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Neurobiology of Disease

Differential Effects of Tau on the Integrity and Function of
Neurons Essential for Learning in Drosophila

Stylianos Kosmidis,* Sofia Grammenoudi,* Katerina Papanikolopoulou, and Efthimios M. C. Skoulakis
Institute of Molecular Biology and Genetics, Biomedical Sciences Research Centre “Alexander Fleming,” Vari 16672, Greece

Tauopathies are a heterogeneous group of neurodegenerative dementias involving perturbations in the levels, phosphorylation, or
mutations of the microtubule-binding protein Tau. The heterogeneous pathology in humans and model organisms suggests differential
susceptibility of neuronal types to wild-type (WT) and mutant Tau. WT and mutant human Tau-encoding transgenes expressed pan-
neuronally in the Drosophila CNS yielded specific and differential toxicity in the embryonic neuroblasts that generate the mushroom body
(MB) neurons, suggesting cell type-specific effects of Tau in the CNS. Frontotemporal dementia with parkinsonism-17-linked mutant
isoforms were significantly less toxic in MB development. Tau hyperphosphorylation was essential for these MB aberrations, and we
identified two novel putative phosphorylation sites, Ser**® and Thr***>, on WT hTau essential for its toxic effects on MB integrity.
Significantly, blocking putative Ser **® and Thr *** phosphorylation yielded animals with apparently structurally normal but profoundly
dysfunctional MBs, because animals accumulating this mutant protein exhibited strongly impaired associative learning.

Interestingly, the mutant protein was hyperphosphorylated at epitopes typically associated with toxicity and neurodegeneration, such
as AT8, AT100, and the Par-1 targets Ser >°> and Ser **°, suggesting that these sites in the context of adult intact MBs mediate dysfunction
and occupation of these sites may precede the toxicity-associated Ser**® and Thr*** phosphorylation. The data support the notion that
phosphorylation at particular sites rather than hyperphosphorylation per se mediates toxicity or dysfunction in a cell type-specific

manner.

Introduction
Tau binds axonal microtubules in CNS and regulates their orga-
nization, stability, and function (Buée et al., 2000; Avila et al.,
2004). Six Tau isoforms arise in the human CNS by spatiotem-
porally regulated alternative splicing of a single transcript origi-
nating from chromosome 17 (Avila et al., 2004). They contain
three or four of the microtubule-binding imperfect repeats (3R or
4R) C-terminally and zero to two N-terminal domains (ON, 1N,
and 2N). This diversity may be physiologically significant because
4RTau binds microtubules more efficiently (Buée et al., 2000;
DeTure et al., 2000; Geschwind, 2003) and isoforms exhibit dif-
ferential distribution (Avila et al., 2004; Sergeant et al., 2005).
In humans, elevated wild-type (WT) Tau in the CNS charac-
terizes tauopathies such as Alzheimer’s disease (AD), Pick’s dis-
ease, and progressive supranuclear Palsy among others (DeTure
et al., 2000; Lee et al., 2001; Geschwind, 2003; Delacourte, 2005;
Goedert, 2005). In contrast, mutations affecting microtubule
binding or increasing 4RTau levels (Reed et al., 2001; Goedert,
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2005) are causal of frontotemporal dementia with parkinsonism
linked to chromosome-17 (FTDP-17). Enhanced phosphoryla-
tion on particular sites (Buée et al., 2000; Avila et al., 2004), in
patterns characteristic of different tauopathies (Shiarli et al.,
2006), is thought causal of decreased microtubule binding, mim-
icking Tau loss of function. Free Tau could then form toxic cyto-
plasmic aggregates, thought to result in neuronal dysfunction
and neurodegeneration (Geschwind, 2003; Alonso Adel et al.,
2004; Trojanowski and Lee, 2005).

Tau-dependent neuronal dysfunction, aggregate formation,
and neurodegeneration linked to hyperphosphorylation have
been modeled in vertebrate (Lee et al., 2005) and invertebrate
(Sang and Jackson, 2005) systems. Focus on the cognitive deficits
characteristic of the different tauopathies (Delacourte, 2005)
arose because of evidence suggesting that they may precede and
be separable from neurodegeneration. In fact, amelioration of
cognitive deficits in a mouse model occurred during reduction of
WT hTau accumulation, although aggregates continued to form
(Santacruz et al., 2005). Consistently, postnatal accumulation of
2N4R hTau in mouse forebrain precipitated learning and mem-
ory deficits without aggregates or neurodegeneration (Kimura et
al., 2007). Furthermore, learning deficits and impaired hip-
pocampal synaptic transmission without degeneration have been
described in mice expressing FTDP-17-linked mutant proteins
(Schindowski et al., 2006). This agrees with previous reports of
Tau-dependent dysfunction without neurodegeneration in Dro-
sophila (Mershin et al., 2004; Mudher et al., 2004; Chee et al., 2005).

However, hTau-dependent neuronal loss has also been re-
ported in mice (Ishihara et al., 2001) and flies (Khurana, 2008).



Kosmidis et al.  Tau Toxicity and Dysfunction in Mushroom Bodies

This may reflect differential Tau phosphorylation and occupa-
tion of particular sites rendering the protein dysfunctional, toxic,
or both, and it may characterize distinct aspects of the associated
pathologies. This is turn is consistent with the apparent differen-
tial vulnerability of distinct cell types to WT or mutant Tau levels
(Delacourte, 2005) and may reflect the tissue-specific distribu-
tion of kinases available to hyperphosphorylate Tau. In Drosoph-
ila, WT and FTDP-17-linked mutations precipitate specific,
often opposing, effects in fly retina toxicity and CNS dysfunction
(Grammenoudi et al., 2008). Here we address the question of
whether there is specificity in the effects of WT or mutant Tau
isoforms on toxicity and dysfunction of the Drosophila CNS and
whether such differences may be mediated by differential phos-
phorylation on particular sites.

Materials and Methods

Drosophila culture and strains. Drosophila were cultured in sugar—wheat—
flour food supplemented with soy flour and CaCl, (Acevedo et al., 2007)
at 25°C unless noted otherwise. All strains were treated with tetracycline
for at least two generations before use (Clark et al., 2005) to be free of
potential Wolbachia infection. The following fly strains were used: the
pan-neural driver Elav©'*°—Gal4 (Robinow and White, 1988; Lin and
Goodman, 1994) and Elav""’-Gal4 on chromosome 3 were obtained from
the Bloomington Drosophila Stock Center, and the green fluorescent
protein (GFP)-expressing ellipsoid body (EB) driver (Yeh et al., 1995),
€232, UAS-mCD80-GFP and mushroom body (MB) driver 201Y-Gal4,
UAS-mCD80—GFP, and UAS-mCD80—GFP; OK107--Gal4 were gifts
from J.-M. Dura (University of Montpellier, Montpellier, France). ¢772—
Gal4, UAS-mCD80-GFP, and Elav¢'>°-Gal4; tubGal80® were
constructed by standard crosses. The UAS—htau®N*R | UAS—htau®40W,
UAS—htau"?¥™ (Wittmann et al., 2001), UAS—htau® R and UAS—
htau®*R-4P transgenic strains that contain human Tau24 were provided
by M. Feany (Harvard Medical School, Boston, MA). UAS-htau?™*R was
a gift from J. Botas (Baylor College of Medicine, Houston, TX), UAS—
htau®R (Mudher et al., 2004) was obtained from A. Mudher (Univer-
sity of Southampton, Southampton, UK), UAS—htau4%°WS2A (Nishimura
et al., 2004) was obtained from B. Lu (Stanford University, Stanford, CA),
UAS—htar?*RS?4 (Chatterjee et al., 2009) was a gift from G. R. Jackson
(University of Texas Medical Branch, Galveston, TX), and UAS-btau was
from K. Ito (Tokyo University, Tokyo, Japan) (Ito et al., 1997b). UAS—dtau
transgenics were described previously (Mershin et al., 2004). To generate
pUAS-htar”N*FFLAG 3 fragment coding for the entire 2N4R hTau was
amplified from a human tau cDNA hTau40 template using the GoTaq poly-
merase (Promega) and cloned into the NotI and Xbal sites of the pUAST-
FLAG vector. pUAST-FLAG was generated by annealing the oligos
5'-AATTCATGGATTATAAGGACGACGATGACAAGGC-3' and 5'-GG-
CCGCCTTGTCATCGTCGTCCTTATAATCCATG-3' and inserting them
between the EcoRI and NotI sites of pUAST (Brand and Perrimon, 1993).
The pUAS—htau?N*R-STAFLAG myutant was generated by replacing Ser?*®
and Thr** with Ala using the QuickChange XL site-directed mutagenesis
kit (Stratagene) according to the instructions of the manufacturer. The
mutagenic oligonucleotides 5'-CCAAGTCGCCGTCAGCTGCCAAGAG-
CCGCCTGCAGGCAGCCCCCG and 5'-CGGGGGCTGCCTGCAGGC-
GGCTCTTGGCAGCTGACGGCGACTTGG were annealed onto the
pUAS—htar?N**FLAC plasmid template and contained a silent Pvull restric-
tion site for effective screening of positive clones. The sequence of the mutant
was confirmed by dsDNA sequencing (Lark Technologies). Transgenic flies
were obtained with standard methods.

Spatiotemporal control of hTau accumulation. Eggs were collected on
standard food at 20°C for 2 h. After transferring the parents, the vials
were immediately placed at 29°C for 14-15 h to inactivate the Gal80*
protein and expression of the htau transgenes throughout embryogene-
sis. After this transgene induction period, larvae and pupae were allowed
to develop until adulthood without additional transgenic protein at
20°C. To induce the transgene specifically during larval stages, egg col-
lection and embryonic development were allowed to proceed at 20°C as
described above and then, during hatching and throughout larval devel-
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opment, animals were kept at 29°C and switched back to 20°C during
pupariation. To determine the stage of embryonic development critical
for MB ablation, flies were kept at 29°C and transferred to a new pre-
warmed vial every hour. The vials containing eggs were collected for 1 h
at 29°C, kept at that temperature for the prescribed time, and then moved
to 20°C, and animals were allowed to develop at that temperature until
adulthood. The MBs of resultant animals were examined in 2- to 5-d-old
adult flies, unless otherwise specified.

Histology. Immunohistochemistry on paraffin sections was performed
essentially as described previously (Philip et al., 2001; Mershin et al.,
2004). Rabbit anti-LEO (Skoulakis and Davis, 1996) was used at 1:4000
and anti-DRK at 1:1500. Sections from all strains were obtained and
processed in parallel in each experiment and were evaluated for MB
morphology without knowledge of the genotype. The anti-ELAV (Devel-
opmental Studies Hybridoma Bank) was used at 1:200 and anti-DAC at
1:8. For GFP detection in whole-mount preparations, brains of adult flies
were processed as described by Leyssen et al. (2005) with minor modifi-
cations. Briefly, brains of CO, anesthetized flies or third-instar larvae
were dissected in PBS (0.04 M NaH,PO, and 1 M NaCl, pH 7.4), fixed for
20 min in 4% paraformaldehyde in PBS at room temperature, washed
three times with PBS, and mounted with Dako Mounting medium. In-
dividual 2-3 wm confocal sections were used to construct z-stacks. Con-
trol brains not expressing GFP were used to set the iris and gain such as to
eliminate autofluorescence. Embryos were fixed and stained according to
standard protocols (Patel, 1994), and image z-stacks were obtained as
described above.

Western blotting and antibodies. For Western blotting, Drosophila tis-
sue (adult heads, embryos, or larvae) were homogenized in 1 X Laemli’s
buffer (50 mm Tris, pH 6.8, 100 mm DTT, 5% 2-mercaptoethanol, 2%
SDS, 10% glycerol, and 0.01% bromophenol blue), and the extracts
were heated for 10 min at 95°C, centrifuged at 8000 X g for 5 min, and
separated in SDS-acrylamide gels. Proteins were transferred to poly-
vinylidene difluoride membranes and probed with mouse monoclonal
anti-Tau 46 (Zymed Laboratories), which targets the C terminus of the
protein at 1:3000, and TAUS5 (Calbiochem), which targets the proline-
rich domain (PRD) at 1:1000, AT100 (Pierce Endogen) at 1:250, the
polyclonal antibodies anti-pS262, anti-pS356, and anti-Paired Helical
Filament (PHF) (Biosource) were used at 1:2000, and monoclonal anti-
body AT8 (kindly provided by A. Mudher) was used at 1:200. To nor-
malize for sample loading, the membranes were concurrently probed
with an anti-syntaxin primary antibody (8C3; Developmental Studies
Hybridoma Bank) at a 1:2000 dilution or anti-tubulin at 1:500. Proteins
were visualized with chemiluminescence.

Behavioral analyses. All experiments were performed balanced, so all
genotypes involved in an experiment were tested per day and the exper-
imenter was blind to the genotype. Olfactory learning and memory in the
negatively reinforced paradigm coupling aversive odors as conditioned
stimuli with the electric shock unconditioned stimulus (Tully and
Quinn, 1985) was performed essentially as described previously (Philip et
al., 2001; Mershin et al., 2004). Olfactory and shock avoidance assays
were performed as described previously (Mershin et al., 2004; Acevedo et
al., 2007). We refer to the “3 min memory” earliest posttraining perfor-
mance assessment as learning (Skoulakis and Davis, 1996). Data were
analyzed parametrically with the JMP statistical package (SAS Institute)
as described previously (Philip et al., 2001; Mershin et al., 2004) and
described in the text or figure legends.

Results

Ablation of the mushroom bodies upon pan-neuronal
accumulation of human Tau

To investigate whether elevated Tau might affect particular
Drosophila CNS neurons differentially, we expressed the human
ON4R isoform with the pan-neuronal driver Elav. This driver is
an appropriate tool to address this question because it is active
apparently uniformly in all adult CNS neurons (Robinow and
White, 1988, 1991) and transiently in some embryonic neuro-
blasts and glia (Berger et al., 2007). Neuroanatomical evaluation
of the CNS was performed initially with hematoxylin and eosin-
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stained paraffin sections of 2- to 5-d-old
adult heads. Surprisingly, we noted that,
although the overall structure and mor-
phology of the brain appeared unaltered,
one major structure, the MBs, seemed se-
verely reduced or entirely absent in the
majority of animals (Fig. 1.1-1.3). This is
demonstrated in the figure at the level of
the dendrites of MB neurons, known as
calyces. These structures were prominent
in controls (Fig. 1.1, arrow) but not ap-
parent in UAS—htau®*®-expressing ani-
mals (Fig. 1.2, arrowhead). Other
neuropils such as the protocerebral bridge
(Fig. 1.2, arrow) in the posterior of the
head and the fan-shaped body (FSB) (Fig.
1.3, arrow) appeared normal. The MBs
are bilateral clusters in the dorsal and pos-
terior cortex of the brain, each comprising
~2500 neurons. Their dendrites form the
spherical neuropil of the calyx ventral to
the cell bodies [Kenyon cells (KCs)],
whereas the axons fasciculate into the pe-
dunculus. In the anterior of the brain, the
pedunculus Dbifurcates with processes
forming the medial B, B', and vy and the
dorsally projecting «w and o' vertical lobes
(Crittenden et al., 1998; Strausfeld et al.,
2003). These neurons are essential for ol-
factory learning and memory in Drosoph-
ila and other insects (Menzel, 2001;
Heisenberg, 2003; Davis, 2005).

To verify these initial observations,
we used the anti-Leo antibody, which is
highly preferential for most adult MB
neurons (Skoulakis and Davis, 1996;
Crittenden et al, 1998; Raabe et al.,
2004). Serial sections from heads of
htau*R-expressing animals from inde-
pendent crosses revealed that all brains
displayed defective MBs (Fig. 1). The de-
fects could be categorized into two groups
on the basis of severity. Compared with
sections from controls (Fig. 1.4, 1.7, 1.10,
1.13, 1.16) processed in parallel, animals
with type 1 defects displayed severely re-
duced, often bilaterally, asymmetrical
MBs (Fig. 1.5, 1.8, 1.11, 1.14, and 1.17).
Nevertheless, at least one well discernible
calyx was present (Fig. 1.5, arrowhead),
and, although much reduced, the pedun-
culus (Fig. 1.8, 1.11, arrowheads) and an
apparently intact yylobe were present (Fig.
1.17, arrowhead). In contrast, animals
displaying the much more severe type 2
defects lacked nearly all calycal structures
(Fig. 1.6, arrowhead), the pedunculus was
nearly absent (Fig. 1.9, 1.12, arrowhead),
and the vy lobes were severely malformed
and rudimentary (Fig. 1.18, arrowhead).
These differences could arise not because
the MBs were actually malformed, but be-
cause the Leo protein used as an antigenic
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Figure 1. Animals accumulating hTau ON4R protein harbor aberrant or missing MBs. Panels 1-3 are 45 m Formalin-fixed
paraffin-embedded frontal sections of control (1) and hTau-accumulating animals under the pan-neuronal driver Elav—Gal4 (2, 3)
stained with hematoxylin and eosin (H&E) in the posterior (1, 2) or middle (3) of the head. Arrow in 1 points to the calyces that are
not apparent (arrowhead) in hTau-accumulating animals. In contrast, the protocerebral bridge (arrow in 2) and fan-shaped body
and noduli (arrow in 3) appearintactin the latter. Panels 4 —18 are Carnoy's-fixed paraffin-embedded frontal sections stained with
anti-Leonardo. Sections from control brains (4, 7, 10, 13) are arranged from posterior (Calyx) to anterior (y lobes) as labeled on the
left of each row highlighting the most prominent identifiable brain structures. Equivalent sections from hTau-accumulating brains
are shown in each row as indicated. The arrows and arrowheads in sections labeled FSB and EB point to the MB pedunculi. Arrows
in sections of control brains indicate the normal morphology of MB structures, and arrowheads point to the corresponding aber-
rations in the sections from experimental brains. Type 0 refers to the normal MBs in control animals (4, 7, 10, 13, 16). Type 1 deficits
describe aberrations with still discernable MBs, and type 2 defects describe the near or total loss of MBs. Panels 19 —22 are sections
at the level of ot/ 3 lobes (19, 20) and -y lobes (21, 22) of control (19, 21) and ON4R hTau-accumulating animals (20, 22) stained
with an independent antibody, anti-Drk. Again, arrows point to normal MBs and arrowheads to defects. Panels 23 and 24 show
sections at the level of the calyces and Kenyon cells from control and ON4R hTau-accumulating brain, respectively, stained for the
transcription factor Dac. The arrow in 23 indicates the abundant Kenyon cells in control animals that are nearly absent in the
experimental brain (arrowhead in 24).
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marker could be reduced during Tau accumulation. Thus, we
used an additional unrelated antigenic marker, the adaptor pro-
tein Drk, which is also preferentially expressed in «, 3, and y
lobes of the MBs (Crittenden et al., 1998; Moressis et al., 2009).
Again, remnants of few « and 3 neurons (compare Fig. 1.19 with
1.20) and nearly absent y lobes were observed (compare Fig. 1.21
with 1.22) in type 2 animals, indicating loss of the structures
rather than loss of the antigenic markers. To ascertain this fur-
ther, we examined the number of corresponding MB cell bodies
(KCs), focusing on the subpopulation that express the transcrip-
tion factor Dac (Martini et al., 2000; Martini and Davis, 2005).
Clearly, the cells displaying staining were dramatically reduced in
type 2 animals (Fig. 1.24) compared with controls (Fig. 1.23),
verifying rarefaction and loss of MB neurons. Therefore, pan-
neuronal accumulation of ON4R hTau disrupts specifically and to
near ablation the MB neurons. In contrast, neuropils of the cen-
tral complex (Strausfeld, 1976), such as the protocerebral bridge
(Fig.1.5,1.6), FSB (Fig. 1.8,1.9), EB (Fig. 1.11, 1.12) (supplemen-
tal Fig. 1, available at www.jneurosci.org as supplemental mate-
rial), and antennal lobes (Fig. 1.17, 1.18) (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material), re-
mained apparently intact and well organized.

Similar results were obtained with an independent ON4R WT
hTau transgenic line (data not shown) and the also indepen-
dently generated 2N4R WT hTau and 2N4R-FLAG WT hTau
lines (see below), strongly supporting the notion that these struc-
tural deficits are not consequences of positional effects of trans-
gene insertion. In congruence with this conclusion, homozygotes
for all of the transgene insertions used did not exhibit aberrant
CNS neuroanatomy (data not shown). Furthermore, identical
MB defects were obtained if the crosses were performed in the
reverse orientation (using Elav males and scoring the MBs in
female progeny) and with an independent Elav driver inserted on
the third chromosome (Lin and Goodman, 1994) (data not
shown), confirming that the effects on MB structure are indepen-
dent of Gal4 driver, insertion locus, and maternal genotype.

Wild-type and mutant Tau isoforms affect MB

structure differentially

Differential effects of WT and mutant isoforms of human Tau on
neurodegeneration in Drosophila have been reported previously
(Wittmann et al., 2001). Our own work revealed differential ef-
fects on retinal degeneration and associative learning of various
human WT and mutant isotypes (Grammenoudi et al., 2008).
We aimed therefore to extend these studies by investigating the
effects of Tau isoforms on adult MB integrity. We selected trans-
genic lines expressing vertebrate Tau at levels differing by 20% or
less that of ON4R, which was assigned as 100% (Fig. 2A, B). Ac-
cumulation of the latter two proteins may be somewhat underes-
timated because they are larger and may transfer less efficiently
during blotting (Fig. 2 B).

At 25°C, pan-neuronal expression of dtau- and btau-encoding
transgenes did not yield appreciable effects on the MBs (Fig. 2C).
Of the WT hTau isoforms, ON3R did not affect the MBs appre-
ciably, in contrast to the ON4R and 2N4R isoforms that resulted
in severe defects specifically of these neurons (Fig. 2C) (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental
material). Of the two FTDP-17-linked mutant proteins, V377M
hTau yielded milder deficits in approximately half of the brains
examined. Deficits consisted mainly of an overall reduction in the
size of the MBs, but curiously, in most of the affected animals, the
effect appeared mostly unilateral (Fig. 2C, Table 1). In contrast,
the R406W protein precipitated significantly more severe defects
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Figure 2.  Differential effects on MB integrity of WT and mutant Taus. 4, A representative
Western blot demonstrating the levels of WT and mutant Tau accumulation under Elav—Gal4
probed with the T46 anti-Tau antibody. The anti-syntaxin antibody (Syx) was used to ascertain
equivalent loading of the samples. B, Quantification of the Tau species as indicated in the blot
above, relative to the level of ON4R (black bar) from three independent blots. Dunnett's tests
indicated that the differences in accumulation of ON3R, 2N4R, R406W, and bTau were signifi-
cantly different (*p << 0.005) from the level of ON4R. C, Carnoy's-fixed paraffin-embedded 5
m frontal sections at the level of the o/ 3 lobes from control (Elav/+) and animals expressing
the indicated WT and mutant Tau isoforms stained with anti-Leonardo demonstrating MB
deficits in animals expressing hTau transgenes. The two panels designated a and b display
sections from two different animals. D, The degree of MB aberrations depends on the type of
hTau protein and the levels of its accumulation. The bars display the percentage of animals
harboring MB defects, and the shaded portion of the bar indicates the fraction of them display-
ing the more severe type 2 deficits. At least 15 sections per genotype were evaluated in a single
large experiment in which all of the indicated experimental animals were processed in parallel
to minimize experimental errors.
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Table 1. Quantification of MB aberrations during pan-neuronal Tau accumulation

Kosmidis et al. e Tau Toxicity and Dysfunction in Mushroom Bodies

Tau expressed MB defects (%) Total

Isoform Mutation Type 0 Type 1 Type2 Defective MB (%) Number of MBs examined
Elav/+ 100 0 0 0 16

dTau 100 0 0 0 12

bTau 100 0 0 0 16

ON3R 100 0 0 0 15

ON4R 0 57 23 100 21

2N4R 0 14 86 100 21

ON4R V377M 4 59¢ 0 59 17

ON4R R406W " 66 22 89 18

Collective data from all experimental animals raised at 25°C examined in the survey detailed in Figure 2C.
“Bilaterally asymmetric MB defects.

generally exhibiting bilateral symmetry (Fig. 2C) (see Fig. 5B)
that clearly remained restricted to the MBs (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). Simi-
lar results were obtained with an independent htau***°" trans-
genic line (data not shown). The collective results of the
histological analysis presented above are summarized quantita-
tively in Table 1. Differences in phenotypic severity between WT
and mutant hTau proteins are unlikely a consequence of reduced
mutant protein accumulation, because steady-state protein levels
appeared equivalent, at least comparing ON4R with V377M hTau
and 2N4R with R406W (Fig. 2 B). Furthermore, the 2N4R protein
precipitated more severe deficits (Fig. 2C, Table 1) (also see be-
low), although it appeared less abundant than ON4R. This con-
trasts with the more severe effects of the mutant proteins on the
integrity of the retina than their WT counterparts (data not
shown) as described previously (Wittmann et al., 2001; Khurana
et al., 2006).

Furthermore, to demonstrate that the effects on the MBs are
dosage dependent, we lowered levels of hTau isoforms that
yielded defects by raising the flies at 18°C (Grammenoudi et al,,
2006). The results presented quantitatively in Figure 2 D indicate
that reducing the dosage of WT Tau isoforms diminished the
proportion of animals exhibiting the more severe type 2 pheno-
type, but still nearly 100% of the individuals harbored MB de-
fects. Thus, the effects of reducing expression of those WT
isoforms that yield phenotypes were primarily quantitative with
respect to phenotype severity. In contrast, reducing the levels of
the two mutant Tau isoforms had both quantitative and qualita-
tive effects, because it diminished the severity of the defects and
the number of animals harboring them in the case of R406W and
nearly eliminated the deficits in animals accumulating V377M
(Fig. 2D). Therefore, the effects of hTau on MB integrity were
dose dependent and consistently more severe during accumula-
tion of WT proteins rather than the two FTDP-17 linked muta-
tions. It should be noted that simply increasing the amount of any
Tau protein does not suffice to yield MB defects because the
highest accumulation level of ON3R did not affect integrity of
these neurons. However, ON3R accumulation can cause struc-
tural and functional deficits in larval motor neurons (Mudher et
al., 2004; Chee et al., 2005). This may be a consequence of the
reduced number of microtubule binding repeats. In addition,
although 2N4R appeared at slightly lower levels than ON4R (Fig.
2A), its effects were consistently more severe. Similar differences
in the effectiveness of 2N versus ON transgenic hTaus in the retina
were suggested recently by the work of Chatterjee et al. (2009),
indicating that the amino-terminal extension seems to influ-
ence hTau toxicity. Collectively then, differences in the con-
sequences of WT and FTDP-17-linked mutant hTau in the
Drosophila CNS are not likely the result of the relatively small

deviations in expression levels or transgene position effects. It
appears therefore that phenotypic consequences of WT and mu-
tant Tau accumulation are essentially isoform and mutation
specific.

Integrity is compromised by hTau in the embryonic MBs
The effects of Tau accumulation under Elav are reminiscent of
the previously described hydroxyurea-dependent ablation of MB
neurons by mitotic poisoning of their neuroblasts in young first-
instar larvae (de Belle and Heisenberg, 1994). In fact, we observed
loss of KCs in third-instar larval brains (supplemental Fig. 2,
available at www.jneurosci.org as supplemental material) ex-
pressing htau®*® pan-neuronally, whereas neurons in other
parts of the CNS appeared unaffected. In addition, parental
transmission and early embryonic accumulation of Gal4 under
the Elav drivers has been reported previously (Tzortzopoulos and
Skoulakis, 2007), suggesting that Tau accumulation in the em-
bryo may in fact precede formation of embryonic MB neuroblasts
(MBNBs), which also express this driver (Berger et al., 2007).

To determine the developmental period when MB integrity is
affected by hTau, we controlled expression of the tau transgenes
spatiotemporally using the TARGET (Temporal and Regional
Gene Expression Targeting) system (McGuire et al., 2003, 2004).
Transcription of fau transgenes was suppressed by performing
crosses at 18°C and was induced by shifting eggs, larvae, pupae, or
adults to the permissive temperature of 20—-30°C (McGuire et al.,
2003). Type 1 and type 2 MB defects were observed in 75% of the
adults expressing UAS—tau”~*® under Elav—Gal4; Tub-Gal80"
throughout development on to adulthood (Fig. 3A—C). This de-
crease in affected adults from 100% routinely obtained with the
Elav-Gal4 driver likely reflects incomplete inactivation of the
GALS0" or inadequate hTau at the time window necessary to
exert maximal effects attributable to transcriptional delays inher-
ent in the TARGET system. Similarly, 70% of adults expressing
htau®*® exclusively through embryogenesis (see Materials and
Methods) harbored MB defects (Fig. 3A,C), although as ex-
pected, Tau was absent from adult brains at the time of histolog-
ical evaluation (Fig. 3B). In contrast, presence of the protein
after hatching, from early larvae to adulthood (Fig. 3B),
yielded mild type 1 defects in <5% of the animals examined
(Fig. 3A,C). Transgene expression exclusively in pupae did
not yield detectable defects, and the effects of raising
transgene-harboring animals at the restrictive temperature
were negligible (Fig. 3A, C). Therefore, hTau appears to yield
defective adult MBs likely because it interferes with their de-
velopment during embryogenesis.

To establish with more precision the phenocritical period for
hTau toxicity on the MBs, embryos collected at the permissive
temperature were shifted to restrictive conditions at particular
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Figure3. MB defects on pan-neuronal accumulation of hTau arise during embryogenesis. Carnoy's-fixed paraffin-embedded 5
wm frontal sections are shown for all histological evaluations. 4, The transcriptional repressor GAL80™ in combination with
Flav—Gal4 was used to drive expression of UAS—htau ®*® specifically during the distinct Drosophila life stages as detailed in
Materials and Methods. The morphology of the MBs in these animals was evaluated with the anti-Leonardo antibody, and sections
at the levels indicated on the left are shown. The sections on the top and bottom rows are from different sibling animals. The
UAS— htau “V® was expressed throughout life (A), only during embryogenesis (E), from larval (L) or pupal (P) stages, or none
(18°C) onward as indicated. B, Western blot indicating the presence of ON4R hTau in the heads of animals expressing it from larval
stages onward (L) or throughout life (A) and its distinct absence in adult animals that had expressed the transgene only during
embryogenesis. The level of syntaxin (Syx) was used as loading control. 0 refers to animals that remained at 18°C throughout the
experiment. C, Quantification of aberrant MB phenotypes during limited hTau accumulation in animals raised as detailedin A.n =
20 animals examined per condition. D, Determination of the critical period of ON4R hTau or 2N4R hTau accumulation during
embryogenesis, which results in defective or ablated MBs. Severely aberrant MBs were observed in adult flies generated from
embryos expressing hTau after 4 h of embryogenesis at 29°C and becomes slightly more severe if accumulation of the protein

continues up until 8 h of embryogenesis at that temperature.
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tion of the htau transgenes. However,
hTau accumulation immediately after
(4—6h) (Fig. 3D.5,D.6) yielded maximal
MB aberrations. This suggests that hTau
may affect the formation, survival, or pro-
liferation of MB neuroblasts born during
that period and when the transgenes are
expressed under Elav-Gal4 (Tzortzopou-
los and Skoulakis, 2007).

To investigate how hTau affects the
embryonic MBs, we used the anti-Dac an-
tibody to track cells of the MB neuroecto-
derm (MBne), known to give rise to
MBNBs and eventually the embryonic
MB (Younossi-Hartenstein et al., 1996;
Noveen et al., 2000). Although Dac is not
expressed only in the MB lineage, it is an
excellent marker for this purpose because
its stereotypical expression pattern is well
mapped (Noveen et al., 2000), and it is
clearly expressed in the neuroblasts that
delaminate from the procephalic ecto-
derm (MBne). Furthermore, because it
marks additional lineages of the embry-
onic head ectoderm, the relative effects
of hTau on different cell types can be
determined. Compared with control
embryos, cells at the stereotypical MBne
location in the head of stage 9-12
hTau~*®-expressing embryos were not
apparent by Dac staining. However, ad-
jacent cells of the unrelated paraMB
neuroectoderm (paraMBne) remained Dac
positive (Fig. 4A.1-A.5). By stage 14 (Fig.
4A.6), the location in the posterior CNS ex-
pected to be occupied by Dac-positive em-
bryonic KCs was devoid of signal, whereas
other Dac-positive groups of cells such as
those of the optic lobe primordium ap-
peared unaffected. This was also readily
apparent by stage 16, when few, if any, Dac-
positive cells appeared in the dorsal poste-
rior brain of hTau"V*R-expressing embryos
in which the KCs normally reside (Fig.
4A.7-A.9). In contrast, other CNS cell types
did not show obvious defects, at least as re-
vealed by the neuroanatomy and Dac stain-
ing of transgene-expressing embryos (Fig.
4 A), larvae (supplemental Fig. 2, available at
www.jneurosci.org as supplemental mate-
rial), and adults (Fig. 1) .

The data are consistent with previous

times and then allowed to proceed to the end of embryogenesis.
Clearly, presence of ON4R (Fig. 3D.1,D.3) or 2N4R (Fig.
3D.2,D.4) hTau in the first 4 h of embryogenesis at 29°C did not
affect adult MB structure significantly. In contrast, continued
presence of hTau 8 h into embryogenesis yielded adults exhibit-
ing type 1 and type 2 deficits (Fig. 3D.5-D.10). Continued Tau
accumulation at 29°C up to 14 h after egg laying did not yield
more severe deficits (data not shown). Incubation at the permis-
sive temperature for hTau accumulation in the first 4 h of embry-
ogenesis when the zygotic genome is inactive did not result in
defective MBs. Therefore, MB toxicity requires zygotic transcrip-

reports using time-restricted expression of the activated Notch
intracellular fragment during stages 9—10. This treatment abol-
ished neuroblast delamination resulting in significant reduction
or loss of Dac-positive MB neurons (Struhl et al., 1993; Harten-
stein et al., 1994; Noveen et al., 2000). These specific effects, along
with our data, likely reflect the unique developmental program of
MB intrinsic neurons. All MB neurons per brain hemisphere
arise from four MBNBs and their progeny ganglion mother cells
(GMCs) (Ito et al., 1997a). MB neuroblasts are exceptional be-
cause, unlike the rest of the CNS neuroblasts, they maintain their
proliferative activity throughout development (Ito and Hotta,
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Figure 4.  Loss of embryonic MB neuroblasts during hTau accumulation. A, Embryos accu-
mulating ON4R hTau under Elav—Gal4 were stained with the anti-Dac to visualize the MBne and
their lineage during CNS development. Equivalent stacks of confocal images are shown after
conversion to grayscale and inversion for clarity. Anterior is to the left. Expected location and
identity of Dac-positive cells are as described by Noveen et al. (2000). Arrows point to Dac-
positive cells (1,4,7),and arrowheads (2, 3, 5, 6, 8, 9) indicate their absence or severe reduction.
Absence of MBne cells and their progeny was apparent in hTau-accumulating stage 9 embryos
in contrast to controls (Elav/+). Note that the adjacent cluster of Dac-accumulating cells
paraMBne appeared essentially unaffected. Similar differences between control and experi-
mental embryos were observed at stages 11—12 and 14, in which there is marked absence of
signal where the MBs (MB) were expected. However, cells of the optic lobe (OL) primordium
retain Dac staining and are found in their expected location. By stage 16, the MBs are apparent
as Dac-positive clusters in the posterior of the CNS of control embryos (arrows), whereas they
are severely reduced or nearly absent (arrowheads) in embryos accumulating ON4R hTau.
B, Adult MB morphology examined in dissected brains coexpressing ON4R hTau along with
mCD80 —GFP or mCD80 —GFP alone (+) under the indicated Gal4 drivers. The earliest known
expression in the MBs under the relevant drivers is indicated. Stacked confocal images of GFP
fluorescence were converted to grayscale and inverted to reveal detail.

c232
EB

1992). This predicts that early interference with the survival or
developmental program of MBNBs would grossly alter MB in-
trinsic neuron number, resulting in adults with vestigial and ab-
errant MBs. In agreement, expression of hTau transgenes
throughout development does not yield significantly enhanced
MB aberrations compared with its presence strictly during em-
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bryogenesis, indicating that MBNBs, GMCs, or early embryonic
MB neurons are specifically affected. The results indicate that
hTau may promote MBNB quiescence, suppress their survival, or
alter the fate of MBNBs and perhaps GMCs.

Because the area typically occupied by the MBs in the embryo
or the adult appears devoid of cells exhibiting the characteristic
“collapsed” morphology especially in the presumptive calycal
area (Fig. 1.2, 1.6, 1.24), it is unlikely that hTau alters the fate of
MBNBs and early neurons. In agreement, anti-Repo staining did
not reveal supernumerary glia in that location (data not shown).
Loss of Dac-positive cells as early as from the MBne suggests that
hTau accumulation may in fact result in their death. However,
coexpression of the baculovirus anti-apoptotic protein p35
(Zhou et al., 1997) with ON4R or 2N4R did not alter perceptively
the MB aberration phenotype (data not shown). This indicates
that apoptotic cell death of MBNBs or MB neurons is an unlikely
explanation of the phenotype. Therefore, it appears that the
hTau-dependent MB defects may result from suppression of MB
progenitor cell proliferation. In agreement with the embryonic
origin of the phenotype, ON4R or other hTau isoforms (data not
shown) expressed in MBs of late pupae and adults under ¢772
were not toxic (Fig. 4B). Similarly, the MBs appeared unaffected
under 201Y, a Gal4 driver expressed mostly during larval stages
(Tettamanti et al., 1997). In contrast, when htau>*® was ex-
pressed in MBNBs and their progeny under the embryonic
MBNB-expressing OK107 (Zhu et al., 2006) (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material), ani-
mals with obvious deficits were obtained (Fig. 4 B). However, the
MBs were not affected as grossly as under Elav, perhaps because
of comparatively lower protein accumulation or delayed accu-
mulation in MBNBs under OK107. As expected, ON4R hTau lim-
ited to the ellipsoid body under driver ¢232 was not toxic for these
neurons (Fig. 4B.7,B.8). Similar results were obtained with the
apparently more pathogenic (see below) (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material),
pseudo-hyperphosphorylated E14 mutant of the ON4R pro-
tein (Khurana et al., 2006).

hTau hyperphosphorylation disrupts MB development

Previous reports suggest that, as in human patients (Buée et al,,
2000; Augustinack et al., 2002), hTau hyperphosphorylation is
necessary for its pathogenic effects in Drosophila (Khurana et al.,
2006; Steinhilb et al., 2007a,b). To assess whether hTau hyper-
phosphorylation is required for MBs toxicity, we took advantage
of two highly modified ON4R hTau transgenes. In the htau~**"
E14 transgene, 14 serines and threonines, most typically phos-
phorylated in cases of human pathology have been mutated to
glutamate mimicking permanent phosphorylation at these sites
(Khurana et al., 2006; Steinhilb et al., 2007b). In contrast, the
same serines and threonines have been mutated to alanines in
htauN**? (Fulga et al., 2007), rendering these sites phosphor-
ylation incompetent. Both mutant hTau transgenes were ex-
pressed under Elav at 25°C or 29°C, and MB morphology was
assessed in 1- to 3-d-old adults. The MBs were normal in control
animals under both conditions (Fig. 5, A.1,A.1' vs A.2,A.2") but,
as expected, ON4R yielded modest and severe deficits at 25°C and
29°C, respectively. ON4R *'* hTau at 25°C resulted in severe type
2 phenotypes similar to those exhibited by elevated ON4R at 29°C
(Fig. 5A.5,A.5") and more extreme phenotypes displaying very
few Leo-positive cells where the MBs would be expected (Fig.
5A.6,A.6"). Similar results were obtained if ON4R*'* hTau was
restricted specifically to early embryos using the TARGET sys-
tem. In contrast, the phosphorylation-suppressed ON4R** pro-
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MBs. However, even in the more extreme
cases of ON4RE™ accumulation, few MB

244 3¢y ..

neurons remained. This indicates that, as
suggested above for WT hTau isoforms,
MBNB proliferation rather than sur-
vival seems to be suppressed by hTau.
Toxicity of hTau in the Drosophila ret-
ina is affected by Par-1 because it phos-
phorylates Ser®* and Ser®, whose
occupation facilitates (primes) phosphor-
ylation at additional sites (Nishimura et
al., 2004). This is particularly evident on
Thr?'* and Ser* (ATI00 epitope),
whose hyperphosphorylation is typically
associated with human neurodegenera-

: QN4__R,E14

tive conditions (Buée et al., 2000; Lee et
al,, 2001). Therefore, we investigated the
contribution of these sites on MB toxicity
by using transgenes in which Ser®®?
and Ser®® were mutated to alanines
(R406WS2A). Because transgenes bearing
these mutations were available in the
ON4R™%W hTau mutant background
(Nishimura etal., 2004 ), we used the latter
transgenics as controls. As expected,
R406W accumulation precipitated defi-
cits at 29°C (Fig. 5B.1-B.4). In contrast,
accumulation of R406WS2A was not toxic
on MB development, even at 29°C, in
which transgene expression was elevated

as expected (Fig. 5B.5-B.8). Therefore,
phosphorylation of Ser®®* and Ser>® by
Par-1 appears requisite for MB toxicity as
is in the retina (Nishimura et al., 2004;
Chatterjee et al., 2009). Furthermore, we
examined the MBs in animals homozy-
gous for the Elav driver and the UAS-

| 0 N 4 RR406W52A

Figure 5.

and the lobes (4, 8) are shown.

tein did not precipitate any appreciable deficits at either
temperature (Fig. 5A.7,A.7',A.8,A.8"), although transgene ex-
pression was generally higher than that of htau~**"'*, The ex-
treme phenotypes observed with ON4R *'* compared with those
yielded by ON4R suggest that the WT hTau protein may be less
extensively phosphorylated, at least on these 14 sites, during the
phenocritical period, or the Glu substitutions render the
ON4R "' protein more toxic. These results indicate that hyper-
phosphorylation of hTau is essential for toxicity on developing

hTau phosphorylation is essential for MB ablation. Carnoy’s-fixed paraffin-embedded 5 wm frontal sections are
shown for all histological evaluations. A, The left columns display sections at the indicated levels from animals raised at 25°C, and
the right column display sections from animals raised at 29°C. MBs remained intact in control flies raised at either temperature (1,
1) versus (2,2'). In contrast, the phenotype of ON4R hTau was more severe at 29°C (4,4"), consistent with higher accumulation of
the protein than in flies raised at 25°C (3, 3"). Flies accumulating the phosphomimic mutant ON4R £ hTau displayed severe
MB perturbation at 25°C (5, 5"), becoming even more severe at 29°C (6, 6'). In contrast, accumulation of the underphos-
phorylated ON4R*? hTau variant did not yield MB perturbations at 25°C (7,7") or 29°C (8, 8'). B, Type 1 MB alterations in
a typical ON4R **°" hTau-accumulating animal and complete reversal of the phenotype in animals accumulating the
ON4R R9WS2A hTay variant. Sections at the level of the calyces (1, 5), the fan-shaped body (2, 6), the ellipsoid body (3, 7),

htau*"$?A insertion, which contain
R406WS2A levels far exceeding that in
Elav/+; UAS-htau®~"®/+ (supplemental
Fig. 4 A, available at www.jneurosci.org as
supplemental material). Even these Elav;
UAS—htau®**°"5?4 animals retained nor-
mal MB morphology (supplemental Fig.
4 B, available at www.jneurosci.org as sup-
plemental material). Therefore, MB de-
fects are not precipitated simply from a
large hTau excess, arguing against nonspe-
cific toxicity as causal of the phenotype.
Rather, it seems that Tau toxicity on MB-
NBs depends strongly on its phosphoryla-
tion potentially on particular residues.

In addition, at the completion of this
study, we obtained transgenic flies car-
rying the S262A and S356A mutations on 2N4R WT hTau
(Chatterjee et al., 2009). In agreement with the results with
ON4R R406WS2A, pan-neuronal accumulation of 2N4RS2A at
equal levels with the 2N4R controls (supplemental Fig. 4C,
available at www.jneurosci.org as supplemental material) did
not affect MB morphology (supplemental Fig. 4 D, available at
www.jneurosci.org as supplemental material). Therefore,
phosphorylation of these two Par-1-targeted serines seems crit-
ical for WT and mutant hTau toxicity in the MBNBs.
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Novel mutations on 2N4R hTau
suppress toxicity but yield
dysfunctional MBs

In contrast to WT hTau proteins, approx-
imately equivalent expression of the btau
transgene under Elav (Mershin et al.,
2004; Grammenoudi et al., 2006) did not
precipitate obvious MB defects (Fig. 2)
(Mershin et al., 2004). However, targeting
bTau specifically to the adult MBs yielded
learning and memory deficits, consistent
with functional disruption of these neu-
rons (Mershin et al,, 2004). Sequence
alignment of these two Tau proteins re-
vealed high amino acid conservation, with
differences primarily concentrated at the
N termini and the N-terminal part of the
PRD. The remaining sequence appeared
invariant except that, in bTau, alanines re-
placed Ser**® and Thr***, whereas a Gly
replaced Val**® in the C-terminal part of
the PRD and microtubule binding do-
main 1 of hTau, respectively (supplemen-
tal Fig. 5A, available at www.jneurosci.org
as supplemental material). Because phos-
phorylation is essential for Tau-dependent
MB toxicity, we concentrated initially on
the potentially phosphorylatable residues
Ser**® and Thr>*°. Both residues are pre-
dicted targets of the atypical PKC6 (http://
networkin.info/search.php), but Thr>*
has also been suggested as a target of Rho
kinase in PC12 cells (Amano et al., 2003).
Ser?*® and Thr*** have actually been re-
ported phosphorylated in samples from
human AD patients by mass spectrometry
(Sergeant et al., 2008), suggesting that
they may play a role in neuronal dysfunc-
tion or degeneration. Nevertheless, these
are novel sites because they have not been
studied functionally and were not altered
in the ON4R®'"™ (Khurana et al., 2006),
ON4R™? (Steinhilb et al., 2007a), or
2N4R 5" (Chatterjee et al., 2009) trans-
genes. Therefore, we changed these two
amino acids in a FLAG-tagged WT 2N4R
hTau to nonphosphorylatable alanines
yielding the 2N4R-STA FLAG-tagged
protein. Histological evaluation of the
MBs in adults expressing htay?N*R-5T4
throughout development did not reveal
obvious morphological defects, in con-
trast to animals harboring the control
2N4R-FLAG-tagged protein (Fig. 6 A), al-
though both proteins accumulated equiv-
alently (Fig. 6B). This surprising result
demonstrates that blocking putative
phosphorylation at two novel sites, previ-
ously not associated with Tau-dependent

pathogenesis, was sufficient to fully suppress 2N4R hTau toxicity
on the MBs. Therefore, it appears that Ser**® and Thr*** and
potentially their phosphorylation are important for the toxic ef-
fects of hTau on the MBNBs. These results are also consistent
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Figure 6.  Behavioral deficits in animals accumulating Tau variants that do not perturb MB structure. A, Carnoy’s-fixed paraffin-
embedded 5 wm frontal sections are shown for all histological evaluations. MB morphology is shown in animals expressing
pan-neuronally the pUAS— htau”* "4 transgene (WT) or the pUAS— htau?***~TA=FL4G yariant (STA) at the levels of the calyces
(1, 2), pedunculus and ellipsoid body (3, 4), /3 lobes (5, 6), and the +y lobes (7, 8). The deficits in MB morphology in animals
accumulating 2N4R—FLAG hTau were not apparent during accumulation of the 2N4R—STA—FLAG protein. B, A representative
Western blot of head lysates from animals expressing the indicated Tau proteins pan-neuronally probed with the T46 anti-Tau
antibody. Syntaxin (Syx) was used as loading control. Quantification of the protein levels relative to that of WT (black bar arbitrarily
setto 1) from three independent such blots. Statistical analysis did not reveal significant differences in the levels of these proteins.
€, Associative olfactory learning performance of animals accumulating Tau pan-neuronally that lack MB structural aberrations
(gray bars) and their matching genetic controls of transgene insertion heterozygotes without the Elav—Gal4 driver (respective
black bars) and driver heterozygotes alone (white bars). n = 8 for all genotypes. ANOVA indicated significant differences in
performance (Fg o5 = 192.1491, p < 0.0001) and subsequent contrast analysis between control, and experimental strains as
indicated by the lines revealed highly significant differences (*p << 0.0001) in the performance of bTau and htau?"“F~TA-FLAC
expressing animals from their non-expressing respective controls but not between animals expressing htau®*""4 and their
controls. D, Olfactory acuity of Tau-expressing animals relative to the Elav/+ controls measured as avoidance of the 3-octanol
(0CT) and benzaldehyde (BNZ) odors used in conditioning. ANOVA for 3-octanol avoidance indicated significant differences
(Fig.3 = 5:4252, p < 0.05). Subsequent Tukey's honestly significant difference analysis at o = 0.05 indicated that relative to
controls only the performance of bTau-accumulating animals was significantly different (asterisk). In contrast, ANOVA for benzal-
dehyde avoidance did not indicate significant differences in performance (F 3 = 2.6299, p << 0.096).

with the lack of toxicity during bTau accumulation, because these
residues are alanines in the bovine protein.

Although structurally intact, the MBs of htau?N*R=5T4.
expressing flies could be dysfunctional as they are during bTau
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stimulus (supplemental Fig. 5C, available at
www.jneurosci.org as supplemental mate-
rial), a necessary precondition for normal

Syx.. 4 1 STA BTau learning in this paradigm (Tully and

| Quinn, 1985). In contrast, btau-expressing

AT8~ %% TAUS" animals exhibited significantly lower

3 1 - avoidance of octanol and somewhat ele-

Sy %2 5 ] AT100 o vated avoidance of benzaldehyde. Octanol
AT100 a3 52620 avoidance of flies accumulating 2N4R %™
syx~ g 27 P _—— was somewhat lower but was not signifi-
=15 1 — cantly different from controls, and re-

PS262 S w— % 14 pS356 : ko coms sponses to benzaldehyde were normal
5 (Fig. 6D). It is unclear whether and how

0.5 1 PHF~ enhanced benzaldehyde avoidance may

0 - affect associative learning in this para-

Figure 7.

accumulation (Mershin et al., 2004). Because the MBs are essen-
tial for learning and memory (Heisenberg, 2003; Davis, 2005),
disruption of these processes constitutes a sensitive measure of their
functional integrity (Skoulakis and Grammenoudi, 2006). There-
fore, we subjected these animals to an olfactory associative learn-
ing task (Mershin et al.,, 2004). Performance in this task was
severely impaired for animals accumulating bTau compared with
Elav and btau/+ heterozygous controls (Fig. 6C). Heterozygotes
did not exhibit behavioral deficits, demonstrating that transgene
insertions are not causal of the phenotype. Significantly, accumu-
lation of 2N4R5™ at equal levels with bTau also precipitated
highly deficient learning compared with STA/+ animals, albeit
not to the degree exhibited by flies expressing btau. A similar
deficit was exhibited by an independent UAS-2N4R*" line
(supplemental Fig. 5B, available at www.jneurosci.org as sup-
plemental material). We did not test animals expressing
htau?*FLAG because their structurally aberrant MBs were not
expected to support associative learning (de Belle and Heisen-
berg, 1994), as shown for animals expressing other WT htau
transgenes (Grammenoudi et al, 2008). Flies expressing
htau®*°" which harbor defective MBs, were also reported de-
fective in this task (Grammenoudi et al., 2008). These learning
deficits, however, are not precipitated simply by the presence of
the human protein in the fly CNS, because animals accumulating
the benign R406WS2A variant performed equally well with con-
trols (Fig. 6C). These results demonstrate that, despite their ap-
parent structural integrity, the presence of approximately equal
levels of bTau and 2N4R °"™* but not R406WS2A resulted in MB
dysfunction.

Animals expressing btau and all other experimental strains ex-
hibited normal avoidance of the electric footshock unconditioned

Syx Ml wm— .

Enhanced phosphorylation at specific disease-specific sites in 2N4RSTA-accumulating animals. A, Representative
Western blots from head lysates of flies accumulating 2N4R—FLAG (WT) and 2N4R—STA—FLAG (STA) probed with the antibodies
indicated on the right. The level of syntaxin (Syx) in the lysates was used as control for quantifications. The TAU5 antibody measures
total Tau in the lysates, whereas all others target particular phosphorylated residues. B, Quantification of at least three indepen-
dentblots and extracts as those shown in A. The syntaxin-normalized level of 2N4R—FLAG for each quantification was fixed to 1and
represented by the horizontal line. The bars then represent the mean == SEM relative levels of 2N4R—STA—FLAG phosphorylated at
the given sites, over that of the 2N4R—FLAG control. ANOVA indicated significant differences (F 5 1) = 358.527, p < 0.0001) and
subsequent Tukey's honestly significant difference test at c = 0.05 demonstrated that means marked by asterisks were signifi-
cantly different from controls, except for those for the anti-TAUS (total) and anti-PHF. C, Representative Western blots from head
lysates of animals accumulating bTau pan-neuronally compared with similar lysates from 2N4R—STA-accumulating animals,
probed with the antibodies detecting enhanced occupation of particular sites in the latter protein.

digm. Nevertheless, the results suggest
that atleast part of the strong learning def-
icit of btau-expressing animals is the re-
sult of impaired or altered olfactory
responses. Because bTau accumulates
pan-neuronally and given that its accu-
mulation specifically within MBs results
in their dysfunction (herein and Mershin
etal., 2004), it is not surprising that it may
also result in dysfunction of the olfactory
system or higher-order neurons mediat-
ing direct response to odors (Tanaka et al.,
2004). The functional consequences of
2N4RS™ in the olfactory system were
marginal if at all. The greater dysfunction
precipitated by bTau may also be the re-
sult of the additional differences between
the two proteins, especially in their N-terminal halves including
the extensions, as illustrated in supplemental Figure 5A (available
at www.jneurosci.org as supplemental material). Nevertheless, it
appears that replacing Ser>*® and Thr*** with nonphosphorylat-
able residues rendered the effects of 2N4R—hTau more like those
of bTau, yielding intact but dysfunctional MBs.

To investigate potential effects of mutating Ser**® and Thr***
on Tau phosphorylation, we tested 2N4R 5™ for occupation of
key sites typically involved in pathology and possibly pathogen-
esis in humans (Augustinack et al., 2002; Geschwind, 2003;
Stoothoff and Johnson, 2005) and Drosophila (Nishimura et al.,
2004; Steinhilb et al., 2007a,b). Given the lack of MB morpholog-
ical deficits during htauw”"*5" expression and the association of
hyperphosphorylation with toxicity and pathology, we hypothe-
sized that 2N4R™ may be underphosphorylated relative to
2N4R. Multiple independent quantitative Western blots repre-
sented in Figure 7A were quantified in Figure 7B. We used a
different antibody (TAUS5) targeting the PRD rather than the
C-terminus-targeted T46 used previously (Fig. 6 B) to assess in-
dependently the levels of the two proteins. The steady-state level
of 2N4R 5™ was not significantly different from that of the 2N4R
control (Fig. 7B). The blots also demonstrate that, as expected
(Grammenoudi et al., 2006), the 2N4R protein was phosphory-
lated at epitopes at the AT8, AT100, pS262, pS356, and PHF (Fig.
7A). Surprisingly, however, phosphorylation of 2N4R5™ ap-
peared significantly elevated over that of 2N4R at the ATS,
AT100, pS262, and pS356 sites, whereas no change was detectable
at the PHF epitope. Thus, in contrast to our hypothesis, the
S238A and T245A mutations resulted in hyperphosphorylation
at the sites defined by the AT8, pS262, and pS356 antigenic sites
but also increased abnormal phosphorylation as detected by the
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Table 2. Summary table of MB structural and functional defects during pan-neuronal Tau accumulation

Transgenic protein Disease association MB integrity MB function (learning) Origin

dTau N Normal Defective Mershin et al., 2004
bTau N Normal Defective [to etal., 1997b

ON3R AD Normal Normal Mudher et al., 2004
ON4R AD Ablation Defective Wittmann etal., 2001
2N4R AD Ablation Defective Gift from J. Botas
ON4R RéowW FTDP-17 Defective Defective Wittmann et al., 2001
ON4R V377M FTDP-17 Mild defect Mild defect Wittmann et al., 2001
ON4RE™ N Ablation Steinhilb et al., 2007
ON4R"? N Normal Steinhilb etal., 2007
ONAR Ra06WS2A N Normal Normal Nishimura et al., 2004
IN4R S N Normal Chatterjee et al., 2009
2N4R—Flag AD Defective This study
2N4RS™—Flag N Normal Defective This study

The transgenes used in this and previous studies (Grammenoudi et al., 2008) are indicated in the first column. Association of each transgenic Tau isoform is listed in the second column. N, Non-association. Origin refers to the source of the

transgenes used.

AT100 antibody, which is typically associated with AD pathology
in humans (Matsuo et al., 1994; Mailliot et al., 1998; Buée et al.,
2000; Sergeant et al., 2005). Of the hTau isoforms that do not
precipitate MB structural defects, only R406WS2A was ineffi-
ciently phosphorylated at AT100, in addition to the lack of phos-
phates at the mutated Ser”** and Ser>*° (Nishimura et al., 2004;
Grammenoudi et al., 2006).

Interestingly, AT100 and Ser>>° are the sites that exhibited
the highest phosphorylation on 2N4R*™, Given the lack of
learning deficits in R406WS2A and the strong impairment of
htaw?**STA_expressing animals, it is possible that hyperphos-
phorylation at these sites may result in dysfunction rather than
toxicity in MB neurons. Consistent with this notion, bTau, which
contains alanines at positions 238 and 245, is also phosphorylated
at the epitopes with enhanced occupancy on 2N4R 5™, Notably,
the AT100 epitope is also occupied in bTau, strengthening the
interpretation that this abnormal phosphorylation in the MBs is
correlated with dysfunction rather than toxicity because neurons
accumulating it appear intact. These results then are congruent
with the notion that the mutations at Ser**® and Thr*** render
the 2N4R hTau functionally similar to bTau (Fig. 7C). Therefore,
these mutations dissociate hTau toxicity on MB neuroblasts and
dysfunction of adult MBs. Although in progress, we currently
lack the antibodies to unequivocally demonstrate occupation of
Ser**® and Thr*** in the Drosophila CNS. Nevertheless, our data
suggest that Ser®*® and Thr?*** phosphorylations are required,
probably in addition to hyperphosphorylation at the known sites
mentioned above, in the genesis of MB morphological defects.
Hence, we have defined two novel sites on hTau likely implicated
in the pathogenesis of tauopathies.

Discussion

A novel hTau-dependent deficit in the CNS

Excess hTau results in age-dependent degeneration and vacuol-
ization in the Drosophila CNS (for review, see Khurana, 2008).
Here we describe a novel type of hTau-dependent toxicity that
occurs within a narrow temporal window early in embryogenesis
and specifically targets MBNBs. Collective data from this and
previous studies (Grammenoudi et al., 2008) on the effects of WT
and mutant Tau accumulation on MB structure and function are
presented in Table 2. MB defects may have been unnoticed in
previous studies (Wittmann et al., 2001; Ghosh and Feany, 2004;
Khurana et al., 2006) for the following reasons. First, we focused
specifically on structural analysis of the MBs because pan-

neuronal accumulation of hTau isoforms resulted in olfactory
learning deficits (Grammenoudi et al., 2008), and these neurons
are essential for these processes (Heisenberg, 2003). Previous
analyses of the effects of pan-neuronal accumulation of hTau
(Wittmann et al., 2001; Ghosh and Feany, 2004; Khurana et al.,
2006) focused in the central brain perhaps for ease and consis-
tency in scoring vacuolization. However, we show that the ellip-
soid body and remaining central brain neuropils were not
affected by hTau in young flies. Second, we used the anti-LEO
antibody (Skoulakis and Davis, 1996) for our analysis, which,
unlike mass histology methods, affords enhanced resolution
of these neurons. Finally, based on previous observations
(Grammenoudi et al., 2008), we initially focused on the effects
of WT hTaus. In contrast, studies that concentrated on CNS
vacuolization used mostly the R406W mutant (Wittmann et
al., 2001; Dias-Santagata et al., 2007; Fulga et al., 2007), which
precipitates milder MB phenotypes in a smaller proportion of
animals (Table 1).

Similar to Tau toxicity on MB development, retina defects also
occur during the brief period that ommatidial precursor cells
spend in the morphogenetic furrow undergoing the final round
of mitoses and commitment to their cellular fates (Thomas and
Wassarman, 1999). However, there are distinct differences in Tau
toxicity in retina and MBs. The R406W and V377M mutant iso-
forms, which typically exhibit the strongest vacuolization in the
aged CNS (Wittmann et al., 2001; Dias-Santagata et al., 2007;
Fulga et al., 2007) and retina disruption (Jackson et al., 2002;
Nishimura et al., 2004; Khurana et al., 2006; Steinhilb et al.,
2007b), yielded milder and less penetrant MB phenotypes (Table
1). Itappears therefore that WT hTau isoforms and especially the
longer 2N4R Tau typically associated with AD yield more severe
penetrant effects on MB integrity in contrast to the milder defects
precipitated by the FTDP-17-linked mutant alleles. Unlike ON3R,
which bound less efficiently to microtubules in adult brain ex-
tracts, such differences were not uncovered among the other WT
and mutant Taus (data not shown). Therefore, differential mi-
crotubule binding does not explain differences in the effects on
MB development.

Our data (Fig. 4) (supplemental Figs. 2, 3, available at www.
jneurosci.org as supplemental material) suggest that accumula-
tion of particular hTau isoforms in MBNBs does not seem to lead
to apoptosis or an obvious change of developmental fate. Hence,
we propose in future experiments to address the hypothesis that
defects may arise because of Tau-dependent suppression of
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MBNB proliferation. We suggest that hTau accumulation in
MBNBs or their precursors may disrupt protein complexes and
processes requisite for asymmetric cell division, which permits
MBNBs to continue generating GMCs and eventually the 2500
neurons of each MB. Premature normal cell cycle activation in
the MBNBs and the consequent symmetrical divisions may then
result in loss of their stem cell properties (Doe, 2008), resulting in
fewer GMCs and rarefaction of their descendant MB neurons.
This notion is consistent with reports that hTau in the adult
retina and the brain activates the cell cycle ectopically, resulting in
apoptosis, a potential explanation of vacuolization (Khurana et
al., 2006) in brain areas different from the MBs.

It is intriguing that blocking putative phosphorylation of the
potential atypical PKC targets Ser **® and Thr*** suppressed hTau
MB toxicity. Atypical PKCis involved in establishing cell polarity,
essential for the asymmetric divisions required to regulate self-
renewal as opposed to differentiation (Doe, 2008). Thus, we pro-
pose that, in MBNBs, hTau may sequester atypical PKC away
from complexes requisite to maintain polarity and their self-
renewal, or it interferes directly with the process. Interestingly,
recent reports suggest that excess Tau may differentially target
neural stem cells in the dentate gyrus and the subventricular zone
responsible for adult neurogenesis in the mouse and human pa-
tients (for review, see Thompson et al., 2008). Therefore, hTau
toxicity on MBNBs may represent an analogous phenomenon in
the fly but manifested in the embryo because of their unique
developmental properties (Ito et al., 1997a).

On a practical note, hTau®N*E and hTaw”™ R, which con-
sistently yielded type 2 defects in the majority of animals, could be
used experimentally as a nonchemical method of MB ablation (de
Belle and Heisenberg, 1994), yielding earlier and possibly more
extensive deficits.

Phosphorylation on specific sites mediates Tau-dependent
toxicity and dysfunction of the MBs
Hyperphosphorylation of Tau, especially at particular sites, often
used as diagnostic in human tauopathies is requisite for patho-
genesis (Avila et al., 2004; Sergeant et al., 2008). Similarly, MBNB
toxicity appears to require Tau hyperphosphorylation because it
is enhanced by the highly pathogenic phosphomimic ON4R*'*
protein and suppressed by the underphosphorylated ON4R*”
(Fig. 5). Our data suggest that phosphorylation at specific sites,
rather than hyperphosphorylation per se, appears differentially
implicated in Tau-mediated MB toxicity and dysfunction.
MBNB toxicity appears to require phosphorylation at Ser>*
and Ser>>°, possibly by Par-1 as suggested (Nishimura et al., 2004;
Chatterjee et al., 2009), because blocking it in the context of the
R406W mutation (Fig. 5B) (supplemental Fig. 4 B, available at
www.jneurosci.org as supplemental material) or WT 2N4R (sup-
plemental Fig. 4 D, available at www.jneurosci.org as supplemen-
tal material) yielded normal MBs. Retina toxicity was also
eliminated by blocking phosphorylation of these sites (Nish-
imura et al., 2004; Chatterjee et al., 2009). These data suggest that,
as in the retina, Par-1-targeted sites may also act as facilitators of
additional phosphorylation in the MBNBs. Enhanced phosphor-
ylation after Ser®®* and Ser®>® occupation is prominent at the
GSK3p-targeted (Plattner et al., 2006), AD-relevant epitopes
ATS8, AT100, and PHF-1 among others (Nishimura et al., 2004;
Chatterjee et al., 2009). Interestingly, unlike in the R406W mu-
tant (Nishimura et al., 2004), blocking Par-1 phosphorylation
eliminated 2N4R toxicity in the retina, but phosphorylation re-
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mained elevated at the latter epitopes (Chatterjee et al., 2009).
This suggests that occupation of these sites may occur via distinct
mechanisms in the context of mutant and WT Tau isoforms and
perhaps even have distinct functional consequences.

Furthermore, we demonstrate that hTau-dependent MBNB
toxicity appears to require novel phosphorylations at Ser**® and
Thr?**, because blocking them by substituting alanines elimi-
nated MB aberrations. Congruently, the equivalent sites in bTau,
which is not toxic on the MBNBs, lack phosphorylatable residues,
further underscoring the importance of these phosphorylations
for pathology. However, these sites appear implicated in Tau-
mediated dysfunction because, although the MBs are intact in
flies accumulating 2N4R 5™, they are unable to support normal
associative learning (Fig. 6 B). Surprisingly, phosphorylation at
epitopes typically associated with toxicity and neurodegenera-
tion, such as AT8, AT100, and the Par-1 targets Ser *°* and Ser **°,
was elevated in these animals (Fig. 7A). Therefore, it appears that
putative phosphorylation on Ser®*® and Thr*** normally sup-
presses, at least in part, phosphorylation at these epitopes, and
therefore their blockade by alanines yields the observed enhanced
phosphorylation on 2N4R 5™, Nevertheless, hyperphosphoryla-
tion at these sites, although necessary (Nishimura et al., 2004;
Chatterjee et al., 2009), was not sufficient for MBNB toxicity
without the putative Ser**® and Thr *** occupation. Therefore, we
have identified two novel putatively phosphorylated residues ap-
parently essential for the toxicity and neurodegeneration associ-
ated with excess Tau accumulation in Drosophila and possibly in
human patients as well.

We also dissociated Tau toxicity from dysfunction in Drosophila
by blocking Ser**® and Thr*** phosphorylation. These sites may also
be involved in pathology or behavioral deficits associated with hu-
man tauopathies as suggested (Sergeant et al., 2008), but this assign-
ment requires verification.

Interestingly, these results suggest that hyperphosphorylation
of AT8, AT100, pS262, and pS356 does not always precipitate
toxicity and neurodegeneration. Rather, their effects may depend
on positive and negative contribution of additional Tau phos-
phorylations, possibly the temporal order of phosphorylations
and the neuronal type in which they occur. In the absence of
Ser**® and Thr*** phosphorylation, enhanced occupation of
these sites leads to dysfunctional MBs. In the context of the intact
adult MB neurons of 2N4R > -accumulating flies, our data sug-
gest that augmented phosphorylation at Ser**?/Ser®>° and the
consequent AT100 occupation by analogy to the retina (Nish-
imura et al., 2004) are involved in the Tau-mediated learning
deficits. This is supported by the lack of learning deficits by ani-
mals accumulating R406 WS2A protein (Fig. 6C), in which block-
ade of Ser*®* and Ser>>° phosphorylation results in suppressed
phosphorylation at AT100 (Grammenoudi et al., 2006). Thus,
these sites, whose phosphorylation has been linked to toxicity in
the fly retina and are thought of clinical relevance in human AD
patients, may have distinct roles in dysfunction and degeneration
in the context of additional Tau phosphorylation at particular
sites and the cellular context in which these occur. It is possible
that, in fly and human neurons accumulating Tau, phosphoryla-
tion at Ser>*®/Thr*** may follow occupation of Ser ***/Ser*>® and
AT100, perhaps reflecting the transition from dysfunctional to
degenerating neurons, or they may occur independently. Inves-
tigating these possibilities may lead to better understanding of
dysfunction and degeneration and the possible transition be-
tween them that characterize tauopathies.
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