm.nih.gov/pubmed/27615390
http://doi.org/10.1016/j.scr.2019.101541
http://doi.org/10.3390/biom6010009
http://doi.org/10.1371/journal.pone.0084849
http://doi.org/10.1016/j.nbd.2003.09.007
http://www.ncbi.nlm.nih.gov/pubmed/14751770
http://doi.org/10.1002/cne.21867
http://www.ncbi.nlm.nih.gov/pubmed/18925637
http://doi.org/10.1016/j.bbadis.2004.08.010
http://www.ncbi.nlm.nih.gov/pubmed/15615629
http://doi.org/10.1042/BST20120091
http://doi.org/10.1111/j.1750-3639.1999.tb00550.x
http://www.ncbi.nlm.nih.gov/pubmed/10517507
http://doi.org/10.1074/jbc.M007489200
http://www.ncbi.nlm.nih.gov/pubmed/10984497
http://doi.org/10.1021/bi00198a017
http://www.ncbi.nlm.nih.gov/pubmed/8068626
http://doi.org/10.1016/j.ajpath.2013.01.043
http://www.ncbi.nlm.nih.gov/pubmed/23499461
http://doi.org/10.1523/JNEUROSCI.2305-16.2016
http://doi.org/10.1016/j.nbd.2018.12.004
http://doi.org/10.1042/BST0380981
http://www.ncbi.nlm.nih.gov/pubmed/20658989
http://doi.org/10.1016/j.nbd.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28502805
http://doi.org/10.1523/JNEUROSCI.1490-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20071510
http://doi.org/10.1242/bio.022749
http://www.ncbi.nlm.nih.gov/pubmed/28711868
http://doi.org/10.3389/fnmol.2020.569520
http://doi.org/10.1093/hmg/ddu726
http://doi.org/10.1101/lm.5.1.38
http://doi.org/10.1016/j.conb.2017.12.002
http://doi.org/10.1146/annurev.neuro.28.061604.135651
http://doi.org/10.1101/lm.70804


Int. J. Mol. Sci. 2022, 23, 12985 19 of 20

32. Prifti, E.; Tsakiri, E.N.; Vourkou, E.; Stamatakis, G.; Samiotaki, M.; Papanikolopoulou, K. The Two Cysteines of Tau Protein Are
Functionally Distinct and Contribute Differentially to Its Pathogenicity in Vivo. J. Neurosci. Off. J. Soc. Neurosci. 2021, 41, 797–810.
[CrossRef] [PubMed]

33. Prifti, E.; Tsakiri, E.N.; Vourkou, E.; Stamatakis, G.; Samiotaki, M.; Skoulakis, E.M.C.; Papanikolopoulou, K. Mical modulates Tau
toxicity via cysteine oxidation in vivo. Acta Neuropathol. Commun. 2022, 10, 44. [CrossRef] [PubMed]

34. Tully, T.; Quinn, W.G. Classical conditioning and retention in normal and mutant Drosophila melanogaster. J. Comp. Physiol. A
1985, 157, 263–277. [CrossRef] [PubMed]

35. Bourouliti, A.; Skoulakis, E.M.C. Cold Shock Disrupts Massed Training-Elicited Memory in Drosophila. Int. J. Mol. Sci. 2022,
23, 6407. [CrossRef] [PubMed]

36. Tully, T.; Preat, T.; Boynton, S.C.; Del Vecchio, M. Genetic dissection of consolidated memory in Drosophila. Cell 1994, 79, 35–47.
[CrossRef]

37. Papanikolopoulou, K.; Roussou, I.G.; Gouzi, J.Y.; Samiotaki, M.; Panayotou, G.; Turin, L.; Skoulakis, E.M.C. Drosophila Tau
Negatively Regulates Translation and Olfactory Long-Term Memory, But Facilitates Footshock Habituation and Cytoskeletal
Homeostasis. J. Neurosci. Off. J. Soc. Neurosci. 2019, 39, 8315–8329. [CrossRef]

38. Ali, Y.O.; Ruan, K.; Zhai, R.G. NMNAT suppresses tau-induced neurodegeneration by promoting clearance of hyperphosphory-
lated tau oligomers in a Drosophila model of tauopathy. Hum. Mol. Genet. 2012, 21, 237–250. [CrossRef]

39. Mudher, A.; Shepherd, D.; Newman, T.A.; Mildren, P.; Jukes, J.P.; Squire, A.; Mears, A.; Drummond, J.A.; Berg, S.; MacKay, D.; et al.
GSK-3beta inhibition reverses axonal transport defects and behavioural phenotypes in Drosophila. Mol. Psychiatry 2004, 9,
522–530. [CrossRef]

40. Acevedo, S.F.; Froudarakis, E.I.; Kanellopoulos, A.; Skoulakis, E.M. Protection from premature habituation requires functional
mushroom bodies in Drosophila. Learn. Mem. 2007, 14, 376–384. [CrossRef]

41. Roussou, I.G.; Papanikolopoulou, K.; Savakis, C.; Skoulakis, E.M.C. Drosophila Bruton’s Tyrosine Kinase Regulates Habituation
Latency and Facilitation in Distinct Mushroom Body Neurons. J. Neurosci. Off. J. Soc. Neurosci. 2019, 39, 8730–8743. [CrossRef]

42. Musiek, E.S.; Xiong, D.D.; Holtzman, D.M. Sleep, circadian rhythms, and the pathogenesis of Alzheimer disease. Exp. Mol. Med.
2015, 47, e148. [CrossRef] [PubMed]

43. Dubowy, C.; Sehgal, A. Circadian Rhythms and Sleep in Drosophila melanogaster. Genetics 2017, 205, 1373–1397. [CrossRef]
[PubMed]

44. Abramov, A.; Potapova, E.; Dremin, V.; Dunaev, A. Interaction of Oxidative Stress and Misfolded Proteins in the Mechanism of
Neurodegeneration. Life 2020, 10, 101. [CrossRef] [PubMed]

45. Haque, M.; Murale, D.; Kim, Y.; Lee, J. Crosstalk between Oxidative Stress and Tauopathy. Int. J. Mol. Sci. 2019, 20, 1959.
[CrossRef]

46. Cowan, C.; Sealey, M.; Mudher, A. Suppression of tau-induced phenotypes by vitamin E demonstrates the dissociation of
oxidative stress and phosphorylation in mechanisms of tau toxicity. J. Neurochem. 2021, 157, 684–694.

47. Dias-Santagata, D.; Fulga, T.A.; Duttaroy, A.; Feany, M.B. Oxidative stress mediates tau-induced neurodegeneration in Drosophila.
J. Clin. Investig. 2007, 117, 236–245. [CrossRef]

48. Svensson, M.J.; Larsson, J. Thioredoxin-2 affects lifespan and oxidative stress in Drosophila. Hereditas 2007, 144, 25–32. [CrossRef]
49. McGuire, S.E.; Mao, Z.; Davis, R.L. Spatiotemporal gene expression targeting with the TARGET and gene-switch systems in

Drosophila. Sci. STKE 2004, 2004, pl6. [CrossRef]
50. Giong, H.; Subramanian, M.; Yu, K.; Lee, J. Non-Rodent Genetic Animal Models for Studying Tauopathy: Review of Drosophila,

Zebrafish, and C. elegans Models. Int. J. Mol. Sci. 2021, 22, 8465. [CrossRef]
51. Götz, J.; Götz, J. Experimental Models of Tauopathy—From Mechanisms to Therapies. Adv. Exp. Med. Biol. 2019, 1184, 381–391.
52. Gotz, J.; Deters, N.; Doldissen, A.; Bokhari, L.; Ke, Y.; Wiesner, A.; Schonrock, N.; Ittner, L.M. A decade of tau transgenic animal

models and beyond. Brain Pathol. 2007, 17, 91–103. [CrossRef] [PubMed]
53. Lee, V.M.; Kenyon, T.K.; Trojanowski, J.Q. Transgenic animal models of tauopathies. Biochim. Biophys. Acta 2005, 1739, 251–259.

[CrossRef] [PubMed]
54. Kim, B.; Lim, H.; Kim, Y.; Kim, Y.; Koo, I.; Jeong, S. Evaluation of Animal Models by Comparison with Human Late-Onset

Alzheimer’s Disease. Mol. Neurobiol. 2018, 55, 9234–9250. [CrossRef] [PubMed]
55. Botto, R.; Callai, N.; Cermelli, A.; Causarano, L.; Rainero, I. Anxiety and depression in Alzheimer’s disease: A systematic review

of pathogenetic mechanisms and relation to cognitive decline. Neurol. Sci. 2022, 43, 4107–4124. [CrossRef] [PubMed]
56. Patel, P.; Masurkar, A. The Relationship of Anxiety with Alzheimer’s Disease: A Narrative Review. Curr. Alzheimer Res. 2021, 18,

359–371. [CrossRef] [PubMed]
57. Cruz, A.; Verma, M.; Wolozin, B. The Pathophysiology of Tau and Stress Granules in Disease. Adv. Exp. Med. Biol. 2019, 1184,

359–372.
58. Mikol, J. History of Pick’s disease. Clin. Neuropathol. 2020, 39, 152–161. [CrossRef]
59. Wheeler, S.; Sillence, D. Niemann-Pick type C disease: Cellular pathology and pharmacotherapy. J. Neurochem. 2020, 153, 674–692.

[CrossRef]
60. Siano, G.; Falcicchia, C.; Origlia, N.; Cattaneo, A.; Di Primio, C. Non-Canonical Roles of Tau and Their Contribution to Synaptic

Dysfunction. Int. J. Mol. Sci. 2021, 22, 10145. [CrossRef]

http://doi.org/10.1523/JNEUROSCI.1920-20.2020
http://www.ncbi.nlm.nih.gov/pubmed/33334867
http://doi.org/10.1186/s40478-022-01348-1
http://www.ncbi.nlm.nih.gov/pubmed/35379354
http://doi.org/10.1007/BF01350033
http://www.ncbi.nlm.nih.gov/pubmed/3939242
http://doi.org/10.3390/ijms23126407
http://www.ncbi.nlm.nih.gov/pubmed/35742852
http://doi.org/10.1016/0092-8674(94)90398-0
http://doi.org/10.1523/JNEUROSCI.0391-19.2019
http://doi.org/10.1093/hmg/ddr449
http://doi.org/10.1038/sj.mp.4001483
http://doi.org/10.1101/lm.566007
http://doi.org/10.1523/JNEUROSCI.0633-19.2019
http://doi.org/10.1038/emm.2014.121
http://www.ncbi.nlm.nih.gov/pubmed/25766617
http://doi.org/10.1534/genetics.115.185157
http://www.ncbi.nlm.nih.gov/pubmed/28360128
http://doi.org/10.3390/life10070101
http://www.ncbi.nlm.nih.gov/pubmed/32629809
http://doi.org/10.3390/ijms20081959
http://doi.org/10.1172/JCI28769
http://doi.org/10.1111/j.2007.0018-0661.01990.x
http://doi.org/10.1126/stke.2202004pl6
http://doi.org/10.3390/ijms22168465
http://doi.org/10.1111/j.1750-3639.2007.00051.x
http://www.ncbi.nlm.nih.gov/pubmed/17493043
http://doi.org/10.1016/j.bbadis.2004.06.014
http://www.ncbi.nlm.nih.gov/pubmed/15615643
http://doi.org/10.1007/s12035-018-1036-6
http://www.ncbi.nlm.nih.gov/pubmed/29656362
http://doi.org/10.1007/s10072-022-06068-x
http://www.ncbi.nlm.nih.gov/pubmed/35461471
http://doi.org/10.2174/1567205018666210823095603
http://www.ncbi.nlm.nih.gov/pubmed/34429045
http://doi.org/10.5414/NP301243
http://doi.org/10.1111/jnc.14895
http://doi.org/10.3390/ijms221810145


Int. J. Mol. Sci. 2022, 23, 12985 20 of 20

61. Tabb, D.; Chang, C.; Shao, E.; Mucke, L. Tau: Enabler of diverse brain disorders and target of rapidly evolving therapeutic
strategies. Science 2021, 371, 6532.

62. Ramaswami, M. Network plasticity in adaptive filtering and behavioral habituation. Neuron 2014, 82, 1216–1229. [CrossRef]
[PubMed]

63. Robinow, S.; White, K. The locus elav of Drosophila melanogaster is expressed in neurons at all developmental stages. Dev. Biol.
1988, 126, 294–303. [CrossRef]

64. Skoulakis, E.M.; Davis, R.L. Olfactory learning deficits in mutants for leonardo, a Drosophila gene encoding a 14-3-3 protein.
Neuron 1996, 17, 931–944. [CrossRef]

65. Acevedo, S.F.; Froudarakis, E.I.; Tsiorva, A.A.; Skoulakis, E.M. Distinct neuronal circuits mediate experience-dependent, non-
associative osmotactic responses in Drosophila. Mol. Cell. Neurosci. 2007, 34, 378–389. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neuron.2014.04.035
http://www.ncbi.nlm.nih.gov/pubmed/24945768
http://doi.org/10.1016/0012-1606(88)90139-X
http://doi.org/10.1016/S0896-6273(00)80224-X
http://doi.org/10.1016/j.mcn.2006.11.011
http://www.ncbi.nlm.nih.gov/pubmed/17197197

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	References

