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A subset of neurodegenerative tauopathies is characterized by abundant filamentous inclusions of hyperphosphorylated tau in both
neurons and glia. Although the contribution of neuronal tau to behavioral changes and neuronal loss in neurodegenerative diseases has
been studied extensively, the functional consequences of tau deposition in glial cells have been less well characterized. To investigate the
role of abnormal tau accumulation and aggregation in glial cells, we created a Drosophila model of glial tauopathy by expressing human
wild-type tau in adult fly glial cells. Glial expression of tau resulted in robust aggregation of phosphorylated tau into fibrillary inclusions
similar to human glial tangles. Tangle formation was accompanied by shortened lifespan and age-dependent apoptotic cell death of both
glia and neurons. Genetic manipulation of Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling modified
toxicity of glial tau. We also identified a synergistic interaction of combined tau expression in neurons and glial cells. In summary, we
present a genetically tractable model of glial fibrillary tau tangle formation and identify JAK/STAT signaling as mediating the death of
both glia and neurons in this model.

Introduction
Tauopathies, including Alzheimer’s disease, are characterized by
filamentous inclusions composed of hyperphosphorylated and
abnormally aggregated tau, a microtubule-associated protein
(Buée et al., 2000). Mutations in the tau gene cause the autosomal
dominant tauopathy frontotemporal dementia with parkinson-
ism linked to chromosome 17 (FTDP-17) (Hutton et al., 1998;
Spillantini et al., 1998; D’Souza et al., 1999; Mirra et al., 1999;
Tolnay et al., 2000). Development of other tauopathies, including
corticobasal degeneration and progressive supranuclear palsy, is
influenced by specific tau haplotypes (Conrad et al., 1997; Houlden
et al., 2001; Goedert and Jakes, 2005). Postmortem analysis of
brains from patients with progressive supranuclear palsy, corti-
cobasal degeneration, and related tauopathies has demonstrated
that numerous fibrillar tau inclusions are present in both neurons
and glia (Chin and Goldman, 1996; Ballatore et al., 2007). Glial
tau inclusions can be highly characteristic of particular tauopa-
thies (Feany and Dickson, 1995; Ikeda et al., 1995; Berry et al.,
2001). In Alzheimer’s disease, glial tau pathology can also be
found in astrocytes and oligodendrocytes (Papasozomenos,
1989a,b; Nakano et al., 1992; Nishimura et al., 1995), although
less prominently than neuronal tau deposition.

A number of groups have demonstrated that the overexpres-
sion of wild-type and FTDP-17-associated mutant tau in neurons
produces neurotoxicity in murine (Ishihara et al., 1999; Spittaels

et al., 1999; Lewis et al., 2000; Probst et al., 2000), Drosophila
(Wittmann et al., 2001; Jackson et al., 2002), and Caenorhabditis
elegans (Kraemer et al., 2003; Miyasaka et al., 2005; Brandt et al.,
2009) tauopathy models. Moreover, transgenic mice overex-
pressing wild-type tau in astrocytes (Forman et al., 2005) and
FTDP-17-associated mutant tau in oligodendrocytes (Higuchi et
al., 2005) revealed that expression of human tau in murine glial
cells disrupts normal glial function (Dabir et al., 2006) and pro-
duces neurodegenerative changes.

The utility of using Drosophila to model human neurodegen-
erative disorders lies in the ability to genetically dissect mecha-
nisms of toxicity (Muqit and Feany, 2002; Bonini and Fortini,
2003; Marsh and Thompson, 2006). Previous studies in the fly
have identified key mediators of tau toxicity in neurons (Jackson
et al., 2002; Nishimura et al., 2004; Khurana et al., 2006; Dias-
Santagata et al., 2007; Fulga et al., 2007), as well as important
pathogenic mechanisms in diseases ranging from Parkinson’s
disease (Auluck et al., 2002; Chen and Feany, 2005; Periquet et al.,
2007) to polyglutamine disorders (Warrick et al., 1999; Steffan et
al., 2001). Because Drosophila glial cells perform similar functions
to their vertebrate counterparts (Freeman and Doherty, 2006)
and are critical for maintaining neuronal viability (Xiong et al.,
1994; Rival et al., 2004; Lievens et al., 2005), we sought to develop
a model of glial tauopathy in Drosophila.

To determine whether expression of human wild-type tau in
Drosophila glial cells is toxic, we expressed tau in adult fly glia. We
find that glial-specific expression of human tau decreases lifespan
and results in age-dependent glial fibrillary tangle formation. We
observe both cell-autonomous glial and non-cell-autonomous
neuronal cell death that is mediated though the Janus kinase/
signal transducer and activator of transcription (JAK/STAT) sig-
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naling cascade. Finally, we show a synergistic enhancement of
toxicity with expression of wild-type human tau in both neurons
and glia.

Materials and Methods
Drosophila stocks and genetics. Human wild-type tau containing no
N-terminal inserts and four microtubule binding domains (0N,4R) was
expressed in adult glia by recombining the glial-specific driver repo–
GAL4 with a ubiquitously expressed temperature-sensitive allele of
GAL80 (tub–GAL80TS) (McGuire et al., 2003). To minimize transgene
expression and prevent lethality produced by expression of tau during
development, all flies were crossed at 17°C. During eclosion, flies were
aged at 30°C in the experiments described in Figures 1– 4 and 6 –7 and
supplemental Figures S3–S6 (available at www.jneurosci.org as supple-
mental material). In other experiments, the temperature at which the
flies were aged was varied to modulate transgenic expression of tau as
indicated in the figure legends. In Figures 1–5 and supplemental Figures
S1–S4 (available at www.jneurosci.org as supplemental material), the
genotype of the experimental (glial tau transgenic) flies was UAS–tauWT/
repo–GAL4 tub–GAL80TS, whereas control flies were of the genotype
repo–GAL4 tub–GAL80TS/�. In other figures, the genotypes varied and
are detailed in the figure legends. Control flies in all experiments were as
closely related to the experimental tau transgenic flies as possible, typi-
cally only lacking the UAS–tauWT transgene. Detailed genotypes are pro-
vided in each figure legend.

The following fly stocks were used: repo–GAL4 (Sepp and Auld, 1999);
UAS–Socs36E (Callus and Mathey-Prevot, 2002); 10XSTAT–GFP (Bach
et al., 2007); UAS–STAT–GFP (Brown et al., 2006); UAS–Socs36E–IR
(Vienna Drosophila RNAi Center, Vienna, Austria); and elav–GAL4,
hop2, tub–GAL80TS (Bloomington Stock Center, Indiana University,
Bloomington, IN).

Lifespan analysis. Crosses were performed at 17°C, and newly eclosed
flies were collected and aged at either 25°C or 30°C. Three hundred flies
were aged in individual vials containing no more than 30 flies each and
assayed for longevity (Wittmann et al., 2001). Food was changed every
1–2 d, and the number of dead flies was recorded.

Immunohistochemistry, immunofluorescence, and terminal deoxynu-
cleotidyl transferase-mediated biotinylated UTP nick end labeling analysis.
For paraffin histology and immunostaining, adult flies were fixed in
formalin and embedded in paraffin. Serial frontal sections (4 �m) were
prepared through the entire fly brain. Slides were processed through
xylene, ethanol, and into water. Antigen retrieval by boiling in sodium
citrate, pH 6.0, was used before immunostaining on paraffin sections. In
some studies, fresh brains were fixed directly in formalin or methanol.
Slides were blocked in PBS containing 0.3% Triton X-100 and 5% milk
for 1 h. Immunostaining was performed using the following primary
antibodies at the specified dilutions: mouse anti-reversed polarity (repo)
(1:25; Developmental Studies Hybridoma Bank, Iowa City, IA), rat anti-
repo (1:25; (Campbell et al., 1994), anti-choline acetyltransferase (ChAT)
(1:250) (Yasuyama et al., 1995), anti-activated caspase-3 (1:50; Trevi-
gen), mouse anti-green fluorescent protein (GFP) (1:50; Clontech), rab-
bit anti-GFP (1:50; Invitrogen), AT8 (1:1000; Thermo Scientific Pierce),
AT100 (1:1000; Thermo Scientific Pierce), anti-PThr212 (1:500; Invitro-
gen), anti-PSer214 (1:500; Invitrogen), PHF1 (1:100; P. Davies, Albert
Einstein College of Medicine, Bronx, NY), MC1 (1:100; P. Davies), and
Alz50 (1:50; P. Davies). For immunofluorescence, the appropriate
fluorescent secondary antibodies (Alexa Fluor 488, Alexa Fluor 555;
Invitrogen) were diluted at 1:200. For immunohistochemistry, biotin-
conjugated secondary antibodies (1:200; Southern Biotechnology) and
avidin– biotin–peroxidase complex (Vectastain Elite; Vector Laborato-
ries) staining was performed. Histochemical detection was performed by
developing with DAB (Sigma-Aldrich).

Apoptotic cell death was visualized using terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling (TUNEL) accord-
ing to the instructions of the manufacturer (TdT FragEL DNA fragmenta-
tion kit; Calbiochem), with an additional avidin– biotin–peroxidase
amplification step. At least eight hemibrains in the region from the midline
to the outer optic chiasm (Tix et al., 1997) were analyzed, and the number of

TUNEL-positive cells throughout the entire hemibrain was quantified. For
double-labeled TUNEL studies, avidin–biotin–peroxidase complex and
streptavidin-coupled Alexa Fluor 488 (1:200) was used to identify TUNEL-
positive cells, and subsequent immunofluorescence detection using anti-
repo or anti-choline acetyltransferase was used to identify the cells with
TUNEL-positive nuclei.

Bielschowsky silver stain and thioflavin-S staining were performed
using standard techniques (Yamamoto and Hirano, 1986).

Sarkosyl extraction. Sarkosyl extraction was performed as described
(Goedert et al., 1992). Briefly, 50 heads from 1-, 10-, and 20-d-old flies
expressing tau in glia and 20-d-old control flies were homogenized in 50
�l of homogenization buffer (in mM: 15 NaCl, 25 Tris-HCl at pH 7.4, 1
EGTA, and 1 EDTA) containing protease inhibitors (Roche Diagnostics).
After a brief centrifugation to pellet cuticle and other large debris, the
homogenate was spun for 1 h at 100,000 � g, and the supernatant was
saved as soluble fraction. The pellet was resuspended in salt/sucrose
buffer (10% sucrose, 0.8 M NaCl, 10 mM Tris-HCl at pH 7.4, and 1 mM

EGTA) containing a protease inhibitor cocktail and centrifuged for 30
min at 15,000 � g. Sarkosyl was added to the supernatant (to make 1%
Sarkosyl) and incubated at 37°C for 1 h and then centrifuged for 2 h at
100,000 � g. The Sarkosyl-insoluble pellet was then resuspended in 15 �l
of homogenization buffer. This fraction was then subjected to both im-
munoelectron microscopy and Western blot analysis. Equivalent vol-
umes of buffers were used on each experimental condition to ensure
similar processing.

For immunostaining of Sarkosyl fractions, an aliquot of the Sarkosyl-
insoluble pellet fraction isolated from 20-d-old glial tau transgenic and
control flies was absorbed onto Formvar-coated, carbon-stabilized, cop-
per grids and air dried. Grids were blocked in PBS with 1% BSA for 30
min and incubated with a phosphorylation-independent polyclonal anti-
tau antibody (1:50; Dako) for 3 h, washed with PBS, and incubated with
10 nm gold-conjugated secondary antibody (1:50; Sigma-Aldrich) for
2.5 h. The grids were washed with dH2O and negatively stained with 2%
uranyl acetate, washed, air dried, and examined on a Tecnai G 2 Spirit
BioTWIN transmission electron microscope.

Phosphatase treatment. Heads from 10- and 30-d-old glial tau trans-
genic flies were homogenized in 1� lambda phosphatase buffer (New
England Biolabs) containing a protease inhibitor cocktail. Homogenates
were incubated with or without lambda protein phosphatase for 3 h at
37°C. Specimens were then subjected to Western blot analysis.

Western blots. Adult Drosophila heads were homogenized in, or
Sarkosyl-extracted fractions were combined with, 2� Laemli’s buffer
(Sigma-Aldrich). Samples were boiled for 10 min, briefly centrifuged,
and subjected to SDS-PAGE in 10% separating gels (Cambrex). Proteins
were transferred to nitrocellulose membranes (Bio-Rad), blocked in 2%
milk in PBS with 0.05% Tween 20, and immunoblotted using one of the
following antibodies: a phosphorylation-independent rabbit polyclonal
anti-tau antibody (1:10 7; Dako), AT8 (1:100,000; Thermo Scientific
Pierce), AT100 (1:1000; Thermo Scientific Pierce), AT270 (1:100,000;
Thermo Scientific Pierce), AT180 (1:10,000; Innogenetics), PHF1 (1:
1000; P. Davies), anti-actin (1:50,000; Sigma-Aldrich), anti-Nrv (1:100;
Developmental Studies Hybridoma Bank), or anti-GFP (1:50,000;
Clontech). The appropriate anti-mouse or anti-rabbit horseradish
peroxidase-conjugated secondary antibody (1:50,000; Southern Biotech-
nology) was applied, and signal was detected by chemiluminescence (Al-
pha Innotech). Ponceau S staining was used to evaluate protein loading
and transfer in all Western blots. Western blots were also reprobed with
antibodies recognizing actin or the Na �, K �-ATPase Nrv, a widely ex-
pressed protein in the Drosophila brain (Sun et al., 1998), to illustrate
equivalent protein loading.

Electron microscopy. Brains from 25-d-old glial tau transgenic and con-
trol flies were dissected out of the cuticle and fixed in 2.5% glutaralde-
hyde (Polysciences). Brains were then incubated in 1% osmium tetroxide
(Electron Microscopy Sciences)/1.5% potassium ferrocyanide (MP Bio-
medicals) for 1 h, 1% uranyl acetate for 30 min, and then processed
through 70, 90, and 100% ethanol solutions. Brains were then incubated
in propyleneoxide for 1 h and embedded in Epon and allowed to poly-
merize for 2 d at 60°C. Ninety-five nanometer sections were cut and
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examined with a Tecnai G 2 Spirit BioTWIN transmission electron mi-
croscope at an accelerating voltage of 80 kV.

For immunostaining, brains of 25-d-old glial tau transgenic and con-
trol flies were dissected and fixed in 4% paraformaldehyde (Electron
Microscopy Sciences) and 0.5% glutaraldehyde (Polysciences) for 10
min. Brains were washed with PBS and incubated in 0.1 M glycine and
then processed through 30, 50, and 70% ethanol washes. Brains were
then embedded in LR-white resin (Electron Microscopy Sciences) and
were allowed to polymerize for 2 d at 59°C. Ninety-five nanometer sec-
tions were stained with AT8 (1:10; Thermo Scientific Pierce) for 4 h,
washed with PBS, and incubated with 5 nm gold-conjugated secondary
antibody (1:50; Sigma-Aldrich) for 2 h. Sections were negatively stained
with 2% uranyl acetate and Reynold’s lead citrate and examined, as
above. We used AT8 rather than AT100 for the immunoelectron micros-
copy because we found that AT8 was more readily detected than AT100
after glutaraldehyde fixation.

Quantification of STAT–GFP levels. Densitometric analysis of GFP lev-
els was performed using FluoroChemHD2 software on Western blots
probed with Clontech antibody recognizing GFP (1:50,000). The results
represent the average of at least six animals per genotype, in which pro-
tein homogenates were prepared and assayed separately from at least six
individual fly heads per genotype.

Results
Expression of tau in Drosophila glial cells reduces lifespan
To express human wild-type tau in Drosophila glial cells, we used
the bipartite galactosidase-4 (GAL4)/upstream activating se-
quence (UAS) transcriptional–transactivation system (Brand
and Perrimon, 1993) and the repo–GAL4 driver. repo–GAL4, a
widely used Drosophila glial driver, is activated during embryo-
genesis and is expressed in most glial cells in the Drosophila CNS
(Sepp et al., 2001; Freeman et al., 2003). When human tau was
expressed with the repo–GAL4 driver pharate, adult lethality was
observed. No adults eclosed, even when the cross was performed
at 17°C to minimize transgene expression. To circumvent devel-
opmental toxicity of tau, we used a ubiquitously expressed,
temperature-sensitive allele of the GAL4 repressor GAL80 (tub–
GAL80TS) (McGuire et al., 2003) to restrict tau expression to
adult glia. The GAL80 system is temperature dependent, with signif-
icant repression of transgene expression at 17°C, moderate repres-
sion at 25°C, and minimal repression at 30°C (supplemental Fig. S1,
available at www.jneurosci.org as supplemental material).

We performed lifespan analyses to evaluate the toxicity of
human tau in adult fly glial cells. We observed a marked reduc-
tion in lifespan of glial tau transgenic flies compared with control
flies (Fig. 1). A reduction in lifespan was also observed when glial
tau transgenic and control flies were aged at 25°C, a more typical
laboratory culture temperature (supplemental Fig. S2, avail-
able at www.jneurosci.org as supplemental material). Because
GAL80TS produced moderate repression of tau expression at the
lower temperature (25°C) (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material), the effect of tau on
decreasing lifespan was more modest than that seen in Figure 1.

Cell-autonomous and non-cell-autonomous death in glial
tauopathy model
To determine the extent to which cell death accompanied the
reduction in lifespan, we assayed aged control and glial tau trans-
genic flies for the presence of TUNEL-positive nuclei. TUNEL
marks fragmented DNA within nuclei of apoptotic cells and has
been shown previously to identify dying cells in a Drosophila model
of neuronal tauopathy (Khurana et al., 2006; Dias-Santagata et
al., 2007). We performed TUNEL on 10-, 20-, and 30-d-old glial
tau transgenic and control flies and observed a significant age-

dependent increase in TUNEL-positive cells in 20- and 30-d-old
glial tau transgenic flies (Fig. 2A).

We performed fluorescent TUNEL and immunofluorescence
using an antibody against the glial-specific marker repo (Lai and
Lee, 2006; Ziegenfuss et al., 2008) to determine the identity of
apoptotic cells observed in aged glial tau transgenic flies. Analysis
of 30-d-old glial tau transgenic flies revealed that TUNEL posi-
tivity colocalized with repo-positive glial nuclei and was essen-
tially absent in control flies (Fig. 2A,B) (supplemental Fig. S3,
available at www.jneurosci.org as supplemental material). To
further explore the mechanism of glial cell death, we performed
double-labeled immunofluorescence using antibodies against
repo and activated caspase, an upstream effector of apoptosis. We
observed the presence of activated caspase staining within the
cytoplasm of repo-positive glial cells in glial tau transgenic flies
(Fig. 2C), supporting an apoptotic mechanism of cell death.

To determine whether the expression of human tau in fly glial
cells resulted in non-cell-autonomous toxic effects on neurons,
we performed fluorescent TUNEL and immunofluorescence us-
ing an antibody against the cholinergic neuronal marker ChAT
on 30-d-old flies. ChAT is a cytoplasmic marker and in Drosoph-
ila neurons labels the thin rim of cytoplasm surrounding cholin-
ergic neuronal nuclei (Fig. 2D). Analysis of 30-d-old glial tau
transgenic flies revealed the presence of ChAT staining in neu-
rons containing TUNEL-positive nuclei (Fig. 2D) establishing
that non-cell-autonomous neuronal death is a feature of aged
glial tau transgenic flies. Colocalization of activated caspase-3
and ChAT confirmed cholinergic neuron apoptotic cell death in
30-d-old glial tau transgenic flies (Fig. 2E). We were unable to
assign glial or neuronal identity to all TUNEL-positive cells be-
cause the cell-type-specific markers available to us were lost in
many apoptotic cells.

Sarkosyl-insoluble, phosphorylated tau accumulates in
Drosophila glial cells
The accumulation of Sarkosyl-insoluble species of tau is a defin-
ing characteristic of tau isolated from brains of patients with
Alzheimer’s disease and related tauopathies (Kosik et al., 1986;
Ksiezak-Reding et al., 1994). To determine whether expression of
human tau in Drosophila glial cells resulted in the formation of
similar species of tau, we performed Sarkosyl extractions on fly

Figure 1. Expression of human tau in adult Drosophila glia reduces lifespan. Fly crosses were
performed at 17°C to minimize transgene expression using the temperature-dependent repres-
sor GAL80TS during development. During eclosion, adult glial tau transgenic (open circles) and
control (filled boxes) flies were aged at 30°C to derepress transgenic tau expression. A marked
reduction in lifespan of glial tau transgenic flies is observed compared with control flies. Geno-
type of tau transgenic flies: UAS–tauWT/repo–GAL4 tub–GAL80TS. Genotype of control flies:
repo–GAL4 tub–GAL80TS/�.
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head homogenates from 1-, 10-, and 20-d-old glial tau transgenic
flies and 20-d-old control flies (Fig. 3A). As expected, we did not
detect the presence of tau in homogenates of 1-d-old glial tau
transgenic flies grown at the restrictive 17°C temperature (Fig.
3A, d1). We did observe an age-dependent increase in the

amount of Sarkosyl-insoluble tau recov-
ered between days 10 and 20 (Fig. 3A,
right), whereas levels of Sarkosyl-soluble
tau were similar at the two time points
(Fig. 3A, left).

To determine the ultrastructural charac-
teristics of tau present in the Sarkosyl-
insoluble fraction, we performed
immunoelectron microscopic analysis on
the Sarkosyl-insoluble fraction isolated
from 20-d-old glial tau transgenic and con-
trol flies, using a phosphorylation-indepen-
dent polyclonal anti-tau antibody (Dako).
We identified tau-immunoreactive straight
filaments in aged glial tau transgenic flies
(Fig. 3B) (supplemental Fig. S4A, available
at www.jneurosci.org as supplemental ma-
terial). Similar fibrils were not detected in
the Sarkosyl-insoluble fraction derived from
control flies. These studies demonstrate that
tau isolated from glial tau transgenic flies
forms Sarkosyl-insoluble fibrils, a defining
characteristic of pathological tau derived
from human tauopathy brains (Ksiezak-
Reding et al., 1994).

The presence of abnormally phos-
phorylated tau is also a prominent feature
of human tauopathies (Ballatore et al.,
2007). To determine the phosphorylation
state of human tau expressed in adult
Drosophila glial cells, we performed West-
ern blot analysis on fly head homogenates
and compared the electrophoretic mobil-
ity with and without the presence of
lambda phosphatase (Fig. 3C). A pro-
nounced phosphatase-dependent shift in
electrophoretic mobility was observed in
samples from 10- and 30-d-old glial tau
transgenic flies, suggesting that human
tau is phosphorylated when expressed in
Drosophila glial cells.

Phosphorylation of tau at particular
sites can be identified using specific anti-
bodies. A number of these phosphoryla-
tion events are associated with human
tauopathies (Buée et al., 2000). To deter-
mine whether these tauopathy-associated
sites were phosphorylated in our Drosoph-
ila model of glial tauopathy, we per-
formed Western blot analysis of fly head
homogenates using a number of phospho-
specific antibodies. Western blots of 1-,
10-, and 30-d-old glial tau transgenic flies
and 30-d-old control flies revealed that
glial-expressed tau is phosphorylated at
the disease-associated phosphorylation
sites AT8, AT100, AT180, and AT270 (Fig.
3D). As expected, no signal was detected

in 30-d-old control flies and 1-d-old glial tau transgenic flies.
Phosphorylation at the AT8 and AT100 epitopes increased with
age, whereas AT180 and AT270 levels remained at constant levels
from days 10 to 30. These data suggest that kinases resident in fly glial
cells are capable of phosphorylating tau, similar to observations

Figure 2. Age-dependent apoptotic glial and neuronal cell death in glial tau transgenic flies. A, Quantification of the number of
TUNEL-positive cells in frontal brain sections throughout the entire brain of glial tau transgenic (black) and control (white) flies. At
least 12 hemibrains of 10-, 20, and 30-d-old control and glial tau transgenic flies were analyzed. A statistically significant increase
in the number of TUNEL-positive nuclei is observed in 20- and 30-d-old glial tau transgenic flies compared with control flies.
Statistical analysis was performed with an unpaired t test. **p � 0.01. Error bars represent � SEM. B–E, Double-label immuno-
fluorescence and TUNEL on frontal sections of 30-d-old glial tau transgenic flies. Colocalization of the glial-specific protein repo
(red; B, C) with TUNEL-positive nuclei (green, B) and activated caspase-3 (Act Casp; green, C) reveals the presence of apoptotic glial
nuclei in aged glial tau transgenic flies (arrows, B, C). Double-label immunofluorescence with the cytoplasmic cholinergic neuronal
marker ChAT (red) and TUNEL labeling (green) identifies cytoplasm of a cholinergic neuron surrounding a TUNEL-positive nucleus
(arrows, D), demonstrating cholinergic neuronal cell death in aged glial tau transgenic flies. Apoptotic cholinergic neuronal cell death was
further confirmed by colocalization of ChAT staining (red) and activated caspase-3 (green) in glial tau transgenic flies (arrows, E). Nuclei are
counterstained with 4�,6�-diamidino-2-phenylindole (DAPI) (blue). Scale bar, 5 �m. Genotype of tau transgenic flies: UAS–tauWT/repo–
GAL4 tub–GAL80TS. Genotype of control flies: repo–GAL4 tub–GAL80TS/�. Flies were aged at 30°C.
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made when human tau was expressed in
Drosophila neurons (Wittmann et al., 2001;
Jackson et al., 2002; Steinhilb et al., 2007a).

Expression of human tau in Drosophila
glial cells results in glial fibrillary
tangle formation
Neurofibrillary and glial fibrillary tangles
are pathological hallmarks of tauopathies
and can be identified using a variety of
histochemical and immunohistochemical
staining techniques (Chin and Goldman,
1996; Ballatore et al., 2007). To determine
whether similar inclusion pathology
was present in glial tau transgenic flies,
we performed immunohistochemistry
on paraffin-embedded sections of 30-d-old
glial tau transgenic and control brains using
antibodies against disease-associated phos-
phoepitopes of tau. Low-magnification im-
ages of sections stained with the AT100
monoclonal antibody show punctate im-
munoreactivity throughout the cortex and
neuropil of 30-d-old glial tau transgenic flies
(Fig. 4A, arrows), with no detectable immu-
nostaining observed in age-matched control
flies (Fig. 4B). Higher-magnification images
of AT100 immunostaining reveal inclusion
bodies in glial tau transgenic flies (Fig. 4C,
arrows) and no detectable inclusions in
age-matched control flies (Fig. 4D). Inclu-
sion bodies were also recognized by other
phosphorylation- and conformation-spe-
cific antibodies, including AT8, anti-
PSer212, anti-PSer214, PHF1, MC1, and
Alz50 (supplemental Fig. S4B,C, available
at www.jneurosci.org as supplemental ma-
terial) (data not shown). We identified
phosphorylated tau in the proximal processes of glial cells (Fig.
4E,F) and also in the distal processes of glial cells (Fig. 4G), similar
to findings in progressive supranuclear palsy and corticobasal
degeneration (Feany and Dickson, 1996). Double-labeled immu-
nofluorescence using antibodies against repo and tau phosphor-
ylated at serine 214 confirmed the glial identity of these tau-
expressing cells (Fig. 4H, arrow) and identified phosphorylated tau in
glial processes (Fig. 4H, arrowhead).

To further explore the similarity of inclusions in our glial tau
transgenic flies to authentic fibrillary tau inclusions formed in
human diseases, we performed Bielschowsky silver stain and
thioflavin-S staining on 30-d-old glial tau transgenic and control
flies. Bielschowsky silver staining identified inclusions in glial tau
transgenic flies (Fig. 4 I, arrows) but not in control flies (Fig. 4 J).
Inclusions were also stained with thioflavin-S (Fig. 4K, arrows).
No thioflavin-S stained structures were present in control flies
(Fig. 4L).

Finally, to characterize the inclusions at the ultrastructural
level, we performed transmission electron microscopy on sec-
tions of 25-d-old glial tau transgenic and age-matched control fly
brains. Fibrillar aggregates were present in tau transgenic but not
control flies (Fig. 4M) (data not shown). These aggregates were
composed of straight filaments with diameter of 10 –15 nm, sim-
ilar to the glial fibrillary tangles found in tauopathy brains (Buée
et al., 2000).

To confirm that these inclusions were composed of tau, we
performed immunoelectron microscopy on 25-d-old control
and glial tau transgenic flies using the phosphorylation-specific
antibody AT8 and confirmed the presence of fibrillar tau inclu-
sions in tau transgenic flies (Fig. 4N). In summary, we have used
the following features to support our identification of inclusion
bodies with important similarities to authentic tangles in brains
from our glial tau transgenic flies: well demarcated morphol-
ogy at the light and electron microscopic levels, reactivity with
thioflavin-S and Bielschowsky silver stains, formation of
fibrils with size and morphology similar to those seen in com-
parable four repeat human tauopathies, and localization
within aggregates of abnormally phosphorylated and confor-
mationally altered tau as evidenced by immunoreactivity with
phosphorylation- and conformation-specific antibodies.

Reducing tau expression prevents toxicity without changing
inclusion number
We took advantage of our regulated expression system to probe
the effects of reducing tau levels after onset of toxicity and tangle
formation. Fly crosses were performed at the restrictive 17°C
temperature. After eclosion, animals were aged at 30°C for 20 d to
allow tau expression, neurotoxicity, and inclusion deposition.
Flies were then transferred to 17°C for 10 d to reduce tau expres-
sion. Separate groups of glial tau transgenic animals were aged to
30 d at a continuous temperature of 17°C or 30°C. Tau was min-

Figure 3. Insoluble, phosphorylated tau accumulates in aged glial tau transgenic flies. A, Western blot analysis performed on
Sarkosyl-soluble and -insoluble fractions of homogenized control and glial tau transgenic flies. Sarkosyl-soluble tau is detected in
10- and 20-d-old glial tau transgenic flies using a phosphorylation-independent polyclonal antibody (Dako) but is absent from
1-d-old glial tau transgenic flies and 20-d-old control (Ctrl) flies (left). An age-dependent increase in Sarkosyl-insoluble tau species
in 10- and 20-d-old glial tau transgenic flies is seen (right). No Sarkosyl-insoluble tau is observed in 1-d-old glial tau flies or
20-d-old control flies. Equivalent numbers of flies and homogenization buffer volumes were used in all experiments. Blots are
representative of three independent experiments. B, Immunoelectron microscopy of the Sarkosyl-insoluble fraction isolated from
20-d-old glial tau transgenic flies, using a phosphorylation-independent polyclonal antibody (Dako), demonstrates that the
Sarkosyl-insoluble material tau fibrils. Scale bar, 100 nm. C, Western blot analysis of fly head homogenates from 10- and 30-d-old
glial tau transgenic flies treated with or without lambda phosphatase. A phosphatase-dependent shift in electrophoretic mobility
is seen in both 10- and 30-d-old glial tau transgenic flies using a phosphorylation-independent polyclonal antibody (Dako). D,
Western blot analysis of fly head homogenates of 1-, 10-, and 30-d-old glial tau transgenic flies and 30-d-old control flies (Ctrl)
reveals the presence of disease-associated phosphorylation events on tau in glial tau transgenic flies. AT100 and AT8 display an
age-dependence increase in signal, whereas AT180 and AT270 remain at similar levels from 10- and 30-d-old glial tau transgenic
flies. Total tau was detected using a phosphorylation-independent polyclonal antibody (Dako). Genotype of tau transgenic flies:
UAS–tauWT/repo–GAL4 tub–GAL80TS. Genotype of control flies: repo–GAL4 tub–GAL80TS/�. Flies were aged at 30°C.
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imally expressed in flies aged at 17°C for the entire experimental
period (Fig. 5A). As expected, aging flies at 30°C produced sub-
stantial tau expression. Reducing the culture temperature to 17°C
for 10 d reduced tau levels compared with continuous aging at
30°C (Fig. 5A). A modest reduction in tau levels in the flies
switched to 17°C for 10 d prevented cell death as assessed by
TUNEL staining (Fig. 5B). In contrast, no alteration in the num-
ber of glial fibrillary tangles was observed after switching flies to
17°C for 10 d (Fig. 5C,D).

STAT activity is reduced in glial tau transgenic flies
To probe the mechanisms underlying the toxicity of human tau
in Drosophila glial cells, we performed a deficiency screen de-
signed to allow identification of enhancers and suppressors of
glial tau toxicity and recovered suppressor of cytokine signaling
36E (Socs36E) in one of the candidate intervals (our unpublished

results). SOCS proteins are inhibitors of JAK/STAT signaling in
mammals and have been shown to perform similar functions in
Drosophila (Callus and Mathey-Prevot, 2002; Yoshimura et al.,
2007). Transgenic STAT–GFP reporter flies have been developed
previously and characterized as indicators of STAT activity (Baeg
et al., 2005; Bach et al., 2007). To determine whether STAT–GFP
reporter activity was altered in glial tau transgenic flies, we per-
formed Western blot analysis on 10-, 20-, and 30-d-old glial tau
transgenic and control flies carrying the STAT–GFP reporter
construct (Fig. 6A) (supplemental Fig. S5, available at www.
jneurosci.org as supplemental material). We observed a decrease
in STAT–GFP reporter activity in 20- and 30-d-old glial tau
transgenic flies compared with control flies. To confirm that the
decrease in STAT–GFP reporter activity was localized to glial
cells, we performed double-labeled immunofluorescence on 30-
d-old glial tau transgenic and control flies using antibodies

Figure 4. Glial fibrillary tangle formation in tau transgenic flies. A–G, Immunohistochemistry of frontal sections of 30-d-old glial tau transgenic and control flies using an antibody against the
phosphorylation and conformation-specific antibody AT100. Low-magnification images of glial tau transgenic flies reveal numerous inclusions throughout the cortex and neuropil of the brain of glial
tau transgenic flies (arrows, A). There is no staining in control flies (B, D). C–G, High-magnification images reveal AT100-positive inclusion bodies (C), tau-positive glial processes (E, F ), and staining
of distal processes in the neuropil (G). H, Double-labeled immunofluorescence using antibodies against repo (red) and tau phosphorylated at residue 214 (green) confirms that phosphorylated tau
is present in glial cell bodies (arrow, H ) and glial processes (arrowhead, H ). Nuclei are counterstained with DAPI (blue). I, J, Bielschowsky silver staining of glial tau transgenic (I ) and control flies
(J ) stains inclusions in glial tau transgenic flies (arrows, I ). K, L, Thioflavin-S staining of glial tau transgenic (K ) and control (L) flies identifies inclusions in glial tau transgenic flies (arrows, K ). M,
Standard transmission electron microscopy of 25-d-old glial tau transgenic flies reveals the presence of tau filaments. N, Immunoelectron microscopy using the phospho-specific antibody AT8 labels
tau fibrils in glial tau transgenic flies. Inset in N displays higher magnification of tau-immunopositive fibrils. Scale bars: A, B, 25 �m; C–L, 5 �m; M, N, 200 nm; inset in N, 50 nm. Genotype of tau
transgenic flies: UAS–tauWT/repo–GAL4 tub–GAL80TS. Genotype of control flies: repo–GAL4 tub–GAL80TS/�. Flies were aged at 30°C.
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against the glial-specific proteins repo and
GFP. We observed that STAT–GFP re-
porter activity was specifically reduced in
the glial cells of glial tau transgenic flies
compared with control flies (Fig. 6B). The
observed decrease in STAT–GFP activ-
ity is unlikely to be attributable to sub-
stantial death of glial cells because
nuclei of STAT–GFP-negative glial cells
are observed in normal distributions in
the fly brain (Fig. 6 B, bottom row).
Moreover, overexpression of polyglu-
tamine expanded mutant human
ataxin-3, which results in lethality of
adult flies within 10 d after eclosion
(driver: repo–GAL4,tub–GAL80TS) does
not affect STAT–GFP reporter activity
(supplemental Fig. S6, available at www.
jneurosci.org as supplemental mate-
rial). These studies reveal that the
expression of human tau in Drosophila
glial cells results in a reduction of STAT
reporter activity.

JAK/STAT signaling mediates toxicity
To explore the role JAK/STAT signaling
plays in mediating the toxicity associated
with expression of tau in glial cells, we per-
formed genetic experiments to manipu-
late key components of the JAK/STAT
signaling pathway in glial cells. To deter-
mine whether the restoration of STAT
activity could suppress toxicity, we in-
creased levels of STAT using a UAS–STAT
transgene (Brown et al., 2006). Overex-
pression of STAT significantly suppressed the number of
TUNEL-positive cells in 30-d-old glial tau transgenic flies (Fig.
7A). Conversely, reducing the dosage of hopscotch (hop), the
Drosophila homolog of JAK (Perrimon and Mahowald, 1986),
in glial tau transgenic flies produced a significant increase in the
number of TUNEL-positive cells in 30-d-old glial tau transgenic
flies (Fig. 7A). Reduction of hop levels in control flies did not
result in toxicity (Fig. 7A).

We then altered levels of Socs36E, an inhibitor of JAK/STAT
signaling, and assayed the effects on toxicity in glial tau transgenic
animals. Decreasing Socs36E using a transgenic RNA interference
(RNAi) construct significantly decreased toxicity, whereas over-
expression of Socs36E suppressed toxicity (Fig. 7A). Decreasing
Socs36E levels in the absence of tau was not toxic (Fig. 7A).

To confirm alterations in STAT activity with genetic manipu-
lations of the JAK/STAT pathway that modified glial tau toxicity,
we assayed STAT reporter activity in the modified genotypes.
Quantitative analysis revealed an approximate sixfold decrease in
STAT reporter activity in glial tau transgenic flies compared with
control flies (Fig. 7B). RNAi-mediated knockdown of Socs36E
significantly restored STAT reporter activity (Fig. 7B), and, con-
versely, overexpression of Socs36E and reduction in hop levels both
significantly enhanced the reduction in STAT reporter activity
(Fig. 7B). We did not see consistent effects of JAK/STAT pathway
modifiers on the phosphorylation of tau using the AT8, AT270,
and AT100 antibodies, consistent with a role for the JAK/STAT
pathway downstream of tau phosphorylation (data not shown).

Our results thus far demonstrate that expression of human tau

in glial cells produces death of glia and non-cell-autonomous
neuronal death accompanied by glial fibrillary tangle formation
and reduction in JAK/STAT pathway activation. However, in hu-
man tauopathies such as progressive supranuclear palsy, cortico-
basal degeneration, and related disorders, tau is present in both
neurons and glia. We described previously a neuronal tauopathy
model based on expression of wild-type human tau (Wittmann et
al., 2001) in Drosophila neurons using the pan-neural driver elav–
GAL4. To determine whether neuronal and glial tau can interact
in an in vivo animal model system, we expressed wild-type human
tau in both neurons and glia. We aged the animals at 25°C to
decrease tau expression with the GAL80TS allele and thus mini-
mize the toxicity of human tau expressed solely in neurons or glia.
Remarkably, we found that, under conditions in which neither
neuronal nor glial tau expression produced significant cellular
toxicity as measured by the number of apoptotic cells, there was a
striking increase in toxicity with combined expression of tau in
both neurons and glia (Fig. 8). Phosphorylation of tau was only
modestly increased in flies expressing tau in both neurons and
glia (supplemental Fig. S7, available at www.jneurosci.org as sup-
plemental material).

Discussion
In human tauopathies, the presence and detailed morphology of
glial inclusions can be quite important diagnostically (Feany and
Dickson, 1996; Berry et al., 2001); however, the significance of the
accumulation of fibrillar tau in glial cells to the neurodegenera-
tion characteristic of these disorders has been unclear. Patho-

Figure 5. Reducing tau expression prevents toxicity without changing tangle burden. A, Western blot analysis of tau levels in
30-d-old control flies (Ctrl) aged at 30°C for 30 d (30) and tau transgenic flies aged for 30 d at 17°C (17), for 30 d at 30°C (30), and
for 20 d at 30°C, followed by 10 d at 17°C (30317). The blot was probed with a phosphorylation-independent polyclonal anti-tau
antibody (Dako) (top), followed by an antibody to the Na �, K �-ATPase Nrv, a widely expressed protein in the Drosophila brain, to
illustrate equivalent protein loading (bottom). B, Quantification of the number of TUNEL-positive cells in frontal brain sections of
glial tau transgenic and control flies grown at 30°C for 30 d or glial tau transgenic flies aged at 30°C for 20 d and then aged at 17°C
for 10 d. At least six hemibrains were analyzed for each genotype and temperature regimen. A statistically significant decrease in
the number of TUNEL-positive nuclei was observed in 30-d-old glial tau transgenic flies switched to 17°C for 10 d to repress tau
expression compared with glial tau transgenic flies grown for 30 d at 30°C. C, AT100-immunoreactive glial tangles are not formed
in flies aged at 17°C but are abundant in animals aged at 30°C or aged for 20 d at 30°C and then switched to 17°C for an additional
10 d (30317). D, Quantitative analysis reveals no difference in inclusion number after temperature-dependent reduction of tau
expression (30317). Inclusions �3 �m in diameter were counted in a section of the medulla (as illustrated in C) from six animals
per genotype and temperature regimen. Statistical analysis was performed with one-way ANOVA with Student–Newman–Keuls.
**p � 0.01. Error bars represent � SEM. Genotype of tau transgenic flies (Tau): UAS–tauWT/repo–GAL4 tub–GAL80TS. Genotype
of control (A, B) flies: repo–GAL4 tub–GAL80TS/�.
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logical analysis of tissue from patients with progressive
supranuclear palsy suggested that glial tau inclusions represent a
degenerative, rather than reactive, change based on lack of in-
creased glial fibrillary acidic protein (GFAP) in affected astro-
cytes (Togo and Dickson, 2002). A positive correlation between
neurofibrillary tangles and glial tau inclusions has been reported
in the central gray matter, pontine nuclei, and tegmentum, which
are plausible anatomic mediators of the major clinical symptoms
in progressive supranuclear palsy (Ito et al., 2008). Furthermore,
the glial-specific intermediate filament GFAP is a major target of
oxidative damage in both the sporadic tauopathy Pick’s disease
(Muntane et al., 2006) and the genetic tauopathy FTDP-17 (Mar-
tinez et al., 2008). To establish an experimental system to explore
the potential for glial tau to influence neurodegeneration, we
created a model of glial tauopathy in the genetically powerful
model system Drosophila. Our results demonstrate toxicity of
wild-type human tau to glial cells and non-cell-autonomous
death of neurons. Thus, our data support a role for glial tau in
contributing to neurodegeneration in tauopathies. These find-
ings are consistent with data from murine tauopathy models
(Forman et al., 2005; Higuchi et al., 2005).

The toxicity associated with the Drosophila model of glial
tauopathy is accompanied by the accumulation of inclusions
similar at the light and electron microscopic levels to authentic
human glial fibrillary tangles. The presence of numerous fibril-
lary tau tangles in our glial tauopathy model contrasts with the
Drosophila model of neuronal tauopathy, in which neurodegen-

eration occurs in the absence of signifi-
cant neurofibrillary tangle formation
(Wittmann et al., 2001). The reason for
the discrepancy in tangle formation be-
tween the neuronal and glial tauopathy
models is not clear. Fly kinases can phos-
phorylate human tau (Jackson et al., 2002;
Nishimura et al., 2004; Steinhilb et al.,
2007b), and coexpression of Shaggy, the
Drosophila glycogen synthase kinase-3
homolog, induces neurofibrillary-type
changes in flies expressing tau in neurons
(Jackson et al., 2002). Thus, the disparity
in tangle formation between the neuronal
and glial Drosophila models of tauopathy
might reflect altered kinase and phospha-
tase levels in fly glia compared with neu-
rons. However, although there is
substantial phosphorylation of glial tau
(Fig. 3), a direct comparison of phosphor-
ylation in neurons and glia does not sug-
gest increased phosphorylation of glial
tau, at least at the sites examined (supple-
mental Fig. S7, available at www.
jneurosci.org as supplemental material).
Rather, an increase in total levels of tau
may drive tangle formation in glia (sup-
plemental Fig. S7, available at www.
jneurosci.org as supplemental material).
Alternatively, other aspects of the glial cel-
lular milieu might promote tangle forma-
tion. In mice, endogenous mouse tau
inhibits the formation of neuronal tangles
by transgenically expressed human tau
(Andorfer et al., 2003). Because fly tau is
expressed in neurons (Heidary and For-

tini, 2001), the presence of fly tau could similarly inhibit the
formation of neuronal tangles.

Inclusions appear in many neurodegenerative diseases, but
the role these aggregates play in pathogenesis remains a subject of
debate. Studies using repressible neuronal tau transgenic mice
have demonstrated a dissociation of neurofibrillary tangle forma-
tion and cell death (Santacruz et al., 2005; Spires et al., 2006). In
contrast, studies in mouse models of Huntington’s disease have
suggested that inclusions found in these models are capable of
sequestering key transcription factors, which contributes to pa-
thology (Yamanaka et al., 2008). In a first exploration of the
relationship between tangle formation and toxicity in our model,
we have reduced tau expression after the onset of cellular toxicity
and inclusion deposition. We find that even a modest reduction
in the levels of tau markedly reduces neuronal and glial cell death,
without altering the number of tangles (Fig. 5). These findings are
similar to those of Santacruz et al. (2005) in a repressible neuro-
nal murine model of tauopathy. The significant remaining tau
protein after 10 d at the restrictive temperature for tau expression
in our animals (Fig. 5A) is also consistent with previous studies
suggesting a very long half-life for tau in vivo (Mercken et al.,
1995; Morales-Corraliza et al., 2009).

Long thought to be passive structural elements in the brain,
glia are now being appreciated for their active participation in
processes such as synapse development, neurotransmitter buff-
ering, and response to injury and disease. Thus, neural– glial in-
teractions appear to be essential for proper brain functioning and

Figure 6. STAT–GFP reporter activity is decreased in glial cells of aged glial tau transgenic flies. A, Western blot analysis of
STAT–GFP reporter levels in 10-, 20-, and 30-d-old STAT–GFP control (Ctrl) and glial tau transgenic (Tau) flies. A decrease in levels
of GFP can be detected in 20- and 30-d-old glial tau transgenic flies compared with control flies (top). Actin levels are shown to
illustrate equivalent protein loading (bottom). A representative blot illustrating the results of five independent experiments is
shown. B, Double-labeled immunofluorescence of frontal brain sections of 30-d-old glial tau transgenic and control flies contain-
ing the STAT–GFP reporter. STAT–GFP (green) is present in repo-positive glial cells (red) in control flies (top row). A reduction in
STAT–GFP (green) is observed in repo-positive glial cells (red) in glial tau transgenic flies (bottom row). DAPI, 4�,6�-Diamidino-
2-phenylindole. Insets in B–I are high-magnification images of individual glial cells outlined by white boxes in low-magnification
images. Scale bar: B, 20 �m; insets, 2 �m. Genotype of tau transgenic flies (Tau): 10XSTAT–GFP/�; UAS–tauWT repo–GAL4
tub–GAL80TS/�. Genotype of control flies (Ctrl): 10XSTAT–GFP/�; repo–GAL4 tub–GAL80TS/�. Flies were aged at 30°C.
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cell viability (Ransom et al., 2003; Allen and Barres, 2009). In
Drosophila, glial cells are responsible for the phagocytic clearance
of cellular debris in the adult fly (MacDonald et al., 2006), and
targeted ablation of glial cells has been shown to result in the
death of neuronal cells during fly development (Booth et al.,
2000; Sepp et al., 2001). Additionally, fly mutants characterized
by glial cell loss display secondary neuronal degeneration in
adults (Xiong and Montell, 1995), underscoring the essential role
of glial cells in the fly brain. Our studies further establish the
importance of proper neural– glial interactions in the adult fly
brain because glial-specific expression of tau resulted in both glial
and non-cell-autonomous neuronal cell death (Fig. 2). Recent
studies from conditional glial-derived neurotrophic factor
knock-out mice demonstrate that neuronal viability in adult
mice is also dependent on proper maintenance of glial trophic
support (Pascual et al., 2008). Glial-secreted neurotrophic factors
have yet to be identified in Drosophila, but the glial tau transgenic
flies described in this study could potentially be useful in this
search.

The ability to use genetic screening methods to identify cellu-
lar pathways and proteins that underlie disease pathogenesis is an
important application of Drosophila models of human neurode-
generative disease (Muqit and Feany, 2002; Bonini and Fortini,
2003; Marsh and Thompson, 2006). In an initial approach to
genetic screening in our glial tauopathy model, we have obtained
genetic evidence strongly supporting a role for JAK/STAT signal-
ing in mediating toxicity in our model (Fig. 7) using the number
of dying cells as measured by TUNEL staining as a readout. An
important caveat of the current work is the need for confirmation
of the influence of JAK/STAT manipulation on the overall health
of glial tau transgenic animals using additional assays. Using re-
porters for the JAK/STAT signaling pathway, we find a reduction
in signaling in glial cells expressing tau. JAK/STAT signaling is a
highly conserved signaling pathway that is involved in an array of
diverse cellular processes and is central to the transduction of
inflammatory signals. Alzheimer’s disease and related tauopa-
thies are characterized by gliosis and increased levels of inflam-
matory cytokines (Heneka and O’Banion, 2007). JAK/STAT

Figure 7. Genetic manipulation of JAK/STAT signaling modifies toxicity and STAT–GFP
reporter activity in glial tau transgenic flies. A, Quantification of the number of TUNEL-
positive cells of 30-d-old glial tau transgenic flies alone (genotype: UAS–tauWT/repo–
GAL4 tub–GAL80TS) or with genetic manipulation of JAK/STAT signaling components. Tau
toxicity is suppressed by coexpression of a STAT transgene (UAS–STAT/�; UAS–tauWT

repo–GAL4 tub–GAL80TS/�) and RNAi-mediated knockdown of Socs36E (UAS–tauWT re-
po–GAL4 tub–GAL80TS/UAS–Socs36E–IR) and enhanced by overexpression of Socs36E
(UAS–Socs36E/�; UAS–tauWT repo–GAL4 tub–GAL80TS/�) and 50% reduction in hop
levels using the null allele, hop2 (hop2/�;UAS–tauWT repo–GAL4 tub–GAL80TS/�). No
toxicity is observed in control flies that overexpress Socs36E (UAS–Socs36E/repo–GAL4
tub–GAL80TS) or control flies with 50% reduction in hop levels (hop2/�; repo–GAL4
tub–GAL80TS/�). At least 12 hemibrains per genotype were analyzed. Statistical analysis
was performed with one-way ANOVA with Student–Newman–Keuls test. **p � 0.01.
Error bars represent � SEM. Genotype of control flies: repo–GAL4 tub–GAL80TS/�. B,
Densitometric analysis of Western blots measuring GFP levels. STAT–GFP levels in 30-d-
old glial tau transgenic flies with genetic manipulation of JAK/STAT signaling compo-
nents. The decrease in STAT–GFP observed in glial tau transgenic flies (10XSTAT–GFP/�;
UAS–tauWT repo–GAL4 tub–GAL80TS/�) compared with control flies (10XSTAT–GFP/�;
repo–GAL4 tub–GAL80TS/�) is significantly restored by coexpression of STAT (10XSTAT–
GFP/UAS–STAT; UAS–tauWT repo–GAL4 tub–GAL80TS/�) and RNAi-mediated reduction
of SOCS36E (10XSTAT–GFP/�; UAS–tauWT repo–GAL4 tub–GAL80TS/UAS–SOCS36E–IR).
Reduction in STAT–GFP in glial tau transgenic flies is significantly enhanced by overex-
pression of Socs36E (UAS–SOCS36E/10XSTAT–GFP; UAS–tauWT repo–GAL4 tub–
GAL80TS/�) or a 50% reduction in hop levels (hop2/�; 10XSTAT–GFP/�; UAS–tauWT

repo–GAL4 tub–GAL80TS/�). The results represent the average of at least six animals per
genotype, in which protein homogenates were prepared and assayed separately from at
least six individual fly heads per genotype. Statistical analysis was performed with one-
way ANOVA with Student–Newman–Keuls test. **p � 0.01. Error bars represent � SEM.
Flies were aged at 30°C.

Figure 8. Synergistic toxicity of neuronal and glial tau. Quantification of the number of
TUNEL-positive cells of 1-, 10-, and 30-d-old transgenic flies expressing tau in neurons (geno-
type: elav–GAL4/�;UAS–tauWT/tub–GAL80TS), glia (genotype: UAS–tauWT/repo–GAL4 tub–
GAL80TS), or in both neurons and glia (genotype: elav–GAL4/�;UAS–tauWT repo–GAL4 tub–
GAL80TS/�), and in control flies (genotype: elav–GAL4/�;repo–GAL4 tub–GAL80TS/�). A
statistically significant increase in the number of TUNEL-positive nuclei is observed in 10- and
30-d-old flies expressing tau in neurons and glia. Statistical analysis was performed with one-
way ANOVA with Student–Newman–Keuls test. **p � 0.01. Error bars represent � SEM. Flies
were aged at 25°C to support moderate expression of tau.
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signaling is activated as astrocytes become reactive in response to
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine toxicity and scrapie
infection (Schwartz and Nishiyama, 1994; Sriram et al., 2004).
Potential effectors of JAK/STAT signaling in astrocytes include
regulation of astrocytic intercellular communication through
modulation of connexin expression (Ozog et al., 2004), and pu-
tative downstream effectors have been implicated in glial gluta-
mate uptake of stem-cell-derived astrocytes (Wilczynska et al.,
2009). Of note, studies using a mouse model of glial tauopathy
demonstrated that expression of tau in astrocytes leads to an
impairment of glutamate transport (Dabir et al., 2006). Thus,
investigation of JAK/STAT signaling is a promising candidate for
additional evaluation in human tauopathies.

In this study, we reveal a synergistic increase in toxicity with
coexpression of tau in both neurons and glial cells. When tau was
expressed at modest levels, which did not result in significant cell
death in neurons or glial cells alone, a significant increase in
toxicity was revealed during coexpression of tau in both cell types
(Fig. 8). These findings are noteworthy because human tauopa-
thies, including progressive supranuclear palsy, corticobasal de-
generation, and Pick’s disease, are characterized by the presence
of fibrillar tau inclusions in both cell types (Feany and Dickson,
1996; Berry et al., 2001). Because many biological interactions
may be nonlinear, a synergistic interaction between neuronally
and glially expressed tau may not necessarily be surprising; how-
ever, our findings do suggest that targeting glial tau may have a
significant impact therapeutically. Because glial tau accumula-
tion has been reported in Alzheimer’s disease (Papasozomenos,
1989a,b; Nakano et al., 1992; Nishimura et al., 1995) and even in
normal aging as accumulation of significant numbers of thorn-
shaped astrocytes (Schultz et al., 2004), our model could have
implications beyond traditionally defined glial tauopathies such
as progressive supranuclear palsy and corticobasal degeneration.

In summary, we report a Drosophila model of glial tauopathy
that recapitulates important features of the human disorders,
including formation of glial fibrillary tangles. Toxicity is medi-
ated through reduced JAK/STAT signaling in glial cells and non-
cell-autonomous neuronal degeneration. Our model represents a
genetically tractable tool in which to continue to dissect the
mechanisms of glial tau toxicity. Furthermore, our work suggests
that preventing glial accumulation and expression of tau in hu-
man tauopathies may be a useful therapeutic strategy, particu-
larly because we demonstrate a striking enhancement in toxicity
with expression of tau in both neurons and glia, as occurs in many
tauopathies.
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