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Stress induces aggregation of RNA-binding proteins to form inclusions, termed stress granules (SGs). Recent evidence suggests that SG
proteins also colocalize with neuropathological structures, but whether this occurs in Alzheimer’s disease is unknown. We examined the
relationship between SG proteins and neuropathology in brain tissue from P301L Tau transgenic mice, as well as in cases of Alzheimer’s
disease and FTDP-17. The pattern of SG pathology differs dramatically based on the RNA-binding protein examined. SGs positive for
T-cell intracellular antigen-1 (TIA-1) or tristetraprolin (TTP) initially do not colocalize with tau pathology, but then merge with tau
inclusions as disease severity increases. In contrast, G3BP (ras GAP-binding protein) identifies a novel type of molecular pathology that
shows increasing accumulation in neurons with increasing disease severity, but often is not associated with classic markers of tau
pathology. TIA-1 and TTP both bind phospho-tau, and TIA-1 overexpression induces formation of inclusions containing phospho-tau.
These data suggest that SG formation might stimulate tau pathophysiology. Thus, study of RNA-binding proteins and SG biology
highlights novel pathways interacting with the pathophysiology of AD, providing potentially new avenues for identifying diseased
neurons and potentially novel mechanisms regulating tau biology.

Introduction
Cellular stress elicits a switch in protein translation from cap-
dependent to cap-independent RNA translation, which inhibits
synthesis of non-housekeeping proteins, and maintains synthesis
of proteins that protect against stress, such as heat shock proteins
(Kedersha and Anderson, 2007; Buchan and Parker, 2009; Liu-
Yesucevitz et al., 2011). The translational stress switch is associ-
ated with cytoplasmic translocation of mRNA-binding proteins,
and consolidation of these proteins with transcripts to form RNA
protein complexes that are termed stress granules (SGs). The
primary stress granule proteins include T-cell intracellular anti-
gen 1 (TIA-1), RasGAP-associated endoribonuclease (G3BP),
elongation initiation factor 3 (eIF3), and poly-A binding protein
(PABP), but there are �500 RNA-binding proteins, many of
which participate in the formation of SGs (Gilks et al., 2004;
Anderson and Kedersha, 2008; Liu-Yesucevitz et al., 2011). Re-
cent advances in molecular genetics highlight the potential im-

portance of SG biology in disease by genetically associating
multiple RNA-binding proteins linked to SGs with neurologic/
neurodegenerative disease (Waelter et al., 2001; Liu-Yesucevitz et
al., 2010). These proteins include Tar DNA-binding protein
(TDP-43), Fused in Sarcoma protein (FUS), survival motor neu-
ron protein (SMN), ataxin-2, senataxin (SETX), angiogenin, and
fragile X mental retardation protein (FMRP), as well as other
proteins (Lefebvre et al., 1995; Imbert et al., 1996; Grohmann et
al., 2001; Chen et al., 2004; Greenway et al., 2006; Elden et al.,
2010; Lagier-Tourenne et al., 2010; Corrado et al., 2011; Lee et al.,
2011; Liu-Yesucevitz et al., 2011; Ross et al., 2011; Van Damme et
al., 2011). The link between SG proteins and motor neuron dis-
ease raises the possibility that the stress-response of RNA-binding
proteins and SG formation might also contribute to the patho-
physiology of other neurodegenerative diseases, such as
dementia.

Recent reports indicate that SGs are associated with the
pathological inclusions in multiple neurodegenerative dis-
eases, including Huntington’s disease, Creutzfeldt-Jakob dis-
ease, amyotrophic lateral sclerosis (ALS), and frontotemporal
dementia linked to ubiquitin (FTLD-U) (Waelter et al., 2001;
Goggin et al., 2008; Liu-Yesucevitz et al., 2010). A potential rela-
tionship between SGs and tau is particularly interesting because
tau can bind to RNA, and RNA is known to promote the assembly
of tau to form paired helical filaments (PHFs) (Kampers et al.,
1996). The high concentrations of RNA present in SGs raises the
possibility that formation of SGs might impact on aggregation of
tau to form inclusions in tauopathies.

In this study we investigate the biology of RNA-binding
proteins and SGs in animal models of tauopathy and cases of
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Alzheimer’s disease (AD). We report that phase transitions of
RNA-binding proteins are evident early in the course of
tauopathies, including cytoplasmic translocation and granule
formation. SGs begin to merge with tau inclusions at the mid-
stage of disease development in a process that appears to be
associated with enlargement of tau inclusions. We demon-
strate that TIA-1-positive SGs are strongly associated with tau
pathology in AD. In contrast, SGs positive for G3BP show little
colocalization with phospho-tau protein, and SGs positive for
tristetraprolin (TTP) show colocalization with phospho-tau
protein in cases with severe pathology.

Materials and Methods
JNPL3 mutant tau mice
The JNPL3 line of mice were generated as described by Lewis et al. (2000)
and backcrossed to homozygous status on Swiss Webster background.
This mouse line expresses the human P301L mutant 4R tau isoform
driven by the mouse prion promoter. Mice exhibit motor deficits that
correlate with an age- and gene-dose-dependent development of neuro-
fibrillary tangles (NFT) and neuronal loss (Lewis et al., 2000). Mice from
different age ranges were classified for severity of disease phenotype using
a motor test (wire hang test and hindlimb clasping), which has been
shown to correlate well with degree of pathology in hindbrain and spinal
cord. Mice were classified as normal, mild, moderate, or severely affected
based on motor tests noted above.

Male JNPL3 mice were killed by cervical dislocation and brains were
dissected into hemispheres. One half was dissected and frozen, the other
half was drop fixed in 4% paraformaldehyde overnight. Serial sections
through the amygdala were taken from each mouse brain for IHC (N �
3 from each of the four groups). Swiss-Webster non-transgenic mice
(N � 3) age-matched to the 11-month-old group (correlating with the
oldest Tg mouse sample) were used for the control group.

Inducible rTg4510 tau mice
The rTg4510 line of tau transgenic mice were generated as described by
Santacruz et al. (2005). Similar to the JNPL3 line, these mice express the
human P301L mutant 4R tau isoform, but the transgene is conditionally
expressed in the forebrain and hippocampus under control of the Ca 2�-
calmodulin kinase II promoter. Pretangles of tau appear in the brain at
early stages (2.5 months), with silver staining of tau aggregates and
Sarkosyl insoluble tau appearing at 4� months. Severe pathology, ma-
ture NFTs, and neuronal loss are reported by 7� months (Santacruz et
al., 2005).

For this study, three male mice at 2.5, 5, and 8 months of age were used.
Mice were killed by cervical dislocation and cortical brain tissue was
dissected for biochemical analysis.

Postmortem human brain tissue
Brain tissue samples from human frontal cortex were obtained from the
Boston University Alzheimer Disease Center, Mayo Clinic Jacksonville,
the Loyola University Stritch School of Medicine, and Rush Medical
Center. Paraffin-embedded postmortem human brain tissue was ob-
tained from healthy (N � 3) controls, patients with the diagnosis of
AD (N � 6), and five patients with FTDP-17 (Table 1). Demographic
and clinical information for the human cases is described in Table 1.
The sections were used for immunohistochemistry with staining for
tau and SGs.

Biochemical fractionation
Tissue fractionation. Cortical tissue was extracted from rTg4510 and non-
transgenic mice and homogenized in chilled RIPA buffer (50 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM sodium fluoride, 1 mM

Na3VO, 1 mM PMSF, and 1 �g/ml protease inhibitors). The homogenate
was centrifuged at 20,000 � g for 20 min at 4°C to remove cellular debris.
The supernatant containing the total tau fraction was retained and as-
sayed for total protein concentration.

Triton-X fractions. Lysates from the preparation above were combined
1:1 with RIPA buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 1% NP-40,
0.1% SDS, 0.5 mM sodium deoxycholate) with 1� Halt protease inhibi-

tor cocktail (Thermo Scientific), 1� phosphatase inhibitor cocktail
(PhosSTOP, Roche), and 2% Triton X-100, and mixed. Lysates were first
centrifuged for 1 h at 100,000 � g 4°C, and the supernatants were col-
lected as RIPA buffer soluble proteins. To prevent contamination caused
by carrying over, the pellets were resonicated and recentrifuged at
100,000 � g for 30 min at 4°C. RIPA buffer-insoluble pellets were dis-
solved in urea buffer (7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris-
HCl, pH 8.5) and sonicated. Soluble and insoluble proteins were
analyzed by Western blot.

Sarkosyl insoluble and soluble tau fractions. To produce a fraction en-
riched for tau, 10 �l of a 10% solution of Sarkosyl detergent was added to
100 �g of supernatant. Additional RIPA was used to produce a final
volume of 100 �l. This sample was rotated at room temperature for 1 h
before a 1 h centrifugation at 100,000 � g spin at room temperature. The
supernatant was collected in a separate tube and the Sarkosyl pellet was
resuspended in 100 �l of sample buffer containing 100 mM DTT. The
heat-soluble tau-enriched fractions were generated by boiling the super-
natant for 3 min at 95°C and centrifuging for 20 min at 20,000 � g.

Coimmunoprecipitation. Equal amounts of lysate were precleared by
rec-Protein G-Sepharose 4B Conjugate beads (Invitrogen) for 1 h at 4°C.
Samples were spun down and lysates were removed, 0.5 �l of PHF-1
antibody or 1 �l of Tau-5 antibody (Abcam) was added to each cell lysate
(300 �g), and the samples were incubated overnight at 4°C on a rotating
wheel. Protein G rec-Protein G-Sepharose 4B Conjugate beads (50 �l)
were added to the samples, then the samples were incubated for an addi-
tional 1 h at 4°C. The beads were spun down and washed three times in
coimmunoprecipitation buffer. The beads were boiled at 95°C for 5 min
in SDS sample buffer. Proteins were then analyzed by Western blot.

Immunohistochemistry: free-floating
Floating transgenic mouse brain tissue sections were washed 2 � 5 min in
PBS and heated to 85°C in tris-sodium citrate buffer for 30 min. The
slices were washed with 0.2% Triton X-100 for 15 min and blocked for 1 h
with 5% donkey serum in PBS. Incubation was performed with primary
antibodies for tau and SGs overnight in 5% donkey serum/PBS. Primary
antibodies used were used as follows: for tau: MC-1, PHF-1, and Alz-50
(1:1000, generously provided by Peter Davies, Albert Einstein College of
Medicine, Bronx, NY). For stress granules: TIA-1 (1:300, Santa Cruz
Biotechnology, sc-1751), eIF3� (1:300, Santa Cruz Biotechnology, sc-
16377), TTP (1:300, Santa Cruz Biotechnology, sc-14030), TDP-43 (1:
1000, Proteintech, 12892–1-AP), FUS (1:300, Proteintech, 11570-1-AP),
and G3BP (1:200, Becton Dickinson, 611126). The sections were then
washed 3 � 10 min TBS-Triton X-100 (0.05%) and incubated in second-
ary antibodies for 2 h. Secondary antibodies were as follows: Dylight
488-conjugated donkey anti-host IgG and Dylight 594-conjugated don-
key anti-host IgG (1:600, Jackson ImmunoResearch). The sections were
washed 4 � 10 min in TBS/0.02% Tween; the third wash included DAPI
(1 �g/ml). Background fluorescence was then quenched by incubating
for 3 min in 1% sudan black followed by five quick dips in PBS and 4 �

Table 1. Human brain tissue samples

Patient Age Gender PMI Diagnosis Brodmann areas

1 78 M Neurologic Nml 8,9
2 82 F 7 Neurologic Nml 8,9
3 83 F 13 Neurologic Nml 8,9
4 96 M 15 AD 8,9
5 88 F 15.5 AD 8,9
6 81 M 6.5 AD 8,9
7 79 F 12.5 AD 8,9
8 82 F 5.75 AD 8, 9
9 87 M 14 AD 8,9

10 65 M 12 AD 8,9
83 44 F 10 FTDP-17 Hippocampus
253 51 F 12 FTDP-17 Hippocampus
268 53 F 18 FTDP-17 Hippocampus
300 53 M — FTDP-17 Hippocampus
315 52 M 32 FTDP-17 Hippocampus

PMI, postmortem interval (hours).
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5 min PBS washes. Mounting was performed using Prolong-Gold anti-
fade reagent (Invitrogen).

Immunohistochemistry: paraffin-embedded
Tissue sections were deparaffinized and rehydrated, then treated with 0.1 M

glycine for 30 min. The sections were then treated as described for the
free-floating sections. Incubation was performed with primary antibod-
ies for tau as follows: CP-13, PHF-1, mouse monoclonal Tau-5 (1:1000,
Abcam, ab3931–500); and for SG as described above.

Immunocytochemistry: SH-SY5Y
Coverslips were washed 3 � 5 min in PBS and washed with 0.1% Triton
X-100 for 15 min. Coverslips were washed 3 � 3 min in PBS and blocked
for 1 h with 10% donkey serum in PBS. Incubation was performed with
primary antibodies for tau and TIA-1 overnight in 5% donkey serum/
PBS. Primary antibodies used were as follows, for tau: CP-13, PHF-1
(1:100, generously provided by Peter Davies); for stress granules: TIA-1
(1:300, Santa Cruz Biotechnology, sc-1751). Subsequent treatment was
as for immunohistochemistry.

SH-SY5Y transfection protocol
Cells were seeded on 18 mm poly-D-lysine coated coverslips in 12-well
plates (200,000/coverslip) 1 d before transfection in antibiotic-free me-
dia (1:1 DMEM/F-12, 10% FBS). Cells were transfected at 1:2 ratio DNA:
Lipofectamine (Invitrogen), delivering 2 �g of total DNA per well.
Lipofectamine in OptiMEM (Invitrogen) is incubated for 5 min before
the addition of the DNA/OptiMEM. The transfection mixture is then
allowed to sit for 20 min at room temperature before being added to the
cells. Of media, 500 �l is removed and 500 �l of transfection mixture was
added dropwise to each well. Cells were incubated for 24 h, after which
the addition of 15 �M arsenite was added to half of the plates and allowed
to incubate for 24 h. At 48 h after transfection, the cells were fixed in 4%
paraformaldehyde and stored in PBS.

Confocal microscopy
Microscopy was performed using a Carl Zeiss LSM 510 META confocal
laser-scanning microscope carrying lasers at 405, 488, 543, and 633 nm.
Images were captured using a 63� oil objective. LSM proprietary soft-
ware was used for digital image analysis. Images were combined into
figures using Adobe Photoshop software. Quantitative and area analysis
was done using an Olympus BX-60 (Olympus) equipped with epifluo-
rescence optics, digital camera (AxioCam MRm; Zeiss), and analyzed
with Zeiss Axiovision software. To analyze the potential interaction be-
tween tau inclusions and stress granules, quantification of colocalization
was done using the Carl Zeiss LSM software, and R-values for the degree
of colocalization were recorded. SG density was quantified using Fiji
software by calculating the number of puncta �1 �m 2 per 63� frame
controlled for the number of cells.

Statistical analysis
All statistical calculations were done using one-way ANOVA followed by
Tukey’s post hoc test. Statistical calculations were performed using
Graphpad Prism software. Error bars in the figures are shown as SEM.

Results
Stress granules increase in size and number with
disease severity
To investigate the evolution of SG biology during the course of
disease, we examined the distribution of markers for SGs and
phospho-tau in JNPL3 and rTg4510 mice at varying stages of
disease in the amygdala and cortex, respectively. SG inclusions
increased in number, size, and distribution with the severity of
the disease (Fig. 1A). We examined TIA-1 and eIF-3�, which are
RNA-binding proteins that are considered to be primary SG pro-
teins. TIA-1 is nuclear under basal conditions, but translocates to
the cytoplasm with stress to form punctate granules (Fig. 1A)
(Liu-Yesucevitz et al., 2011). The nuclear TIA-1 is not apparent
because we used Sudan Black to quench low-level fluorescence
(such as in nuclei) and highlight consolidated cytoplasmic TIA-1

reactivity, such as occurs in SGs, because this type of fluorescence
tends to be very bright. Nuclear TIA-1 was readily apparent when
tissues were examined without prestaining with Sudan Black
(Fig. 1B).

eIF-3 is constitutively cytoplasmic, but participates in the for-
mation of primary SGs. TIA-1 and eIF-3 were both evident in SGs
at each stage of disease, and SGs containing these two proteins
showed similar patterns of evolution during the course of disease,
increasing in abundance with disease stage (TIA-1 shown in Fig.
1 A; eIF-3 for severe only shown in Fig. 1C to demonstrate
colocalization). Specificity of the TIA-1 and eIF3 reactivity
was demonstrated by immunoadsorption, which eliminated
all fluorescence (Fig. 1D, TIA-1 shown), consistent with our
prior study using these antibodies (Liu-Yesucevitz et al., 2010).
Statistically significant increases in SG density were evident in the
transition from mild to moderate and moderate to severe disease
(Fig. 1E, p � 0.001). However, even early stage mice showed a
trend (p � 0.1) toward increased numbers of SGs compared with
non-transgenic mice, which indicates the presence of stress early
in the disease course, either due to overexpression of tau or the
presence of pathological tau that is not yet apparent by immu-
nohistochemistry. Similar results were observed for rTg4510
mice (under conditions of tau induction) of varying disease
stages (Fig. 2).

Interestingly, the size distribution of SGs shifted toward larger
SGs with increasing disease severity (Fig. 1F, Table 2). JNPL3 tau
mice at an early, or predisease stage showed SGs that were over-
whelmingly �5 �m and generally �1–2 �m in diameter, while
mice at a moderate stage of disease had large inclusions (Fig.
1A,F). The SGs that were present in early stage mice showed a
distribution that included perinuclear reactivity, as well as reac-
tivity that was distal from nuclei and presumably in processes
(Fig. 1A). The size of SG inclusion showed a distinct transition in
mice with moderate disease (Fig. 1F). The frequency of SGs ex-
hibiting a diameter that was �5 �m increased over tenfold (Fig.
1F). Mice at the severely affected stage showed SG reactivity that
was broadly distributed and generally �5 �m (Fig. 1A,C,F).

The anatomic distribution of SGs also paralleled the distribution
of phospho-tau protein. SGs in the JNPL3 mouse tissue were found
only in areas where there was tau pathology, such as the brain stem
and amygdala. SG inclusions were not observed in cortex, where
only sparse tau pathology is observed in the JNPL3 mouse strain
(data not shown). Similarly, SGs in the rTg4510 mouse tissue were
found only in the cortex and hippocampus, where tau pathology
occurs and not in the brain stem or amygdala (Fig. 2).

Stress granules merge with tau pathology at moderate and
severe stages
Next, we investigated the relationship between SG inclusions and
hyperphosphorylated or conformationally altered tau reactivity
across disease state. We examined three different antibodies that
are associated with tau pathology, PHF-1, MC-1, and Alz-50, and
compared colocalization with TIA-1, which is an accepted
marker of SGs (Kedersha et al., 2000; Anderson and Kedersha,
2008). Results were largely consistent for each tau marker (Fig.
1G). Colocalization of SGs and pathological tau greatly increased
with disease severity (Fig. 1G). In mice at an early stage, with mild
pathology, SG and tau inclusions existed largely in distinct phys-
ical locations; only 10% of tau inclusions colocalized with SG
(Fig. 1A,G). As disease progressed the percentage of colocalized
inclusions increased. Approximately 50% of tau inclusions colo-
calized with TIA-1-positive inclusions in mice with moderate
pathology (Fig. 1A,G). Colocalization between tau and TIA-1
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inclusions increased to �70% in mice with severe pathology (Fig.
1A,G).

Inclusions exhibiting both tau and TIA-1 reactivity were exam-
ined to determine the degree of colocalization (R-value). The degree
of colocalization provides insight into the relationship between tau
and the SG proteins within individual inclusions. The degree of tau/
TIA-1 colocalization within inclusions was found to increase with
disease stage, from mild to moderate to severe, with R-values ranging
from 0.643 to 0.751 to 0.819 respectively (Fig. 1A,H, p � 0.001).
Similar results were obtained for each of the three antibodies used,
PHF-1, MC-1, and Alz-50 (Figs. 1H).

The frequency of large inclusions identified by either phospho-
tau or SG markers increased with disease severity. To investigate
whether the structure of large and small inclusions might differ, we
stratified Tau/TIA-1 colocalization by inclusion size. Colocalization
between inclusions containing phospho-tau and TIA-1 steadily in-

creased with inclusion size (Fig. 1A,F). The correlation between
inclusion size and percentage of colocalization was apparent at every
stage of disease, although the abundance of large tau inclusions was
low in mice at early stages of the disease (Fig. 1A). Large tau inclu-
sions strongly colocalized with the TIA-1 SG marker in all disease
states, but the rare large inclusion in mildly affected mice showed a
lower percentage of colocalization than large inclusions in moder-
ately or severely affected mice.

Small SG inclusions (including those surrounding large inclu-
sions) did not colocalize with phospho-tau inclusions even in
areas with high SG density and even in mice with severe pathol-
ogy (Fig. 1A,D). A corollary of this observation is that many cells
without visible phospho-tau display abundant SG pathology in
mice with moderate and severe pathology (Fig. 1A,D), which
highlights the presence of a significant stress response in the ab-
sence of visible phospho-tau.

Figure 1. TIA-1-positive SGs increase with disease state. A, Immunohistochemistry for SGs (TIA-1, red) show increased abundance with disease state, and that colocalization with
phospho-tau (PHF-1, S396,404, green) increases with disease state. Nuclei are identified with DAPI (blue). Sections were treated with Sudan Black to quench endogenous fluorescence
and highlight the fluorescence associated with pathology, which is brighter. Arrows point to colocalization. The bottom set of panels (High Mag) show higher magnification images of
the images directly above (severe). Scale bar, 10 �m. B, TIA-1 immunofluorescence in amygdala from a non-transgenic mouse (SW Ctrl) or young JNPL3 mouse (Nml; age, 2 months). The
endogenous nuclear TIA-1 fluorescence evident in sections not treated with Sudan Black is not evident in sections treated with Sudan Black. C, Colocalization of eIF3-positive (red)
granules with PHF-1-positive (green) tau in brain tissue from JNPL3 mice. Arrows point to colocalization. The bottom set of panels (High Mag) show higher magnification images of the
images directly above (severe). Nuclei are identified with DAPI (blue). D, Demonstration of antibody specificity by immunoabsorption. Sections of amygdala from a JNPL3 mouse with
severe disease were probed with antibodies to PHF-1 and eTIA-1. Pre-adsorbing the primary antibody with the epitope peptides abolished all reactivity for the corresponding antibody.
E, Density of SGs increase greatly during the moderate and severe disease state. Density was determined using Fiji software to quantify SG puncta per 63� frame with a threshold set to
�1 �m 2 (controlled for cell number). F, The extent of colocalization between SGs with phospho-tau increase with inclusion size. Colocalization is largely absent in Tg Normal and SW
Control mice and is not reported here. G, Colocalization of Tau with TIA-1 increases greatly in JNPL3 mice with moderate and severe disease. Inclusions that react with PHF-1-positive Tau
and TIA-1 show high levels of colocalization within each inclusion. H, Within each lesion, the TIA-1 and PHF-1 signal were highly localized. Scale bar, 10 �m.
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Microglia and astrocytes form SGs
We hypothesized that the presence of SGs
in cells lacking visible pathological tau
could be due to the occurrence of SGs in
non-neuronal cells. This hypothesis
prompted us to determine how the distri-
bution of SGs correlated with cell type.
JNPL3 mouse brain tissue sections were
labeled with markers for neurons (NeuN),
reactive astrocytes (GFAP), and microglia
(Iba1), as well as with TIA-1. SGs identi-
fied with TIA-1 were evident in NeuN-
positive cells at every stage of disease (Fig.
3A). Double labeling with NeuN also em-
phasizes the changes in TIA-1 distribu-
tion with disease state. NeuN is a
nuclear protein, while TIA-1 can be nu-
clear or cytoplasmic. TIA-1 reactivity in
non-transgenic and asymptomatic JNPL3
mice was largely evident in nuclei, where it
directly colocalized with NeuN. In con-
trast, TIA-1 reactivity in JNPL3 mice with
more overt pathology was evident in both
cytoplasmic (frequently as granules) and
nuclear domains, which is consistent with
the cytoplasmic translocation and SG for-
mation that is known to occur with TIA-1
in response to stress. SG markers were also
present in astrocytes, and appeared to
steadily increase with disease stage, al-
though total SG load remained far below
that of neurons (Fig. 3B). SGs were evi-
dent in microglia (identified by Iba-1 re-
activity), but appeared to peak at the mild
stage of disease, and then decrease in mi-
croglial localization with increasing sever-
ity of disease (Fig. 3C). Microglial SGs
were most prominent in mice with mild
pathology, and less abundant in mice with
moderate pathology. In brain tissue from cases with severe dis-
ease, cytoplasmic TIA-1 granules overlapped with Iba-1 reactivity
rarely, and overlap that did present was not in the same focal plane,
suggesting that the proteins were not colocalized (Fig. 3C). These
data suggest that the relationship of SGs to the disease process might
differ between neurons and inflammatory cells, such as microglia.

G3BP and TTP identify RNA granules that often are not
associated with PHF-1
The composition of the RNA protein complexes that comprise
RNA granules vary with the complex and the cellular condi-
tions. For instance, while TIA-1 is associated with transla-
tional silencing, G3BP and TTP are associated with
degradation of some mRNA and translational stimulation of
other mRNA, although they both have many different func-
tions (Irvine et al., 2004; Zekri et al., 2005; Ronkina et al.,
2010; Liu-Yesucevitz et al., 2011). We examined the expres-
sion of four other SG-associated proteins to explore specific
SG profiles in neurodegenerative disease. The proteins exam-
ined were G3BP, TTP, FMRP, SMN, and Hu antigen R (HuR)
(Anderson and Kedersha, 2008). Disease-related differences
were observed for G3BP and TTP. Three other secondary SG
protein components, FMRP, HuR, and SMN, did not show
any change in expression pattern with disease state (data not

shown). Analysis of the JNPL3 mouse amygdala showed a
steady increase in the amount of punctate cytoplasmic G3BP
reactivity with disease severity, paralleling the trend for TIA-1
(Fig. 4 A). The number of all granules and number of large
granules increased with disease state, suggesting formation of
large RNA granules. However, unlike TIA-1, G3BP-positive
granules showed only weak colocalization with PHF-1 or

Figure 2. SG pathology in P301L tau transgenic mice. The patterns of evolution of reactivity for the RNA-binding proteins were
very similar between the JNPL3 and rTg4510 mouse models, except that the latter develops more severe pathology at end-stage
disease. Few SGs are evident in 2-month-old mice with no evident disease and no evident phospho-tau (PHF-1) reactivity. In
moderate disease (5 months), TIA-1 (red) reactivity is present but frequently does not colocalize with tau pathology (PHF-1, green).
In severe disease (8 months), TIA-1 reactivity strongly colocalizes with tau pathology. In contrast, G3BP (red) reactivity frequently
does not colocalize with tau pathology. Nuclei are identified with DAPI (blue). Sections were treated with Sudan Black to quench
endogenous fluorescence. Scale bar, 10 �M.

Table 2. JNPL3 tau mouse, SW control mouse, human control, and human AD brain
quantification of tau and SG inclusions and colocalization of tau and SG pathology
(�SD)

Tissue
Density of SG/
63� field

Average area of
SG inclusions
(TIA1�) (�m 2)

% Colocalization of Tau
(PHF1�) with SG

Average degree
of colocalization

Mouse
SW control 0.9 � 0.7 2.7 � 0.7 n/a n/a
Tg normal 3.0 � 0.8 2.7 � 0.9 n/a n/a
Tg mild 3.7 � 0.7 2.8 � 1.1 11.1 � 11.7 0.692 � 0.079
Tg moderate 8.7 � 0.9 5.0 � 2.3 45.4 � 8.8 0.778 � 0.084
Tg severe 22.2 � 2.5 8.4 � 3.8 69.1 � 8.7 0.824 � 0.098

Human
Control 0.9 � 0.5 4.3 � 1.8 1.1 � 0.6 0.387 � 0.172
Alzheimer’s 29.1 � 3.2 9.5 � 3.0 64.2 � 6.6 0.840 � 0.069

The term Tg Normal refers to the age of 2 months, when no tau pathology is present.
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TIA-1 (Fig. 4 A, PHF-1 shown). Interestingly, large G3BP
granules were strongly evident at the onset of disease (mild),
but not in healthy mice, suggesting that G3BP might be a
sensitive marker of disease onset (Fig. 4 A). The specificity of
the G3BP reactivity was demonstrated by immunoadsorption,
which eliminated all fluorescence (Fig. 4 B). Inclusions con-
taining TTP also increased with disease state (Fig. 4 D). TTP-
positive inclusions showed a pattern that varied distinctly with
disease state. Up through the moderate stage of disease, TTP
showed little if any colocalization with PHF-1-positive inclu-
sions, even when apparently occurring within the same cell
(Fig. 4 D). However, in severe disease, TTP was found to
strongly colocalize with phospho-tau protein (Fig. 4 D). Spec-
ificity of the TTP reactivity was demonstrated by immunoad-
sorption, which eliminated all fluorescence (Fig. 4C). The
pattern of G3BP reactivity in rTg4510 mice was similar to that
for JNPL3 mice (Fig. 4 E). The presence of inclusions com-
posed of RNA-binding proteins that accumulate with disease
but that are often not colocalized with PHF-1 reactivity con-
trasts with the pattern seen for TIA-1 and suggests that the
strong colocalization of TIA-1 with PHF-1-positive tau re-
flects a selective association between pathological tau protein
and particular RNA-binding proteins. This highlights a potentially
important biological process, and also provides an internal control
indicating that colocalization between pathological tau and TIA-1 is
specific and does not reflect a non-specific association between ag-
gregated proteins. Finally, the presence of G3BP-positive inclu-
sions in JNPL3 and rTg4510 mouse brains identifies a novel type
of inclusion occurring in the brain of an animal with tauopathy
whose localization appears to be largely independent of the clas-
sical NFT.

TDP-43 and FUS exhibit cytoplasmic translocation early in
the disease process
Some frontotemporal lobar dementias are not associated with
tau inclusions but are associated with TDP-43 inclusions
(FTLD-U). We recently reported that the TDP-43 inclusions

present in brains of subjects with FTLD-U are associated with
other markers of SGs, such as TIA-1 (Liu-Yesucevitz et al.,
2010). However, TDP-43 inclusions are not reported in cases
of FTDP-17 associated with tauopathy, such as subjects with
the P301L tau mutation. The presence of SGs/RNA granules
associated with TIA-1, eIF3, G3BP, and TTP raised a question
of whether TDP-43 inclusions might also form in the brains of
JNPL3 mice. We double labeled sections for TDP-43 and
TIA-1 or NeuN to determine colocalization of TDP-43 with
SGs and neuronal localization (Fig. 5 A, B). TDP-43 was largely
nuclear, and showed a modest increase in cytoplasmic inclu-
sion formation with disease severity (Fig. 5A). Nuclear
TDP-43 reactivity tended to decrease with disease severity
(Fig. 5A). TDP-43 expression was largely localized to neurons
(Fig. 5B). Interestingly, the cytoplasmic TDP-43 granules
tended to occur only in brain tissue from animals with mod-
erate or severe pathology (Fig. 5A), and frequently did not
colocalize with TIA-1 or PHF-1 inclusions (Fig. 5A).

Studies of amyotrophic lateral sclerosis have identified mu-
tations in FUS, which is another RNA-binding protein with
properties similar to that of TDP-43 (Kwiatkowski et al., 2009;
Vance et al., 2009). Studies in humans show that FUS also
forms inclusions in human brain, but that FUS inclusions
mainly occur in brains lacking TDP-43 inclusions (Blair et al.,
2010). This background led us to investigate the expression of
FUS in the JNPL3 mice. Expression of FUS was largely nuclear
but demonstrated some formation of cytoplasmic granules
with increasing disease severity (Fig. 5C). Nuclear FUS expres-
sion was strong throughout the disease process and exhibited a
modest increase with disease severity (Fig. 5C). FUS expres-
sion was localized to neurons, and did not colocalize with
PHF-1 reactivity or with TIA-1 reactivity (Fig. 5D). The pat-
tern of FUS reactivity also differed from that of TDP-43 in that
nuclear expression remained strong throughout the disease
process, and FUS formed larger cytoplasmic granules than
TDP-43 did (Fig. 5 A, C). These data suggest that TDP-43 and
FUS react to the disease process in mice with tauopathy, but

Figure 3. Correlation between TIA-1-positive SG expression and cell type. A, Colabeling TIA-1 (red) to identify SGs and NeuN (green) to identify neurons indicates that SG formation in neurons
increases with disease state. Nuclei are identified with DAPI (blue). Sections were treated with Sudan Black to quench endogenous fluorescence. B, Colabeling identifies SGs (TIA-1, red) and
astrocytes (GFAP, green) and shows modestly the presence of cytoplasmic SGs in astrocytes at each stage of the disease process. C, Colabeling SGs (TIA-1, red) and microglia (Iba-1, green) indicates
that SGs are present in microglia mainly at the mild stage of disease. White arrows in the merged panels point to sites of colocalization. Scale bar, 10 �m.
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exhibit changes that are more modest than that for TIA-1,
G3BP, or TTP.

SG markers colocalize with tau in postmortem human
brain tissue
Next, we investigated whether tau inclusions in brains (frontal
cortex) of subjects with AD also colocalized with SG markers
(Fig. 6A). Differentiating SG reactivity from lipofuscin can be
challenging, so to overcome this problem we use Sudan Black to
quench lipofuscin fluorescence (Liu-Yesucevitz et al., 2010). Use
of Sudan Black highlights consolidated cytoplasmic TIA-1 reac-
tivity, such as occurs in SGs, because this type of fluorescence

tends to be very bright. However, weaker fluorescence, such as
the endogenous nuclear TIA-1 reactivity, tends to be quenched;
hence nuclear TIA-1 is difficult to observe in tissues treated with
Sudan Black (Fig. 6B). We investigated a range of anti-tau anti-
bodies, including antibodies detecting phosphorylated tau
epitopes (PHF-1, CP-13), antibodies detecting pathological con-
formational tau epitopes (MC-1, Alz-50), and antibody detecting
total tau (Tau-5). In each case, reactivity with the tau epitopes
(Fig. 6A, PHF-1, CP-13, and Tau-5) showed a strong degree of
colocalization with TIA-1, a classic SG marker (Fig. 6A, Table 2).
As was the case with the JNPL3 mice, larger tau inclusions were
more likely to be colocalized with SG markers than the small tau

Figure 4. G3BP occurs in cells lacking PHF-1 reactivity. A, The cytoplasmic reactivity of G3BP (red) occurs early in the disease and increases with disease state but does not colocalize with
phospho-tau protein (PHF-1, green), even at the severe stage of disease. Nuclei are identified with DAPI (blue). Sections were treated with Sudan Black to quench endogenous fluorescence. The
bottom set of panels (High Mag) show higher magnification images of the images directly above (severe). Scale bar, 10 �m. B, C, Demonstration of antibody specificity by immunoabsorption.
Sections of amygdala from a JNPL3 mouse with severe disease were probed with antibodies to PHF-1 and either G3BP (B) or TTP (C). Pre-adsorbing the primary antibody with the epitope peptides
abolished all reactivity for the corresponding antibody. D, The cytoplasmic reactivity of TTP (red) increases with disease state and does not colocalize with phospho-tau protein (green), until the stage
of severe disease. The bottom set of panels (High Mag) show higher magnification images of the images directly above (severe). E, The pattern of evolution of reactivity for G3BP was very similar
between the JNPL3 and rTg4510 mouse models, except that the latter develops more severe pathology at end-stage disease. Few SGs were evident in 5-month-old mice with no evident
disease and no evident phospho-tau (PHF-1) reactivity. In severe disease (8 months), G3BP (red) reactivity frequently does not colocalize with tau pathology. Nuclei are identified with
DAPI (blue). Scale bar, 10 �m.
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inclusions. When examining the brain sections from the cogni-
tively normal control samples, some sparse tau reactivity was
found throughout the frontal cortex as has been previously noted
(Jaworski et al., 2009; Glodzik et al., 2011). SGs were also present
in older normal control brain tissues, but were small to medium
in size, sparse, and not associated with tau pathology.

SG markers in human AD brain show similar molecular
pathology to JNPL3 tissue
As with the JNPL3 mouse tissue, we note modest FUS and
TDP-43 translocation and inclusion formation in the cytoplasm
of the human AD brain (Fig. 7, frontal cortex). FUS reactivity
colocalized with TIA-1 moderately; however, TDP-43 colocal-
ized with TIA-1 inclusions infrequently (Fig. 7). Strong G3BP
and TTP signals were also evident in the human AD tissue (Fig.
7A–C). The G3BP signal did not colocalize with the SG marker,
TIA-1 (Fig. 7A,C). We also examined the relationship to
phospho-tau. FUS, TDP-43, and G3BP did not show colocaliza-
tion with PHF-1 reactivity, which is similar to the results ob-
tained with the JNPL3 mouse (Fig. 7). TTP also showed strong
reactivity, and the reactivity partially colocalized with tau inclu-
sions, which correlates with results observed in the most severe
stage of pathology in the JNPL3 mouse. Similar results were also
observed in five cases of FTDP-17 (Fig. 7D).

The presence of SGs in multiple cell types in the JNPL3 mice
led us to investigate the cell type distribution of TIA-1 in the
brains of subjects with AD. The cell type markers NeuN, Iba1,
and GFAP were used as markers for neurons, microglia, and
astrocytes, respectively. In all the frontal cortex samples analyzed,
TIA-1-positive SG formation was evident in all cell types with the

predominance of SGs found in neurons (Fig. 8). Marked micro-
gliosis and astrocytosis were evident from the morphology of
reactivity, and TIA-1-positive SGs were observed in both cell
types, perhaps indicating three divergent roles for TIA-1-positive
SGs in human AD tissue (Fig. 8).

TIA-1 and TTP protein levels increase with disease
progression, with soluble TIA-1 protein complexes
interacting with tau protein
Formation of SGs and other RNA granules is driven by reversible
aggregation mediated by hydrophobic domains of the RNA-binding
proteins that frequently have homology to prion proteins. Because
the progression of tauopathies is marked by development of highly
insoluble tau fibrils, we were curious about whether RNA-binding
proteins involved in the pathophysiology of tauopathies might also
show progressive insolubility. Whole brain lysates were obtained
from inducible rTg4510 Tau transgenic mice at ages ranging from
3–8 months, which represented mild to severe stages of disease.
These samples were biochemically fractionated to obtain Triton-X
soluble and insoluble fractions, as well as a heat stable (soluble tau)
fraction that was produced separately. The samples were immu-
noblotted for TIA-1, TTP, G3BP, TDP-43, and FUS.

Results obtained from the whole brain lysates indicated that
the levels of TIA-1, TTP, and G3BP increased over the course
of the disease; however, changes in G3BP were only significant in
the transition from moderate to severe disease (Fig. 9A). The
small increase in G3BP observed in whole brain lysates contrasts
with the large increase in G3BP observed on immunocytochem-
istry and might reflect the enhanced ability to image RNA gran-
ules due to consolidation of the fluorescence in response to

Figure 5. TDP-43 and FUS form cytoplasmic inclusions in transgenic mice with moderate to severe disease. A, Immunocytochemical reactivity of TDP-43 (green), TIA-1 (red), and nuclei (DAPI,
blue) in brains of mice of varying disease states. B, Immunocytochemical reactivity of TDP-43 (green), neurons (NeuN, red), and nuclei (DAPI, blue) in brains of mice of moderate disease state.
Sections were treated with Sudan Black to quench endogenous fluorescence. C, Immunocytochemical reactivity of FUS (red), PHF-1 (green), and nuclei (DAPI, blue) in brains of mice of varying disease
states. D, Immunocytochemical reactivity of FUS (green), TIA-1 (red), and nuclei (DAPI, blue) in brains of mice of moderate disease state. Scale bar, 10 �m.
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granule formation. In contrast, levels of
TDP-43 and FUS remained relatively con-
stant throughout the disease course. As
expected, levels of PHF-1 increased with
disease state as is known in this mouse
model (Fig. 9A). Next, we examined the
soluble tau (heat stable) fraction to see
whether any of the RNA-binding proteins
partition into that fraction with tau pro-
tein. TIA-1 partitioned with soluble tau,
exhibiting levels that increased with dis-
ease severity (Fig. 9C,D). Both TIA-1
and TTP exhibited increased levels in
the soluble tau fraction in mice with se-
vere pathology, but variable levels in
mice with mild or moderate pathology
(Fig. 9C,D). Next, we examined the Tri-
ton insoluble fractions. TDP-43, FUS,
and phosho-tau (identified with the
PHF-1 antibody) showed strong reac-
tivity in the Triton insoluble fractions,
but TIA-1, TTP, and G3BP were not ev-
ident (Fig. 9E). The absence of TIA-1 is
consistent with our results published
previously (Liu-Yesucevitz et al., 2010).
We also examined the Sarkosyl insolu-
ble (aggregated tau) fraction. None of
the RNA-binding protein markers were
evident in the Sarkosyl insoluble frac-
tion (data not shown).

Next, we investigated whether SG pro-
teins, such as TIA-1, directly associate with
tau. Total and phosphorylated tau were im-
munoprecipitated with the antibodies
Tau-5 (total tau) or PHF-1 (phospho-tau),
and the resulting immunoprecipitates were
immunoblotted with antibodies to TIA-1,
TTP, or G3BP (Fig. 9F,H). TIA-1 and TTP
associate with tau, and also exhibit in-
creasing association with phospho-tau
with increasing severity of disease (Fig. 9F–
I). G3BP was not detectable in PHF-1 (or
tau-5) immunoprecipitates, but an immunoreactive band at 35 KD
that reacted with the anti-G3BP antibody was readily apparent in the
tau-5 immunoprecipitates, but only weakly apparent in the PHF-1
immunoprecipitates (Fig. 9F–I). These data present evidence sug-
gesting a direct interaction between tau and some RNA-binding
proteins.

Overexpressing TIA-1 increases formation of PHF-1/CP13-
positive inclusions
Binding of TIA-1 to tau suggests that the two proteins might
interact under physiological or pathophysiological conditions.
To investigate this putative interaction, SH-SY5Y cells were
transfected with TIA-1 � WT or P301L Tau. The following day
the cells were treated � arsenite (15 �M, a mild treatment) to
induce formation of stress granules, and fixed after 24 h
(Liu-Yesucevitz et al., 2010). The cells were double labeled with
antibodies to PHF-1 and TIA-1 (Fig. 10). Similar experiments
were also performed using CP13 for the immunocytochemistry;
the results observed with CP13 labeling were the same as for
PHF-1 labeling (data not shown). Phospho-tau inclusions
(PHF-1 positive) were not observed under basal conditions, even

when tau or TIA-1 were overexpressed (Fig. 10 A, C). However,
TIA-1-positive inclusions were apparent in cells overexpress-
ing TIA-1, which is similar to what we, and others, have ob-
served previously (Fig. 10 A, B) (Liu-Yesucevitz et al., 2010).
Interestingly, coexpressing TIA-1 with tau (WT or P301L)
yielded more TIA-1-positive inclusions (Fig. 10 A, B). Treating
the cells with arsenite (15 �M, 24 h) greatly increased the
number of inclusions positive for tau and TIA-1 (Fig. 10 A–C).
Overexpressing tau with TIA-1 greatly increased the forma-
tion of PHF-1-positive inclusions compared with cells overex-
pressing tau alone, TIA-1 alone, or neither (Fig. 10 A, B). Some
of the tau inclusions exhibited double labeling for TIA-1, how-
ever, the fraction of tau inclusions showing robust colocaliza-
tion with TIA-1 was less than unity (Fig. 10 A–C). Expressing
tau also increased the number of TIA-1-positive inclusions,
despite no striking differences evident in the levels of PHF-1
(or CP13) positive tau (Fig. 10 A); no difference was observed
in tau or SG inclusion formation between WT and P301L tau
(Fig. 10 B). These data suggest that the TIA-1 stimulates tau
inclusion formation under stressful conditions, and that tau expres-
sion facilitates SG formation.

Figure 6. Colocalization of TIA-1 with tau pathology in the Alzheimer brain. A, Frontal cortex from a subject with AD was probed
with antibodies to tau (phospho-tau, CP-13, PHF-1; total tau, Tau-5, green) and TIA-1 (red). Nuclei are identified with DAPI (blue).
Sections were treated with Sudan Black to quench endogenous fluorescence. Large inclusions containing TIA-1 colocalize with each
of the markers of tau protein that were tested. Figures from AD case 5 shown. B, TIA-1 immunofluorescence in Alzheimer cortex
(frontal) and Control cortex (occipital) treated with � Sudan Black. The endogenous nuclear TIA-1 fluorescence is not evident in
sections treated with Sudan Black. Scale bar, 10 �m.
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Discussion
Recent studies suggest that stress granules are a form of pathology
associated with neurodegenerative diseases. Studies of Hunting-
ton’s disease, Creutzfeldt-Jakob disease, and our recent study of
ALS and frontotemporal dementia (FTLD-U) all exhibit inclu-
sions composed of the pathological protein aggregate that are
colocalized with TIA-1, a marker of SGs (Waelter et al., 2001;

Goggin et al., 2008; Liu-Yesucevitz et al., 2010). The current study
examines the evolution of SG pathology in two transgenic mouse
models of tauopathy, in human cases with AD, and in human
cases of FTDP-17. It is important to note that the tau-driven
transgenic mice used in this study model the human disease
FTDP-17, whereas in AD both �-amyloid peptide and tau pro-
tein play a role in pathogenesis. Future studies will examine the

Figure 7. Expression of FUS, G3BP, TTP, and TDP-43 in the Alzheimer brain. A, Frontal cortex from a subject with AD was probed with antibodies to FUS, G3BP, and TDP-43 (green) and double
labeled with anti-TIA-1 antibody (red). Nuclei are identified with DAPI (blue). Sections were treated with Sudan Black to quench endogenous fluorescence. FUS showed some colocalization with
TIA-1, while neither G3BP nor TDP-43 showed significant colocalization with TIA-1. Control represents a health control cortex with rabbit serum substituted for primary antibody; similar results were
observed using AD cortex. B, Frontal cortex from a subject with AD probed with antibodies to FUS, G3BP, TDP-43, and TTP (green) and double labeled with PHF-1 antibody (red). Nuclei are identified
with DAPI (blue). FUS, G3BP, and TDP-43 did not show significant colocalization with PHF-1, while TTP did partially colocalize with PHF-1. Control represents FTDP-17 cortex with rabbit serum
substituted for primary antibody. Figures from AD cases 5 and 10 shown. C, Merged images from B shown at higher magnification. Red, RNA-binding protein; green, PHF-1; blue, DAPI. D, Frontal
cortex from different subjects with FTDP-17 (numerical identifications shown) probed with antibodies to TTP, TIA-1, and G3BP (green), and double labeled with PHF-1 antibody (red). Nuclei are
identified with DAPI (blue). Only the green and merged images are shown. Scale bar, 10 �m.
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relative roles of tau and A� in SG induc-
tion. Our results indicate that TIA-1-
positive SGs are abundant in cases of AD
and FTDP-17, and they increase with dis-
ease severity in the JNPL3 and Tg4510
mutant tau mouse models. Colocalization
of tau with TIA-1-positive SGs varies with
disease severity. Pathological tau and SGs
occur in separate compartments when in-
clusions are small (1–3 �m), but colocal-
ization increases dramatically with disease
severity and SG size. The absence of colo-
calization in mice with little or mild pa-
thology partially reflects the prevalence of
SGs at this stage in inflammatory cells, in-
cluding microglia and astrocytes. How-
ever, SGs are also present in neurons at the
mild stage, which suggests that SGs and
pathological tau (as defined by the
epitopes of PHF-1, MC-1, and Alz-50)
form at physically distinct sites. As the dis-
ease process progresses, SGs become
larger, more strongly localized to neurons
and more strongly colocalized with path-
ological tau. Thus, our study uncovers a
complex evolution of SG pathology that
varies by cell type and degree of colocal-
ization with pathological tau depending
on disease stage.

The colocalization of SGs with tau pa-
thology might reflect a functional interac-
tion between SGs and tau. Microtubule-
associated proteins are known to regulate
SG formation (Chernov et al., 2009; Tsai
et al., 2009). Expansions of polyglutamine
repeats in ataxin-2, a RNA-binding pro-
tein, are associated with supranuclear
palsy (Ross et al., 2011). Our own data
demonstrate that SG proteins, such as
TIA-1 and TTP, bind phosphorylated tau,
and that binding increases with disease se-
verity. Using the mouse models, we ob-
served that TIA-1 and TTP inclusions
appear at locations that are physically distinct from the initial
inclusions of phosphorylated tau. However, the transfection ex-
periments suggest that TIA-1 can stimulate formation of tau in-
clusions under conditions of stress, and that some of these inclusions
colocalize with TIA-1. The reason for the difference between the in
vivo and cellular experiments is unclear at this juncture, but might
reflect the acute nature of the transfection experiments or stresses
associated with transient transfection. The inclusions that formed in
transfected cells did not appear to be filamentous, which suggests
that they do not contain mature, aggregated tau, such as might occur
in NFTs. However, this putative interaction raises the possibility that
SG proteins might contribute to generating tau pathology, perhaps
by creating local environments with high concentrations of phosho-
tau; conversely, tau pathology might stimulate formation of SGs
through direct and indirect mechanisms.

The contrasting trajectory of SG evolution in neurons, astro-
cytes, and microglia provides insight into the disparate responses
of these three cell types to disease progression. Neurons exhibit
steady increases in SGs throughout the disease course. In con-
trast, microglia exhibit a bell-shaped SG evolution, with levels of

microglial SGs peaking early in the disease course and decreasing
with disease severity. The reduction in SGs among inflammatory
cells might reflect the evolution of inflammation with disease
state. SG proteins, such as TTP, have been shown to associate
with transcripts for inflammatory proteins, such as
cyclooxygenase-2 (COX-2) and tumor necrosis factor-�
(TNF-�), and they appear to function as translational silenc-
ers of the proinflammatory cascade (Piecyk et al., 2000; Khera
et al., 2010). Extending this scenario to the brain raises the
possibility that SGs function in inflammatory cells as part of a
mechanism to dampen the inflammatory response. As the dis-
ease progresses, protein aggregates and degenerating neurons
might overcome the immunosuppressive defenses, inhibit SG
formation in inflammatory cells, and activate the inflamma-
tory response. In contrast, neuronal SGs are thought to pro-
mote the stress response, by shifting protein synthesis toward
uncapped mRNA, which includes protective proteins such as
heat shock proteins (Thomas et al., 2011). Thus, increasing
neuropathology could lead to a widespread SG response in
neurons but a dampened SG response in inflammatory cells.

Figure 8. TIA-1-positive SGs are evident in neurons, microglia, and astrocytes in the Alzheimer brain. A, Frontal cortex tissue
from a subject with AD was incubated with antibodies (green) to NeuN, Iba-1, and GFAP to identify neurons, microglia, and
astrocytes, respectively. TIA-1-positive (red) reactivity was present in all three cell types. Nuclei are identified with DAPI (blue).
Sections were treated with Sudan Black to quench endogenous fluorescence. B, A similar study performed in frontal cortex from a
healthy, aged control. Figures from AD cases 5 and 10 and neurologically normal control case 1 are shown. Scale bar, 10 �m.
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The differential patterns of expression of particular SG proteins
are a particularly novel finding in our study. This is the first study to
compare the evolution of RNA granule formation by different RNA-
binding proteins over the course of disease. Our study highlights a
close relationship between TIA-1-positive granules and tau pathol-
ogy. In contrast, TTP and G3BP also show strong disease-linked
increases in cytoplasmic levels and granule formation with increas-
ing disease severity, but the inclusions often occur separately from
classic markers of pathological tau. TDP-43 and FUS show modest
increases, and FMRP, SMN, and HuR exhibit no increase in levels or
granule formation with disease severity.

Cytoplasmic granules composed of TTP and G3BP are particu-
larly striking because they become more abundant and widely dis-

tributed as disease severity progresses, yet G3BP does not colocalize
with tau inclusions at all, and TTP colocalizes only late in the disease
process. The presence of RNA granules that accumulate in tauopa-
thies, but are not colocalized with tau pathology, points to novel
types of molecular neuropathology that is not associated with classic
markers of disease pathology. This contrasting localization of TIA-
1/Tau, G3BP, and TTP pathologies might also reflect independent
mechanisms controlling the process of aggregation. The tendency of
TIA, G3BP, and TTP to aggregate contrasts with the behavior of
FMRP, SMN and HuR, yet all of these proteins have similar struc-
tures and a similar tendency to stimulate formation of SGs in cell
culture, and they can also be observed in other types of granules in
healthy neurons (Liu-Yesucevitz et al., 2010). The differential re-

Figure 9. Disease severity modulates levels and biochemical behavior of RNA-binding proteins. A, Immunoblots showing levels of TIA-1, TTP, G3BP, FUS, TDP-43, Tau5, and PHF-1 in whole brain
lysates from rTg4510 mice at differing levels of disease severity. B, Quantification of immunoblots of whole brain lysates from rTg4510 mice (N � 3). C, Immunoblots showing levels of TIA-1, TTP,
G3BP, FUS, and TDP-43 in heat stable fractions (soluble tau) from rTg4510 mice at differing levels of disease severity. D, Quantification of immunoblots of heat stable fractions (soluble tau) from
rTg4510 mice (N � 3). E, Immunoblots showing levels of TIA-1, TTP, G3BP, FUS, TDP-43, and PHF-1 tau, in Triton-X insoluble lysates from rTg4510 mice at differing levels of disease severity. F,
Immunoprecipitation of total tau with the Tau-5 antibody, followed by immunoblotting with Tau-5, TIA-1, TTP, or G3BP. Note: No immunoreactivity was observed at the molecular weight of
holo-G3BP (47 KDa), however, a band reactive with the anti-G3BP antibody was apparent at 35 KDa. This band is labeled as 35 KDa G3 band. G, Quantification of immunoblots from the Tau-5
immunoprecipitations. H, Immunoprecipitation of phosphorylated tau with the PHF-1 antibody, followed by immunoblotting with Tau-5, TIA-1, TTP, or G3BP. I, Quantification of immunoblots from
the PHF-1 immunoprecipitations.

Figure 10. Coexpressing TIA-1 and tau induces inclusion formation in the context of exogenous stress. A, SH-SY5Y cells were transfected with TIA-1 � tau (WT or P301L) and grown under basal
conditions (left panels labeled “No Arsenite”) or with arsenite (“� Arsenite”, 15 �M, 24 h). Arrows point to examples of inclusions that formed. The white box delineates areas that are shown at
higher magnification in the right-hand column. Scale bar, 3 �m. B, Quantification of the number of TIA-1-positive inclusions with a size �1 �m. C, Quantification of the number of PHF-1
tau-positive inclusions with a size �1 �m.
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sponses in tauopathies highlight potentially different signaling path-
ways regulating each type of protein.

The RNA-binding proteins addressed in this study (TIA-1,
G3BP, TTP, FUS, and TDP-43) are essential players in RNA metab-
olism, with the mRNPs (messenger ribonucleoprotein particles)
forming a dynamic regulatory system for all aspects of the life of an
mRNA, including nuclear processing, transport, translation, and de-
cay (Anderson and Kedersha, 2008). These proteins are key in the
coordination of gene expression of many proteins, and their disrup-
tion could impair cell function and interfere with appropriate distri-
bution and translation of mRNA in response to signaling (Irvine et
al., 2004; Anderson and Kedersha, 2008; Ronkina et al., 2010). These
proteins are able to act either as activators, repressors, or both with
substrate selectivity. Of particular interest to the scope of this paper
are the function of TIA-1 and TTP in the repression of inflammatory
transcripts COX-2 and TNF-�, thus dampening the cellular inflam-
matory response (discussed above) (Piecyk et al., 2000; Pietrzik et al.,
2002; Cok et al., 2003). In contrast, G3BP is able to act as either an
activator or repressor in a transcript-dependent manner, and has
been shown to be involved in cell proliferation, cytoskeletal reorga-
nization, cell adhesion, and protein trafficking (Irvine et al., 2004;
Zekri et al., 2005; McDonald et al., 2011). The knock-out of G3BP
gene is embryonically lethal, indicating the integral role G3BP plays
in development and basic cell functions (Irvine et al., 2004). The
relationship of G3BP to protein turnover could be particularly im-
portant to disease processes. G3BP is able to function as regulator of
the ubiquitin-specific protease, USP-10, a component of the deubiq-
uitinating complex (Soncini et al., 2001). The interaction of G3BP
with USP-10 rescues Sec23 and �-COP transcripts from degrada-
tion, maintaining the activity of anterograde and retrograde protein
secretion pathways (Cohen et al., 2003a,b). Thus, G3BP might form
cytoplasmic granules in neurons as part of a stress response that
promotes survival. G3BP was also found to bind tau mRNA and
stabilize the transcript, increasing its translation, which promotes
microtubule stability, neurite outgrowth, and cytoskeletal remodel-
ing (Atlas et al., 2004). The presence of cytoplasmic G3BP granules in
neurons that are PHF-1-negative raises the possibility that G3BP
might function to protect against hyperphosphorylated tau (specif-
ically) or pathological tau (more generally) and related dysfunction
of the microtubule network.

This study of SG evolution in tauopathies highlights previously
uncharacterized molecular pathologies in the brains of patients with
AD and in animal models of FTDP-17. SG biology offers multiple
potentially important avenues of further study. The process of pro-
tein aggregation leading to SG formation can be rapidly reversed
through signal transduction mechanisms, such as pathways regu-
lated by eIF2� (Kedersha and Anderson, 2002). Such signal
transduction pathways highlight potentially novel targets for
therapeutic development in AD. The differential expression of
RNA-binding proteins in tauopathies also suggests that these
proteins might represent novel biomarkers whose expression,
aggregation, or posttranslational modification might reflect
distinct elements of the disease process. It would appear that
SG markers could be used to identify injured neurons inde-
pendent of classical pathological markers, such as antibodies
(e.g., PHF-1) or chemical probes (e.g., thioflavin-S) recogniz-
ing pathological tau. Finally, SG biology highlights a poten-
tially important interplay between the evolution of
inflammatory and neurodegenerative biology in tauopathies.
Future studies will begin to delineate a unique role for each of
these SG proteins in the pathophysiology of neurodegenera-
tive disease.
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