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Abstract. Tauopathies represent a group of neurodegenerative disorder which are characterized by the presence of tau positive
specialized argyrophilic and insoluble intraneuronal and glial fibrillar lesions known as neurofibrillary tangles (NFTs). Tau is a neuron
specific microtubule binding protein which is required for the integrity and functioning of neuronal cells, and hyperphosphorylation
of tau and its subsequent aggregation and paired helical filaments (PHFs) and NFTs has emerged as one of the major pathogenic
mechanisms of tauopathies in human and mammalian model systems. Modeling of human tauopathies in Drosophila results in
manifestation of associated phenotypes, and a recent study has demonstrated that similar to human and mammalian models,
accumulation of insoluble tau aggregates in the form of typical neurotoxic NFTs triggers the pathogenesis of tauopathies in fly
models. In view of the availability of remarkable genetic tools, Drosophila tau models could be extremely useful for in-depth analysis
of the role of NFTs in neurodegeneration and tau aetiology, and also for the screening of novel gene(s) and molecule(s) which suppress
the toxicity of tau aggregates.
Keywords. tauopathies; neurofibrillary tangles; neurodegeneration; Drosophila.
Tauopathies
Tauopathies represent a group of human neurodegenerative disorder which is characterized by
pathological aggregation of tau protein. Representing
over 20 forms of different disorders, tauopathies include
Alzheimer’s disease (AD), frontotemporal dementia and
parkinsonism linked to chromosome 17 (FTDP-17),
Parkinson’s disease (PD), corticobasal degeneration
(CBD), progressive supranuclear palsy (PSP) and Pick’s
disease (PiD) etc. Intriguingly, AD itself accounts for
almost 75% of the worldwide population suffering from
dementia and represents the most widespread form of
tauopathies (Povova et al. 2012). Classically, tauopathies
are characterized by the presence of specialized argyrophilic and insoluble intraneuronal and glial fibrillar
lesions known as neurofibrillary tangles (NFTs), which
are largely constituted by microtubule associated protein
tau (MAPT). Occurrence of NFTs in the human postmortem brain tissues and mammalian models provides a
strong correlation of tau dysfunction to neurodegeneration and its robust involvement in disease pathogenesis
(Lee et al. 2005; Smid et al. 2013). Moreover, since

several studies have confirmed the aggregated tau as a
major component of the NFTs; it is often used as a reliable
marker of the disease pathogenesis and neurodegeneration
process (Schneider and Mandelkow 2008).

MAPT
Tau was discovered as a microtubule-associated protein
from the porcine brain (Weingarten et al. 1975), and later,
the full sequence of this protein was determined from
the murine cDNA (Lee et al. 1988). Subsequently, tau
was classified as a member of the microtubule-associated
proteins (MAP) family, and along with the other MAPs
such as MAP1A, MAP1B and MAP2, it represents a
group of important neuron specific microtubule-binding
proteins (Dehmelt and Halpain 2005). Tau protein harbours two major domains which could be subdivided into
the C-terminal ‘assembly domain’ and the N-terminal
‘projection domain’ (Mandelkow and Mandelkow 2012).
Interestingly, in spite of several pointers, precise
function of the N-terminal inserts of the tau protein
remains unclear, however, some studies suggest that the
783
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N-terminal projection domain influences the attachment
of tau to microtubules and helps in the maintenance of
the space between microtubules and other cell components (Chen et al. 1992; Frappier et al. 1994). In addition,
it has also been proposed to facilitate the interaction of
tau with other cytoskeleton proteins and neural plasma
membrane to provide the structural support to the cells
(Hirokawa et al. 1988; Brandt et al. 1995). The C-terminal
repeat assembly domain of tau protein is important for
binding with microtubules (Lee et al. 1989). It has been
demonstrated that the isoforms of tau with additional
microtubule binding (MTB) repeats have higher affinity
for microtubules as compared to the isoforms with less
numbers of repeats (Goedert and Jakes 1990).
Neuronal cytoskeletons including microtubules play key
roles in functioning and regulation of neuronal development and also contribute in maintenance of the neuronal
plasticity (Conde and Cáceres 2009). Therefore, due to its
ability to bind to the MTs and being one of the important neuronal microtubule associated proteins (MAPs),
tau has a major role in maintaining the axonal cytoskeleton integrity which further helps in axonal transport and
synaptic transmission. Initial studies suggested that tau
uses a conserved mechanism of microtubule polymerization, and while doing so, it regulates axonal stability and
cell morphology. Here it is also interesting to note that
axonal diameter was negatively affected in some of the neurons in which tau was knocked down (Chen et al. 1992).
Microtubules in the axonal cells form small fascicles which
play the role of rails for organelle transport. The tau proteins are ∼50-nm long rod-like molecules which bind to
microtubules as periodic, short, arm-like projections and
forms tiny cross-bridges between the microtubules and
form small bundles of microtubules very close to each
other, while MAP1A has been suggested to play the role
of a matrix that helps in forming channels of microtubules
for the translocation of membrane organelles, or cross-link
the microtubules more distant from each other (Hirokawa
et al. 1988).
In addition to above, considerable progress in the recent
years suggests dynamic involvement of tau in several physiological functions such as axonal transport, neurogenesis,
synaptic plasticity, signal transduction and maintenance
of genome integrity (Wang and Mandelkow 2016). Therefore, in view of its essential role(s) in fundamental neuronal
activities, tau dysfunction and its gain of toxic function
due to mutation and/or certain post-translational modifications is deleterious for the neuronal functioning and has
emerged as one of the major pathogenic mechanisms of
tauopathies.
Human MAPT gene is located on chromosome 17q21
and expands over 100 kb in size containing of at least
16 exons. Tau gene has also been found to exists in
two different haplotypes, H1 and H2, consisting of only
eight common single-nucleotide polymorphisms (Lee and
Leugers 2012). Comparative analysis of the tau sequence

from C. elegans, Drosophila, mouse, rat, cow, monkey,
goat, and chicken suggests high conservation of the MTB
repeats across species (Buée et al. 2000). In addition, taulike sequences have also been found in frog and zebra fish
(Lee and Leugers 2012). With low level of expression in
neuroglia cells such as astrocytes and oligodendrocytes,
enhanced level of tau has been observed in the brain and
central nervous system (CNS) where they predominantly
localize in axons (Wang and Mandelkow 2016). Alternative splicing of primary tau transcripts results in distinctly
spliced mRNAs, which translate into several isoforms of
tau proteins ranging from low to high molecular weight.
The adult human brain expresses six tau isoforms due to
alternative splicing of the exons 2, 3, and 10 which range
in size from 352 to 441 amino acids. The tau isoforms
could be differentiated based on various parameters: (i) as
per the presence, absence and numbers of 29 amino acid
residue near the amino terminal, the isoforms containing
0, 1 or 2 inserts are known as 0N, 1N and 2N forms respectively. (ii) Depending on the presence and number of MTB
motif term as ‘repeat’ encoded by exons 9, 10, 11 and 12;
tau proteins are classified into 3R or 4R isoform. Separated by less conserved 13-amino acid to 14-amino acid
inter-repeat sequence, each of the MTB repeats represent
highly conserved 18-amino acid sequence that localizes in
the carboxy-terminal half of the protein. The four repeat
(4R) isoforms include exon 10, on the contrary, exclusion
of exon 10 during the mRNA processing results in three
repeat (3R) tau isoforms (Wang and Mandelkow 2016).
Alternative splicing of tau is developmentally regulated
and the isoforms lacking the exons 2, 3 and 10 (0N3R)
express during early developmental stages (Takuma et al.
2003). As a result of this differential expression during development, it has been suggested that each of
these tau isoforms is likely to have specific physiological functions which is related to the presence or absence
of these domains (Chen et al. 2010). The 3R and 4R
tau isoforms with one N-terminal repeat are the most
common forms of tau protein found in the brain tissues. However, an overall equal ratio of the 3R and 4R
tau isoforms is essential to be maintained for normal
functioning of brain neuronal cells. Predominant and
consistent aggregation of 4R or 3R isoform in cases of
several age-related tauopathies suggests that an altered
ratio between 4R to 3R tau-isoforms may be crucial
for tau-related neurodegeneration. Therefore, alternative
splicing of tau exon 10 is of particular interest in current
area of tauopathy research. In fact, biological consequences of the expression of tau isoforms, 4R or 3R
revealed different expression profile in neuroblastoma
cell lines (Chen et al. 2010). Inclusion of exon 10 in
4R isoform results in downregulation of the transcripts
involved in embryonic development, whereas transcripts
related to neurites outgrowth were found to be upregulated
(Chen et al. 2010). It appears that 3R/4R tau imbalance acts as a thriving factor for the several molecular
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mechanisms to trigger tau aetiology. Thus, depending
upon the presence of specific tau isoforms in the pathogenic
aggregates, tauopathies can be further classified into three
different groups: 4R tauopathies (i.e. PSP, CBD and
AGD), 3R tauopathies (i.e. PiD) and 3R+4R tauopathies
(i.e. AD) (Dickson et al. 2011).

Tau protein in pathogenesis of tauopathies
Tau being the core constituent of aggregated tangles
in AD and other forms of tauopathies, the connection
of tau and neurodegeneration has emerge as the major
interest in neurobiology research. As stated earlier, the
repeat-domain and flanking regions in the C-terminal
of tau interacts with microtubules and thereby stabilizes
the microtubules structures and promotes its assembly.
In the neurons, tau regulates the dynamic instability of
microtubules and allows reorganization of the cytoskeleton, which is important for the normal neuronal activities
(Feinstein and Wilson 2005). In addition, interactions of
tau with other cytoskeletal elements such as intermediate
filaments (Aamodt and Williams 1984) and microfilaments (Griffith and Pollard 1978) have also been reported.
Being a phosphoprotein, the degree of phosphorylation
regulates interaction capability of tau with tubulin, and
therefore, hyperphosphorylation within the repeat domain
of tau interfere with its tubulin binding ability, which
in turn negatively affects the formation of the axonal
microtubules channels, and subsequently leads to axonal
instability and collapsed cellular morphology (Biernat
et al. 1993). In fact, biochemical and structural parameter analysis of different tau mutants found in FTDP-17
have shown that several of the missense and deletion
mutations tends to weaken the interaction ability of tau
to microtubules and its stabilization (Barghorn et al.
2000).
In AD, both the extracellular plaques and NFTs
represent the primary markers of the disease manifestation, and tau pathology has been stated to be essential
for the amyloid β (Aβ)-induced neurotoxicity (Götz et al.
2001; Nussbaum et al. 2012). Moreover, discovery of tau
mutation(s) in case of FTDP-17 (an autosomal dominant
familial dementia) (Poorkaj et al. 1998; Goedert et al.
2012), and emergence of some specific tau polymorphisms
as one of the genetic risk factors in onset of sporadic PSP,
CBD and PD (Hardy and Singleton 2008) also establish a
link between tau dysfunction and pathology of age-related
neuronal tauopathies. Interestingly, many of the tau mutations have been found to be associated with impaired tau
functions, promotion of fibrillization and abnormal splicing of transcripts (Wolfe 2009). These findings further
suggest that tau gene mutations are pathogenic and the
consequent abnormalities thereby result in the formation
of biochemically and structurally distinct aggregates of
tangles.
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Abnormal tau hyperphosphorylation and
pathogenesis of tauopathies
Pathologically, tauopathies are characterized by the
abnormal hyperphosphorylation of tau and their subsequent aggregation into predominant insoluble toxic
species of paired helical filaments (PHFs) and NFTs,
which represent the brain lesion hallmark of these disorders. In disease condition, the hyperphosphorylation
of tau reaches to about four to eight times higher when
compared with the age-matched controls (Alonso et al.
1996). This intrudes its microtubule-binding property and
acquaint with aggregate forming propensity. Amount of
aggregation and distribution pattern of NFTs were found
to directly correlate with the extent of disease severity
and the duration of cognitive decline (Serrano-Pozo et al.
2011). However, despite of several efforts, the underlying
molecular pathway(s) which drives the tau mediated neurodegeneration is still enigmatic. In addition, focussing on
the role of NFTs in disease pathogenesis, it is still controversial as to whether NFTs are the primary causative
factor or play a more peripheral role in the disease pathogenesis. Intriguingly, pathogenesis of tauopathies involves
different anatomical areas, cell types and presence of distinct tau isoforms in the forms of pathological deposits.
In general, tauopathies primarily involve degeneration of
the neurons in the cortex and subcortical region of the
brain, and while doing so it affects different anatomical
areas such as temporal and parietal lobes, and parts of the
frontal cortex and cingulate gyrus in AD; frontal and temporal lobes in PiD, atrophy of the subthalamic nucleus and
brainstem tegmentum in PSP, cortical atrophy and depigmentation of the substantia nigra in CBD, etc. (Kovacs
2015). An overview of the major events leading to pathogenesis of tauopathies and neurodegeneration is provided
in figure 1.
Several studies have found that phosphorylation, and
to a lesser degree, glycosylation, is crucial for regulation of
the physiological functions of tau, and abnormal hyperphosphorylation disrupts its cellular localization pattern
and binding ability to MTs, and consequently, fuels the
tau aggregation process. Tau phosphorylation is developmentally regulated and generally the foetal tau is highly
phosphorylated as compared to the adult. Interestingly,
although only a single isoform of tau is expressed in
the foetal human brain, however, two forms could be
differentially identified due to the notable variation in
the extent of their phosphorylation, where the heavier
form can be recognized by PHF specific antibodies in a
phosphorylation-dependent manner (Brion et al. 1993).
The Ser202 specific tau phosphorylation differentiates the
foetal tau from normal adult tau, and intriguingly, this corresponds to one of the abnormally phosphorylated sites
during the early stages of AD (Goedert et al. 1993). It has
been demonstrated that hyperphosphorylation of foetal
tau occurs in the distal portion of growing axons and when
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Figure 1. Schematic diagram showing some key events and role of tau hyperphosphorylation in formation of NFTs, which consequently leads to neurodegeneration and commencement of tauopathies.

the majority of axonal terminals reach to their synaptic
targets, hyperphosphorylation of foetal tau is minimalized
(Jovanov-Milošević et al. 2012). It appears that differential
level of foetal tau phosphorylation is tightly regulated and
satisfies the requirements for dynamic and flexible microtubule system during development of nervous system. In
normal adult brain, the number of phosphate molecule has
been estimated as 2–3 moles per mole of the protein which
is optimal for the interaction of tau with tubulin (Köpke
et al. 1993).
Majority of the tau phosphorylation sites are
clustered in or near flanking regions of the MTB repeats,
hence a negative correlation between phosphorylation and
MT binding ability of tau has been proposed. Tau phosphorylation at amino acid position(s) Ser262, Ser396,
T153, S214, T212/S214, S396/S404 etc. were detected
in the AD brain and found to be associated with the
aggregated tangles (Augustinack et al. 2002). It has been

demonstrated that phosphorylation at Ser262 or Ser396
reduces the binding affinity of tau to microtubules (Biernat
et al. 1993; Bramblett et al. 1993). Similarly, phosphorylations at Ser214, Ser356 and Ser324, as well as the
conformational changes induced by phosphorylation at
Thr231 also interfere with interaction potential of tau with
microtubules (Schneider et al. 1999; Lu et al. 1999). Similar observation has been reported in Drosophila tauopathy
model in which the F-actin filaments were abnormally
aligned and accumulated due to the tau hyperphosphorylation, and thereby induced neurodegeneration (Fulga
et al. 2007).
Multiple hypotheses have been proposed to explain
the pathogenesis associated with tau hyperphosphorylation. Interestingly, phosphorylation at some specific
sites has been found to be associated with the enhanced
aggregation of tau protein (Avila 2006). One such study
explains mis-sorting of hyperphosphorylated tau to the

NFTs in fly models of tauopathies

somatodendritic compartment from the axons causes
synaptic dysfunction (Hoover et al. 2010). Another study
showed that Ser422 phosphorylation inhibits the caspase 3
mediated cleavage of tau (Guillozet-Bongaarts et al. 2006),
whereas phosphorylation at Ser262/Ser356 inhibits interaction of tau with CHIP–HSP90 complex which in turn
interferes with the proteasomal degradation pathway of
tau (Dickey et al. 2007). In view of above, understanding
the protein kinases and protein phosphatases which regulate the phosphorylation of tau protein have emerged as
the prime area in tauopathy research. Several families of
Ser/Thr protein kinases including mitogen-activated protein kinases (MAPKs), glycogen synthase kinase 3 (GSK3), cyclin-dependent kinase 5 (CDK5), cAMP-dependent
protein kinase (PKA), Ca2+ /calmodulin-dependent protein kinase II (CaMKII), and MT-affinity regulating
kinase have been implicated to regulate the phosphorylation status of tau (Ferrer et al. 2005). In addition, tau
can also be phosphorylated by tyrosine kinases such as the
SRC family members (Lck, Fyn etc.) and the ABL family
members (ARG and ABL1) (Tremblay et al. 2010; Scales
et al. 2011). At the same time, major protein phosphatases
like PP1, PP2A, PP2B, PP5 etc. are equally important in
the regulation of the dynamic activity of the tau protein
(Liu et al. 2005).
Interestingly, contrary to the reports which suggest that
tau phosphorylation is a pathological response, a recent
study has proposed protective role of site specific tau
phosphorylation in AD models of mouse. It has been
demonstrated that at-least during early phases of disease pathogenesis, neuronal p38 mitogen-activated protein
kinase p38γ mediated site-specific phosphorylation of tau
interfere with postsynaptic excitotoxic signalling complexes and restricts amyloid-β toxicity (Ittner et al. 2016).

Mechanism of tau aggregation into neurofibrillary
tangles
As discussed earlier, tau is a microtubule-associated
protein and in the normal physiology it functions as a
monomer and binds to microtubule cytoskeleton (Buée
et al. 2000). In diseased state, tau dissociates from microtubules and accumulates in the cytoplasm that subsequently leads to the formation of filamentous inclusions
within neuronal cell bodies (Cripps et al. 2006). Filamentous tau inclusions get deposited in the neuronal and glial
cells of the brain and causes neurotoxicity (Lee et al. 2001;
Lee and Leugers 2012). In fact, several studies have suggested a direct correlation between accumulation of NFTs
and brain degeneration in neuronal tauopathies, except
AD in which extracellular accumulation of amyloid fibrils has also been observed. Interestingly, morphology of
the filaments may vary in different forms of tauopathies.
In the case of AD, CBD and PiD, both PHFs like filaments
and straight filaments are the major predominant
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components of the neurofibrillary lesions, but in the case of
PSP, tau lesions are mainly composed of straight filaments
(Lee et al. 2001).
Ultrastructurally, neurofibrillary lesions are formed
by PHFs and straight filaments which are primarily
composed of abnormally hyperphosphorylated tau. Two
protofilament twist with a periodicity of 60–80 nm and
a width varying from 8 to 20 nm form PHFs, but this
helical periodicity is absent in the straight filaments. The
process of tau aggregation follows nucleation-elongation
model which include four key steps to form disease specific tau filaments from functional tau monomer (Congdon
et al. 2008). First, tau needs a minimal concentration
to initiate the aggregation and adopt an aggregationcompetent conformation. Thus, under the normal physiological condition at submicromolar protein concentrations, tau monomers resists aggregate formation. Once
the aggregation-competent conformations is attained, formation of tau dimers begins. This nucleation step is
rate-limiting and is energetically not favoured at physiological tau concentrations. The final step is filament
elongation in which tau monomers are added subsequently
to the nascent filament ends. Thus, in vitro utilization of
preformed PHFs bypasses the rate-limiting step of nucleation process and hence accelerates the overall process
of tau fibrillization (von Bergen et al. 2000). Comparable
aggregation mechanism has also been demonstrated in the
cultured cells and in animal models (Peeraer et al. 2015).
In vivo development of NFTs involves three stages: formation of (i) preneurofibrillary tangle, (ii) intraneuronal,
and (iii) extraneuronal neurofibrillary tangles (Augustinack et al. 2002). In pre-tangle state, the tau protein
aggregates into nonfibrillar deposits and display a punctate staining pattern in the cytoplasm. The pretangles are
positive for phosphorylated tau antibodies TG3 (pT231),
pS262, and pT153, but not with Thioflavin S or thiazine
red (Kuret et al. 2005). In the intraneuronal neurofibrillary tangles, tau attained its earliest β-sheet fibrillar
structures and could be detected by pT175/181, 12E8
(pS262/pS356), pS422, pS46, pS214 antibodies (Kuret
et al. 2005). The last extracellular NFTs, also known as
‘ghost tangles’ is highly insoluble and formed by substantial accumulation of filamentous tau. They are positive for
the Thioflavin S, Congo red and thiazine red, and could
also be detected with phosphorylated tau antibodies such
as AT8 (pS199/pS202/pT205), AT100 (pT212/ pS214), and
PHF-1 (pS396/pS404) etc. (Kuret et al. 2005). Interestingly, cellular abundance and shapes of the NFTs correlate
with the extent of neurodegeneration and signify the disease severity.
The mechanisms which drive tau aggregation are not
well delineated, but it is believed that post-translational
modifications along with cofactors like polyanions, and
tau truncation stimulate and accelerate the tendency of
tau to aggregate (Reynolds et al. 2005; Wang et al. 2007).
Hyperphosphorylation causes detachment of tau from
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MTs, which in turn increases the pool of unbound tau
and such unbound tau demonstrate greater tendency to
aggregate (Cripps et al. 2006). Interestingly, hyperphosphorylated tau isolated from human AD brains exhibit
propensity to self-assemble into PHFs in vitro (Alonso
et al. 2001). It appears that MTs act as chaperones for
tau and override the fibrillization ability of tau, perhaps
by stabilizing a nonaggregant conformation. Several of
the FTDP-17 mutations may also affect tau aggregation
by altering splicing of tau mRNA. For examples, some
FTDP-17 tau mutations such as K280, P301L and P301S
have been found to accelerate the rate and extent of tau fibrillization (von Bergen et al. 2001). In addition, cofactors
like polyanions (i.e. sulphated glycosaminoglycans, nucleic
acids, arachidonic acid micelles, acidic peptides etc.) and
proteins such as FKBP52 and FKBP4 also accelerate
tau aggregation (Lim et al. 2014; Wang and Mandelkow
2016). Although, it is not well understood how these
cofactors modulate the aggregate forming ability of tau,
but it is proposed that repulsive positive charges of tau
may be compensated by the cofactors, thus stabilize an
aggregation-prone conformation of tau and induce aggregation (Lim et al. 2014).
Further, many of the post-translational modifications
such as glycation, pseudophosphorylation at S199E,
T212E and S214E positions, oxidative stress induced
dityrosine and disulphide, and post-translational protein
truncation were found to enhance the fibrillization of
tau protein (Reynolds et al. 2005; Wang et al. 2007).
In the human AD brains and animal models, tau fragments resulted from the caspase-3 cleavage is prone to
aggregate and subsequently form NFTs (Wang and Mandelkow 2016). Also the tau fragments that result from
the proteolytic cleavage by cysteine proteinase display
enhanced aggregate forming tendency and show compromised microtubule assembly activity, thus contributing to
the tau mediated toxicity and neurodegeneration in animal
model and human AD.
Interestingly, some recent findings suggest prion like
properties of tau aggregates. It suggests that aggregated tau
escapes as extracellular protein and aggregates outside the
cells and subsequently enters in nearby cells and induces
aggregation of other normal protein via templated conformational changes (Goedert et al. 2017). In the template
conformational changes, protein with disease-causing conformation contacts natively folded functional proteins and
induces them to assemble onto a growing aggregate and
spread the disease symptoms among neurons (Goedert
et al. 2017). Neurodegenerative disorders are progressive
and involve neuronal networks; therefore it has been found
that disease progression of AD correlates with consistent
spreading of the NFT pathology throughout the brain
(Cope et al. 2018). This finding suggests the prion like
properties of tau aggregates and also signifies its potential involvement in spreading the disease symptoms across
the neural networks.

NFTs is a common facilitator of tau pathogenesis in
human and Drosophila
Because of the limitations associated with human
genetics, various animal models such as mouse, Drosophila,
C. elegans etc. have been developed to investigate the
underlying mechanistic details of disease pathogenesis.
Transgenic mouse model with FTDP-17 mutations prominently recapitulates the human pathology and shows
severe neurodegenerative phenotypes (Lewis et al. 2000;
Tanemura et al. 2002; Tatebayashi et al. 2002). In addition to the behavioural abnormalities, NFTs formation
was conspicuously observed in the hippocampus region
of the mouse brain expressing V337M mutant form of
tau protein (Tanemura et al. 2002). Mouse models with
mutant tau proteins such as P301L and R406 W also cause
severe phenotypes as indicated by the early appearance of
congophilic NFTs in 6–18 month old aged mice (Lewis
et al. 2000; Tatebayashi et al. 2002). With the prominent
human AD-like pathology, these transgenic mice progressively developed impaired memory and motor disturbance.
Moreover, similar to the human neurofibrillary pathology,
mammalian models of tauopathies also exhibit formation
of definite PHFs and NFTs in the affected brain (Lee et al.
2005).
Among the invertebrate models, D. melanogaster is
extensively utilized in human tauopathy research. This
simple organism with its prodigious genetic tools allows
in-depth examination of cellular and molecular details
of disease pathogenesis, and screening of genetic modifiers and pharmacological compounds, which is otherwise
not very convenient in the vertebrate systems. In fact,
Drosophila has been successfully used to model many of
the human neurodegenerative disorders (McGurk et al.
2015).
Remarkably, Drosophila disease models recapitulate several of the salient features of human neurodegenerative
diseases such as progressive motor deficits, degeneration
in the affected brain areas, cognitive impairments and
reduced life span. Here, it is also important to note that
despite of the simpler brain anatomy, Drosophila CNS
functions similar to their mammalian counterpart, thus
able to displays complex behaviours such as learning
and memory. Moreover, while flies possess a blood-brain
barrier with several resemblances to the mammalian counterpart (Stork et al. 2008), this minimal blood-brain barrier
made it easy for the drugs to access the CNS tissues by
simply feeding them. Therefore, the flies are being successfully utilized for large-scale rapid pharmacological screens
and this has allowed the investigators to focus attention
on some promising leads (Marsh and Thompson 2006;
Pandey and Nichols 2011).
Human neuronal tauopathies-like AD and frontotemporal dementia has been successfully modelled in
Drosophila. Several of the Drosophila transgenic lines were
generated by expressing human wild-type tau isoforms
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Figure 2. Compared to the control genotype (a, c), eye specific expression of human TauWT -transgene causes roughening of eye
surface (b) and extensive degeneration (arrowheads) of internal retinal tissues (d) as seen by DAPI staining. (e) Total tau staining
reveals typical flame shaped NFTs formation in degenerating neuronal tissues. Scale: c, d = 100 μm; e = 10 μm.

(0N3R, 0N4R and 2N4R) and mutant forms (Wittmann
et al. 2001; Gistelinck et al. 2012; Chanu and Sarkar
2017a). Eye specific expression of human wild type or
mutant tau-transgene in Drosophila leads to roughness
of the eye surface (compare figures 2a with 2b), due to
extensive degeneration of the retinal tissues (compare figure 2c with 2d). Similarly, brain specific expression of
tau-transgene recapitulates several human related pathological features including neuronal loss in specific areas
of brain, progressive motor deficits, reduced life span,
and accumulation of abnormally phosphorylated forms
of tau in the affected neurons (Gistelinck et al. 2012;
Chanu and Sarkar 2017a). Consistently, expression of tautransgene in the mushroom body, a specialized structure
in Drosophila brain that is required for olfactory learning
and memory, results in neuronal degeneration along with
cognitive deficits (Mershin et al. 2004).
It is interesting to note that though induced expression
of human wild type or mutant tau-transgene results in age

dependent progressive neurodegeneration, behavioural
defects and early death in Drosophila, however, formation
of typical NFTs could not be detected in this organism
(Wittmann et al. 2001). Subsequent report suggested that
aggregated tau in the form of NFTs appears in a condition
when the potent tau kinase GSK-3β is also coexpressed in
Drosophila which further exaggerates the neuronal death
and disease severity (Jackson et al. 2002). In view of
above, it was postulated that unlike mammalian models,
tau-induced neurodegeneration may not require large filamentous aggregates in Drosophila, and at least in the case
of tau, neurotoxicity depends on the protein alterations
that occur before the formation of large tau aggregates and
perhaps the soluble tau oligomers could mediate neurotoxicity and lead to cellular degeneration in fly models. It was
further proposed that mechanism of toxicity in Drosophila
may differ from that in human disease due to the fact
that fly neurons are generally smaller than vertebrate
neurons, and they also lack neurofilaments. Interestingly,
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excluding a recent finding which demonstrates
dopaminergic neuron specific tangle-like structures in
Drosophila PD models (Wu et al. 2013), none of the studies were able to establish a direct correlation between
formation of intracellular NFTs and tau induced neurodegeneration in fly models. Here, it is also important to note
that aetiology of several poly(Q) disorder such as Huntington’s disease (HD) has been found to be conserved between
mammalian and fly models, and formation of toxic inclusion bodies (IBs) are readily visible in Drosophila neuronal
cells upon expression of human-poly(Q) transgene (Singh
et al. 2014).
Intriguingly, while investigating the cellular distribution
pattern of total human tau protein (phosphorylated and
unphosphorylated forms) in Drosophila disease models,
formation of typical NFTs of various shapes as firstly
reported by Alois Alzheimer in AD patient (Alzheimer
1907) was observed (figure 2e), and subsequently authenticated by various approaches (Chanu and Sarkar 2017b).
Formation of such tau mediated NFTs were persistently
witnessed in the Drosophila neuronal tissues upon expression of wild type or mutant human tau-transgene (Chanu
and Sarkar 2017b). In above context it is important
to note that since NFT formation involves the both,
phosphorylated as well as unphosphorylated forms of
tau protein (Alonso et al. 1996), and therefore, staining
with an antibody that is independent to the confirmation
and/or phosphorylation status identifies all the available
tau species and detects the complete structure formed
by tau aggregates in a relatively small organism like
Drosophila.
The NFTs in Drosophila exhibit various morphological
stages, i.e. pre-tangles with dense cytoplasmic inclusions
and more mature intra as well as extra neurofibrillary tangles containing the filamentous aggregates with definite
flame shape structure. The morphological stages of NFTs
represent the severity level of the disease. In agreement
to above, less toxic round/globose shaped tangles was evident in mild-diseased condition, and flam-shaped mature
NFTs to massive aggregates of toxic tangles could be
detected in the flies with relatively severe forms of neuronal
tauopathies (Chanu and Sarkar 2017b). Interestingly, size
and frequency of the tangles as well as disease severity
level progressively increases with age, and majority of the
tangles gradually adopt flame shape morphology, which
represents the matured and most toxic form of NFTs. Here,
it is worth mentioning that the matured NFTs and phosphorylated tau filaments extensively accumulate around
the brain vacuoles and degenerated neuronal tissues, which
clearly establish the fact that in fly models the aggregated
tau-tangles have profound impact on the neuronal health
and functioning. Coexistence of some of the disease associated phosphorylated tau epitopes such as pT231, pT181,
pS202/pT205, etc. in the pre and matured NFTs support
the fact that these are consist of both, the normal as well
as disease dependent hyperphosphorylated tau protein,

however, NFTs in fly models could be best observed with
the antibody that targets total-tau protein, irrespective of
their phosphorylation status.
Parallel to the severity level of the disease, a paradigm
shift in the relative abundance and morphological stages
of NFTs has been found (Chanu and Sarkar 2017b).
Expression of the milder form of mutant tau allele such
as tauV337M-transgene result in formation of more of
round or globose shaped tangles, whereas large aggregates of mature flame shaped tangles were evident upon
expression of the most severe mutant form of human
tauR406W-transgene in Drosophila. In addition, relative
size (diameter) and frequency of the NFTs increased with
the severity level of the disease, and enhanced number
of flame shaped NFTs with elongated neuropil thread
could be recurrently observed in such cases (Chanu and
Sarkar 2017b). This signifies a positive correlation between
excessive accumulation of insoluble neurofibrillary lesions
and increasing degree of neurotoxicity. Most importantly,
above findings demonstrate that parallel to human and
mammalian model systems; accumulation of insoluble tau
aggregates and their subsequent transformation into the
forms of typical toxic NFTs results in pathogenesis of
human neuronal tauopathies in Drosophila disease models.

Concluding remarks
Despite the genetic and cell biological evidence indicating
towards a dynamic involvement of NFTs in tau aetiology, it is still debatable if NFTs alone is able enough to
account for all aspects of tauopathies. Since tau aetiology
has been found to be conserved in human and Drosophila,
the fly models could be used to dissect the in-depths of the
in vivo biogenesis of NFTs, and to investigate the order
of events leading to neurodegeneration. Understanding
the events of tau pathogenesis would be interesting and
crucial to establish the specific role(s) of NFTs in tau aetiology. Reducing tau aggregation or lowering the abundance
of potentially toxic tau species is emerging as a promising therapeutic approach (Bakota and Brandt 2016). In
above perspective, Drosophila could be extremely useful
for screening and detailed characterization of novel gene(s)
and molecule(s) which could potentially modulate the
NFTs biogenesis and lessen their toxic effects. This would
open novel therapeutic windows to combat the devastating
human tauopathies.
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