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Abstract 
The unfolded protein response (UPR) is a stress response activated upon disturbed 
homeostasis in the endoplasmic reticulum (ER). Previously, we reported that the 
activation of the UPR closely correlates with the presence of phosphorylated tau (p-tau) 
in Alzheimer’s disease (AD). Next to increased presence of intracellular p-tau, AD brains 
are characterized by extracellular deposits of b amyloid (Ab). Recent in vitro studies 
have shown that Aβ can induce ER stress and activation of the UPR. The aim of the 
present study is to investigate UPR activation in sporadic tauopathies like progressive 
supranuclear palsy and Pick’s disease and familial cases with frontotemporal dementia 
and parkinsonism linked to chromosome 17 which carry mutations in the gene encoding 
for tau (MAPT). The presence of phosphorylated PKR like ER kinase (pPERK) and 
phosphorylated inositol requiring enzyme 1α (pIRE1), which are indicative for an 
activated UPR, was assessed by immunohistochemistry in cases neuropathologically 
defined as frontotemporal lobar degeneration with tau inclusions (FTLD-tau). Increased 
presence of UPR activation markers pPERK and pIRE1 was observed in neurons and 
glia in FTLD-tau cases, in contrast with FTLD subtypes negative for tau inclusions 
or in non-neurological controls. pPERK and pIRE1 were also prominently present in 
relatively young MAPT mutation carriers. A strong association between the presence 
of UPR activation markers and p-tau was observed in the hippocampus of FTLD-tau 
cases. Double immunohistochemical stainings on FTLD-tau reveal that UPR activation 
is predominantly observed in neurons that show a diffuse staining of p-tau. These data 
demonstrate that UPR activation is intimately connected with the accumulation and 
aggregation of p-tau, and occurs independently from Ab deposits. Our findings provide 
new pathological insight in the close association between p-tau and UPR activation in 
tauopathies.
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Introduction
The unfolded protein response (UPR) is a stress response of the endoplasmic reticulum 
(ER) that is activated if the homeostasis in the ER is disturbed. Three ER transmembrane 
proteins function as stress sensors: PKR like ER kinase (PERK), inositol requiring enzyme 
1α (IRE1) and activating transcription factor (ATF) 6. Under physiological conditions the 
ER chaperone GRP-78/BiP is in complex with these three key proteins, which maintains 
them in an inactive state. ER stress results in the release of BiP from the UPR sensors, 
allowing their subsequent activation. As a consequence of the release of BiP, both PERK 
and IRE1 can form homo-dimers and initiate auto-phosphorylation, which enables the 
activation of the downstream signalling pathway. The ER stress response comprises 
an intricate transcriptionally and translationally regulated signalling network aimed to 
restore protein homeostasis in the ER.388

Most neurodegenerative disorders are characterized by accumulation of aggregated 
proteins, which are thought to be toxic to neurons as they interfere with key cellular 
processes. In Alzheimer’s disease (AD) as well as other so-called tauopathies, like 
progressive supranuclear palsy (PSP) and Pick’s disease (PiD), an important lesion is 
comprised of aggregates of phosphorylated microtubule associated protein tau (MAPT or 
tau).389 The pathological consequence of increased tau phosphorylation could result from 
a loss of normal tau function combined with gain of pathological function of aggregated 
forms of phosphorylated tau (p-tau). Although it remains elusive why tau accumulation 
occurs in sporadic tauopathies, mutations in the gene encoding tau (MAPT) have been 
identified in familial cases with frontotemporal dementia and parkinsonism linked to 
chromosome 17 (FTDP-17). MAPT mutations (e.g. G272V, P301L and L315R) decrease 
the microtubule binding capacity of tau thus making the protein more readily available for 
phosphorylation and subsequent aggregation.390 

Previously, we demonstrated the presence of UPR activation markers in close association 
with p-tau in AD.3 Activation of the UPR is primarily observed in neurons in AD brain 
that show diffuse immunohistochemical staining for p-tau, suggesting that UPR activation 
coincides with early tau pathology before it forms dense aggregates, like neurofibrillary 
tangles. The strong correlation between UPR activation and tau pathology observed 
in AD leads to the hypothesis that UPR activation is involved in the pathogenesis of 
tauopathies. Next to increased presence of intracellular p-tau, AD brains are characterized 
by the extracellular deposits of b amyloid (Ab). Recent in vitro studies show that Aβ can 
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induce ER stress and activation of the UPR.391,392 However, the effect of Aβ on neuronal 
UPR activation remains ambiguous. We have previously shown that while fibrillar Aβ has 
no effect, oligomeric Aβ only induces very low levels of ER stress in vitro.151 How Aβ 
induces ER stress remains elusive. Although UPR activation has previously been reported 
in a couple of cases with PSP and PiD, these studies could not exclude the involvement 
of Aβ in the activation of the UPR.393,366 Studying sporadic and familial tauopathies could 
elucidate the role of Aβ-driven pathology in UPR activation, since in most of these cases 
the presence of Aβ deposits in the brain can be excluded.

At the neuropathological level, frontotemporal dementia is referred to as frontotemporal 
lobar degeneration (FTLD) and can be divided in FTLD-tau, FTLD-TDP and FTLD-
FUS showing respectively accumulation of tau protein, TAR DNA-binding protein 43 
(TDP-43), and FUsed in Sarcoma protein (FUS).12 By definition FTLD-TDP and -FUS 
show no accumulation of tau protein. These FTLD subtypes were included in this study 
to investigate UPR activation in a pathological situation with protein aggregates affecting 
the same brain regions, but not involving tau protein. In this study we show that UPR 
activation markers pPERK and pIRE1 are present in neurons of cases neuropathologically 
classified as FTLD-tau, and not in FTLD-TDP, FTLD-FUS, or non-neurological controls. 
Our results suggest a strong association of UPR activation with early tau pathology in 
tauopathies.

Materials and Methods
Immunohistochemical analysis of post-mortem brain tissue
Post-mortem brain material was obtained from the Netherlands Brain Bank (Amsterdam, 
The Netherlands). All donors or their next of kin provided written informed consent for 
brain autopsy and use of tissue and medical records for research purposes. 

For this study formalin fixed paraffin embedded tissue was selected from non-neurological 
controls, FTLD cases with tau deposits (MAPT mutations, PiD and PSP), as well as 
FLTD cases showing no presence of tau deposits in the neuropathological examination 
but presence of TDP-43 or FUS (Table 1). Sections (5 µm thick) were mounted on 
Superfrost plus tissue slides (Menzel-Glaser, Germany) and dried overnight at 37°C. 
After deparaffinising, endogenous peroxidase activity was quenched using 0.3% H2O2 
in methanol. All primary antibodies and normal sera were diluted in phosphate-buffered 
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Table 1: Cases used for immunohistochemical analysis in this study.

Case NeuroPA 
classification

Clinical diagnosis Age Sex Cause of death PMD Abeta 
imunostaining

1 FTLD-tau
(MAPT G272V)

PiD 54 F Cachexia and 
dehydration

5:40 Negative

2 FTLD-tau
(MAPT G272V)

PiD 54 F Cardiac arrest 7:30 Diffuse plaques in 
GTM

3 FTLD-tau
(MAPT G272V)

PiD 67 F Cachexia and 
dehydration

4:10 Negative

4 FTLD-tau
(MAPT G272V)

FTD 49 M Suffocation 
(unnatural death)

5:10 Diffuse plaques in 
GFM

5 FTLD-tau
(MAPT G272V)

FTD 51 M Pneumonia 4:25 Negative

6 FTLD-tau
(MAPT P301L)

PiD 64 F Unknown 5:10 Diffuse plaques in 
GTM and GFM

7 FTLD-tau
(MAPT P301L)

PiD 66 F Cachexia and 
dehydration

6:40 Negative

8 FTLD-tau
(MAPT P301L)

PiD 46 M Unknown 5:35 Negative

9 FTLD-tau
(MAPT P301L)

PiD 66 M Pneumonia 5:00 Negative

10 FTLD-tau
(MAPT L315R)

Small cell lung 
carcinoma with 
metastasis*

68 F Unknown 5:40 Negative

11 FTLD-tau (PiD) PiD 75 F Pneumonia 6:46 Negative
12 FTLD-tau (PiD) PiD 57 M General 

deterioration
6:40 Negative

13 FTLD-tau (PiD) PiD 70 M Pneumonia 5:15 Negative
14 FTLD-tau (PiD) COPD, multi infarct 

dementia
82 M Pneumonia 4:10 Diffuse plaques  in 

GTM and HIP
15 FTLD-tau (PSP) PSP 75 M Unknown 5:05 Negative
16 FTLD-tau (PSP) PSP 72 F Infection 6:15 Negative
17 FTLD-tau (PSP) PSP 80 M Dehydration, 

uraemia
4:50 Diffuse plaques 

in HIP
18 FTLD-tau (PSP) PSP 67 M Pneumonia 6:45 Negative
19 FTLD-TDP COPD, PiD or AD 67 M Airway infection 5:45 Diffuse plaques in 

GFM and HIP
20 FTLD-TDP

(PGN P300L)
FTD 66 F Cachexia and 

dehydration
5:15 Negative

21 FTLD-FUS PiD 41 F Unknown 5:10 Negative
22 FTLD-FUS FTD and COPD 45 F Septic shock 6:45 Negative
23 CTRL Ruptured abdominal 

aortic aneurysm
66 M Abdominal aortic 

aneurysm 
7:45 Diffuse plaques  in 

HIP and GFM
24 CTRL ovary carcinoma 61 F Euthanasia 6:50 Negative
25 CTRL CVA 80 M Cachexia and 

dehydration
7:15 Negative

26 CTRL CVA 94 F CVA 4:05 Diffuse plaques  in 
HIP and GFM

PMD, post-mortem delay (hours:minutes); CTRL, control case; FTLD-tau, frontotemporal lobar 
degeneration case, associated with tau, TAR DNA binding protein (TDP) or fused in sarcoma 
protein (FUS) positive inclusion bodies; PiD, Pick’s disease; FTD, frontotemporal dementia; 
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saline (PBS) containing 1% (w/v) bovine serum albumin (BSA, Boehringer Mannheim, 
Germany). Negative controls for all single- and double-immunostainings were generated 
by omission of primary antibodies. Except for the detection of pPERK, AT270 and Aβ, 
sections were treated in 10 mmol/L pH 6.0 sodium citrate buffer heated by autoclave for 
antigen retrieval (10 min). For the detection of Aβ, sections were pre-treated with formic 
acid for 15 min. For detection of TIAR, sections were pre-incubated for 10 min with 
normal rabbit-serum (DAKO, Glostrup, Denmark). Sections were incubated O/N with 
primary antibodies at 4°C (Table 2). Primary antibodies derived from mouse or rabbit 
were detected using EnVision (DAKO). For detection of TIAR, sections were incubated 
with biotin conjugated rabbit anti-goat (DAKO) and subsequently with streptavidin-biotin 
horseradish peroxidase complex (streptABComplex/HRP, DAKO). Color was developed 
using 3,3’-diaminobenzidine (DAB, DAKO). Sections were counterstained with 
hematoxylin and mounted using Depex (BDH Laboratories Supplies, Poole, England). For 
the substantia nigra (SN) color was developed using 3-Amino-9-Ethylcarbazole (AEC, 
Zymed, San Francisco, CA) after which sections were counterstained with hematoxylin 
and mounted using Aquamount (BDH). 

Table 2: Primary antibodies used in this study.

Antibody Species Antigen Dilution Source
pPERK Rabbit PERK pThr980 1:800 Santa Cruz Biotechnology, Santa Cruz, 

USA
pIRE1 Rabbit IRE1α pSer724 1:25600 Novus Biologicals, Littleton, CO, USA
AT8 Mouse Tau pSer202 and pThr205 1:1000 Pierce, Rockford, IL, USA
AT100 Mouse Tau pSer212 and pThr214 1:6400 Pierce, Rockford, IL, USA
AT270 Mouse Tau pThr181 1:100 Pierce, Rockford, IL, USA
Aβ1-17 Mouse Aβ1-17 1:50 Dako, Glostrup, Denmark
FUS Rabbit RNA-binding protein FUS 1:1600 Sigma, St. Louis, MO, USA
pTDP43 Rabbit TDP43 pSer409/410 1:8000 Cosmo Bio, Tokyo, Japan
TIAR Goat TIAR 1:3200 Santa Cruz Biotechnology, Santa Cruz, 

USA

Table 1, continued
PSP, progressive supranuclear palsy; COPD, chronic obstructive pulmonary disease; CVA, 
cerebrovascular accident; AD, Alzheimer’s disease; MAPT, microtubule associated protein 
tau; PGN; progranulin; GTM, gyrus temporalis medialis; GFM, gyrus frontalis medialis; HIP, 
hippocampus. * patient had no clinical symptoms of dementia.
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For the analysis of pPERK, pIRE1, AT8, AT100 and AT270 staining the amount of 
immunoreactive neurons was counted. The amount of neurons that showed positive 
immunoreactivity was assessed using a 125x magnification field (≈ 0.78 mm2). In the 
hippocampus the amount of immunoreactive neurons was counted in the entire sub-area: 
dentate gyrus (DG), cornu ammonis (CA) 1–4 and subiculum (SUB). For medial temporal 
gyrus (GTM), medial frontal gyrus (GFM), substantia nigra (SN), locus coeruleus (LC) 
and putamen (PUT) the amount of immunoreactive neurons was assessed in 5 fields. 
For all areas the average per field was taken and grouped as follows: 0, no neurons; 1, 
1-5 neurons; 2, 6-10 neurons; 3, 11-50 neurons; 4, >50 neurons. Correlation between 
parameters was assessed using Spearman non-parametric analysis. A p value <0.05 was 
taken as significant.

Double-immunohistochemistry: pPERK and pIRE1 with AT8
For double-immunohistochemistry sections were pre-incubated with normal swine 
serum (DAKO) and subsequently incubated with the pPERK antibody (1:400 dilution) 
or pIRE1 antibody (1:1000) for 1h (RT). After washing in PBS sections were incubated 
with biotin conjugated swine anti rabbit secondary F(ab’)2 (DAKO) for 30 min (RT) 
and subsequently with alkaline-conjugated streptavidin (DAKO) for 60 minutes. Color 
was developed using Liquid Permanent Red (LPR, DAKO) as chromogen. Sections were 
washed in water and subsequently exposed to an antigen retrieval step by treatment in 
10 mmol/L pH6.0 sodium citrate buffer heated by autoclave for 10 min. Sections were 
subsequently washed with PBS and pre-incubated with normal goat serum (DAKO) after 
which sections were incubated with AT8 antibody (1:100 dilution) O/N at 4°C. After 
washing in PBS sections were incubated with HRP conjugated goat anti mouse IgG1 
diluted in 1% BSA/PBS, 10% normal goat serum, 10% normal horse serum (DAKO) 
for 1 hour (RT). Color was developed using DAB and sections were counterstained with 
hematoxylin and mounted using Aquamount (BDH). Sections were analyzed by the 
Nuance spectral imaging system (CRi, Woburn, MA) as described before.3 
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Figure 1: Immunohistochemical detection of pPERK and pIRE1 in FTLD-tau shows different types 
of immunoreactivity. A: No immunoreactivity for pPERK was observed in neurons in CTRL cases. B: 
Neurons from CTRL cases did not show pIRE1 immunoreactivity. C: Neuronal immunoreactivity for 
pPERK was observed in granules morphologically resembling granulovacuolar degeneration (GVD, 
arrows), but also smaller granules were observed (arrowheads). D: Neuronal immunoreactivity 
for pIRE1 was also observed in GVD (arrows) and small granules (arrowheads). E: A subset of 
neurons displayed diffusely distributed immunoreactivity for pPERK. F: Also immunoreactivity 
for pIRE1 could be observed diffusely localized in the soma of the neuron. All images were taken 
from neurons in the CA1 area of the hippocampus. Sections were counterstained with hematoxylin. 
Scale bar: 10 µM.



71

The unfolded protein response is associated with early tau pathology  
in the hippocampus of tauopathies

Results
UPR markers pPERK and pIRE1 are increased in FTLD-tau
Paraffin embedded brain tissue from 10 MAPT mutation carriers, together with 4 cases 
with PiD and 4 cases with PSP was assessed by immunohistochemistry. pPERK and pIRE1 
were observed in neurons as granules, which morphologically resemble granulovacuolar 
degeneration (GVD), and to lesser extent diffusely distributed in the soma (Figure 1). 
pPERK and pIRE1 were not observed in non-neurological controls. Both the number of 
pPERK and pIRE1 positive neurons, as well as the number of neurons immunoreactive 
for antibodies detecting phosphorylation of tau at different epitopes, AT8, AT100 and 
AT270, was semi-quantitatively scored (Table 3 and 4). 

Figure 2: Immunohistochemical detection of UPR markers and p-tau in FTLD-tau subtypes. A-E: 
Hippocampal CA1 subregion of a control case (CTRL). F-J: Hippocampal CA1 subregion of a 
FTLD-tau case with PiD. K-O: Hippocampal CA1 subregion of a FTLD-tau case with MAPT 
P301L mutation. P-T: Hippocampal CA1 subregion of a FTLD-tau case with PSP. A, F, K, P: 
Immunohistochemical localization of pPERK. B, G, L, Q: Immunohistochemical localization of 
pIRE1. C, H, M, R: Detection of p-tau with AT8 antibody. D, I, N, S: Detection of p-tau with AT100 
antibody. E, J, O, T: Detection of p-tau using AT270 antibody. Arrow indicates the area shown in 
detail in the inset. Sections were counterstained with hematoxylin. Scale bar: 200 µM. Scale bar 
insets: 10 µM.
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pPERK and pIRE1 were observed in all cases that showed prominent presence of p-tau 
immunoreactivity (Figure 2). In all investigated brain areas of FTLD-tau cases the 
presence of UPR activation markers was associated with the presence of p-tau positive 
neurons, except in the SN where tau pathology was observed without marked presence of 
UPR activation markers. Immunoreactivity for pPERK and pIRE1 was most pronounced 
in the granular layer of the dentate gyrus (DG) and in the pyramidal neurons of the cornu 
ammonis (CA) 1 and subiculum (SUB) of the hippocampus, areas that show strong 
p-tau immunoreactivity in most FTLD-tau cases (Table 3). Although pPERK and pIRE1 

Table 3: Average scores of semi quantitative analysis of immunoreactivity in dentate gyrus (DG), 
CA1, and subiculum (SUB).

FTLD-tau

Area Marker MAPT 
G272V 
(n=5)

MAPT 
P301L 
(n=4)

MAPT 
L315R 
(n=1)

PiD
 (n=4)

PSP
 (n=4)

FTLD-
TDP 
(n=2)

FTLD-
FUS 
(n=2)

CTRL 
(n=4)

Average score (minimum – maximum)
DG pPERK 1,8 (1-3) 3,5 (2-4) 2 3,3 (3-4) 0,5 (0-1) 0 0 0

pIRE1a 2 (1-3) 3,5 (2-4) 2 2,6 (2-3) 0,8 (0-1) 0 0 0
AT100 3,2 (1-4) 4 4 4 1,8 (0-3) 0 0 0
AT8 3,2 (1-4) 4 4 4 2 (1-3) 0 0 0
AT270 1,4 (0-3) 1,3 (0-3) 1 3,7 (3-4) 0 0 0 0

CA1 pPERK 1,4 (1-2) 3,5 (3-4) 3 3,7 (3-4) 1,5 (0-3) 0 0 0
pIRE1a 2 (1-3) 3,5 (3-4) 3 3,3 (3-4) 1,8 (1-3) 0 0 0
AT100 3,4 (3-4) 3,8 (3-4) 4 4 2,3 (1-4) 0 0 0,5 (0-2)
AT8 3,2 (3-4) 3,8 (3-4) 4 4 2,3 (1-4) 0 0 0,5 (0-2)
AT270 0,8 (0-2) 1 3 3,7 (3-4) 0,3 (0-1) 0 0 0,3 (0-1)

SUB pPERK 2,4 (2-3) 3,5 (3-4) 3 3,7 (3-4) 1,8 (0-3) 0 0 0
pIRE1a 2,8 (2-3) 3,8 (3,4) 3 3,7 (3-4) 2 (1-3) 0 0 0
AT100 3,8 (3-4) 4 4 4 2,3 (1-4) 0 0 0,3 (0-1)
AT8 3,8 (3-4) 4 4 4 2,3 (1-4) 0 0 0,3 (0-1)
AT270 1,6 (0-3) 1,5 (1-2) 2 3,7 (3-4) 0,3 (0-1) 0 0 0

CTRL, control case; FTLD, frontotemporal lobar degeneration associated with tau, TAR-DNA 
binding protein (TDP) or fused in sarcoma (FUS) inclusion body pathology; DG, dentate gyrus; CA, 
cornu ammonis; SUB, subiculum. Immunoreactive neurons were counted in the entire hippocampal 
subarea. The average per field (0.78 mm2) was taken and grouped as follows: 0, no neurons; 1, 1-5 
neurons; 2, 6-10 neurons; 3, 11-50 neurons; 4, >50 neurons. Shown are average score per group. 
The minimum and maximum are indicated between parentheses. No indication of minimum and 
maximum indicates equal score in all cases or average of 2 cases (FTLD-TDP and FTLD-FUS).
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were observed to a lesser extent in the CA2-4 area, their presence corresponded with the 
occurrence of p-tau (results not shown). Although FTLD-tau cases showed a prominent 
presence of p-tau positive neurons in the gyrus temporalis medialis (GTM), gyrus frontalis 
medialis (GFM), and substantia nigra (SN), few to moderate numbers of neurons were 
observed that showed a presence of UPR activation markers (Table 4). MAPT G272V 
carriers have lower presence of UPR markers in the GTM compared to MAPT P301L 
carriers and sporadic PiD cases. PSP cases showed prominent presence of AT8 and AT100 
positive neurons in the locus coeroleus and putamen. Also in these areas pPERK and pIRE 
could be observed in few to moderate numbers of neurons (results not shown). Together 
these results indicate that the presence of UPR markers corresponds with the presence 
of p-tau in the hippocampus and, to a lesser extent, in cortical areas and lower brain 
regions. To support this observation the correlation between the presence of UPR markers 
and p-tau in FTLD-tau cases was analysed in different brain areas (Table 5). Significant 
correlation coefficients were primarily observed for subareas of the hippocampus in 
contrast to other brain regions. These data suggest that the association between UPR 
activation and the presence of p-tau is stronger in the hippocampus compared to other 
brain regions.
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Table 4: Average scores of semi quantitative analysis of immunoreactivity in gyrus temporalis 
medialis (GTM), gyrus frontalis medialis (GFM), and substantia nigra (SN).

FTLD-tau
Area Marker MAPT 

G272V 
(n=5)

MAPT 
P301L 
(n=4)

MAPT 
L315R 
(n=1)

PiD
 (n=4)

PSP
 (n=4)

FTLD-
TDP 
(n=2)

FTLD-
FUS (n=2)

CTRL 
(n=4)

Average score (minimum – maximum)
GTM pPERK 1 2,25 (1-3) 0 2 (1-3) n 0,5 0 0

pIRE1a 1 1,5 (1-2) 0 1,3 (1-2) n 0,5 0 0
AT100 2,8 (2-3) 3,5 (3-4) 1 3,5 (3-4) n 0 0 0
AT8 2,8 (2-3) 3,5 (3-4) 1 3,5 (3-4) n 0 0 0
AT270 0,6 (0-1) 0,75 (0-1) 0 2,8 (2-3) n 0,5 0 0

GFM pPERK 1 1,3 (1-2) 0 1 n 0 0 0
pIRE1a 1 1,3 (1-2) 0 1 n 0 0 0
AT100 2,5 (2-3) 3,3 (3-4) 3 3,5 (3-4) n 0 0 0
AT8 2,3 (1-3) 3,3 (3-4) 1 3 n 0 0 0
AT270 0,5 (0-1) 0,3 (0-1) 0 1 (0-3) n 0 0 0

SN pPERK 0 0,25 (0-1) 0 0,5 (0-1) 0,5 (0-1) n 0,5 0
pIRE1a 0,2 (1-0) 0,25 (0-1) 0 0 0,3 (0-1) n 0,5 0
AT100 1,4 (1-2) 3 (2-4) 1 2,3 (2-3) 2,8 (1-4) n 0 0
AT8 1,2 (1-2) 3 (2-4) 1 2 (1-3) 2,3 (1-3) n 0 0,3 (0-1)
AT270 0 0,25 (0-1) 0 0,3 (0-1) 0,3 (0-1) n 0 0

CTRL, control case; FTLD, frontotemporal lobar degeneration associated with tau, TAR-DNA 
binding protein (TDP) or fused in sarcoma (FUS) inclusion body pathology; GTM, medial temporal 
gyrus; GFM, medial frontal gyrus; SN, substantia nigra; n, not available. Immunoreactive cells 
were counted in 5 fields of 0.78 mm2. The average per field was taken and grouped as follows: 0, 
no neurons; 1, 1-5 neurons; 2, 6-10 neurons; 3, 11-50 neurons; 4, >50 neurons. Shown are average 
score per group. The minimum and maximum are indicated between parentheses. No indication of 
minimum and maximum indicates equal score in all cases or average of 2 cases (FTLD-TDP and 
FTLD-FUS).



75

The unfolded protein response is associated with early tau pathology  
in the hippocampus of tauopathies

Table 5: Correlation analysis between UPR markers and p-tau marker in FTLD-tau cases.

Area UPR marker p-tau marker
Correlation coefficient

AT100 AT8 AT270

DG pPERK 0,86 (p<0,001)* 0,85 (p<0,001) * 0,52 (p=0,033)*

pIRE1a 0,85 (p<0,001)* 0,85 (p<0,001)* 0,44 (p=0,079)

CA1 pPERK 0,68 (p=0,003)* 0,74 (p<0,001)* 0,51 (p=0,037)*

pIRE1a 0,66 (p=0,004)* 0,63 (p=0,006)* 0,40 (p=0,107)

SUB pPERK 0,62 (p=0,008)* 0,62 (p=0,008)* 0,67 (p=0,003)*

pIRE1a 0,57 (p=0,017)* 0,57 (p=0,017)* 0,59 (p=0,013)*

GTM pPERK 0,51 (p=0,065) 0,51 (p=0,065) 0,35 (p=0,225)

pIRE1a 0,59 (p=0.027)* 0,59 (p=0.027)* 0,37 (p=0,191)

GFM pPERK 0,00 (p=1,000) 0,42 (p=0,170) 0,00 (p=1,000)

pIRE1a 0,00 (p=1,000) 0,42 (p=0,170) 0,00 (p=1,000)

SN pPERK -0,04 (p=0,883) -0,11 (p=0,654) 0,06 (p=0,827)

pIRE1a 0,24 (p=0,339) 0,35 (p=0,157) -0,20 (p=0,426)

* indicates significant correlation (Spearman non-parametric analysis)

As found in our previous work 3 no pPERK or pIRE1 was observed in cases without 
neurological impairments (Table 3 and 4). Also in the FTLD cases which showed no 
p-tau in the investigated brain areas UPR activation was not detected. The FTLD cases 
negative for tau were classified as FTLD-TDP and FTLD-FUS based on assessment for 
inclusions positive for pTDP-43 and FUS, respectively. The presence of pPERK and 
pIRE1 was assessed in the hippocampus, GTM, GFM and SN. Adjacent sections were 
stained with antibodies directed against pTDP-43, FUS and the stress granule marker 
TIAR to confirm whether disease related pathology occurred in the investigated regions. 
No pPERK, pIRE1 or p-tau was observed in the FTLD-TDP and FTLD-FUS cases in 
the investigated areas (Figure 3). These data strongly support that UPR activation is 
specifically associated with the occurrence of p-tau in FTLD.
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Figure 3: UPR activation does not occur in FTLD-TDP or FTLD-FUS. Shown are images taken from 
the hippocampal DG region. A: Immunoreactivity for pTDP43 is visible as cytoplasmic inclusions 
in the DG of an FTLD-TDP case. B: Inclusions positive for the stress granule marker TIAR were not 
observed in FTLD-TDP. C: No immunoreactivity for p-tau (AT8) was observed in FTLD-TDP. D: 
No immunoreactivity for pPERK was observed in FTLD-TDP. E: No immunoreactivity for pIRE1 
was observed in FTLD-TDP. F: Immunoreactivity for FUS is visible as cytoplasmic inclusions 
in the DG of a FTLD-FUS case. G: TIAR positive inclusions were observed in FTLD-FUS. H: 
No immunoreactivity for p-tau (AT8) was observed in FTLD-TDP. I: No immunoreactivity for 
pPERK was observed in FTLD-FUS. J: No immunoreactivity for pIRE1 was observed in FTLD-
FUS. Arrow indicates the area shown in detail in the inset. Sections were counterstained with 
hematoxylin. Scale bar: 100 µM. Scale bar insets: 10 µM.

Presence of Aβ deposits was determined by immunostaining for all cases and tissue 
sections. In 5/18 FTLD-tau cases a few diffuse Aβ deposits in one or two of the selected 
areas were observed (Table 1). Compact Ab deposits were absent in all cases and 
investigated areas. The remaining 13 FTLD-tau cases were negative for Aβ, therefore it 
can be excluded that Ab pathology contributes to UPR activation in the cases selected for 
this study. 

UPR activation is associated with early tau pathology 
Double immunohistochemistry and spectral unmixing was performed in a subset of our 
cohort (Figure 4). Co-occurrence of pPERK or pIRE1 and p-tau (assessed by AT8) in the 
same neuron was observed in all FTLD-tau cases analyzed (n=10). Neurons displaying 
diffusely distributed p-tau showed pPERK and pIRE1 reactivity whereas neurons 
containing dense p-tau immunoreactive inclusions displayed no or little pPERK or pIRE1 
immunoreactivity. Occasionally a neuron positive for pPERK or pIRE1 but not for AT8 



77

The unfolded protein response is associated with early tau pathology  
in the hippocampus of tauopathies

Figure 4: Double immunohistochemistry and spectral imaging analyses for pPERK or pIRE1 
and p-tau (AT8) in FTLD-tau. A: Overview of double immunolabelling for pPERK (deep pink) 
and AT8 (brown) in the hippocampus (CA1) of FTLD-tau (PiD). B,C: Detail of pPERK and 
AT8 double immunolabelling in CA1 of FTLD-tau (PiD). D,E: Detail of pIRE1 and AT8 double 
immunolabelling in CA1 of FTLD-tau (PiD). F: Overview of double immunolabelling for pPERK 
(deep pink) and AT8 (brown) in the subiculum of FTLD-tau (PSP). G,H: Detail of pPERK and AT8 
double immunolabelling in the subiculum of FTLD-tau (PSP). I,J: Detail of pIRE1 and AT8 double 
immunolabelling in the subiculum of FTLD-tau (PSP). K: Overview of double immunolabelling 
for pPERK (deep pink) and AT8 (brown) in the hippocampus (CA1) of FTLD-tau (MAPT G272V). 
L,M: Detail of pPERK and AT8 double immunolabelling in CA1 of FTLD-tau (MAPT G272V). 
N,O: Detail of pIRE1 double immunolabelling in CA1 of FTLD-tau (MAPT G272V). pPERK, 
pIRE1 and AT8 signals were spectrally unmixed and are shown separately and merged with artificial 
colours (AT8: green, pPERK/pIRE1: red) for each case. Representative neurons are shown for each 
FTLD-tau subtype. Sections were counterstained with hematoxylin indicated as blue color in the 
merged pictures. Scale bar: 50 µM.
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was found (data not shown). FTLD-tau cases with prominent presence of p-tau in cells with 
a glial morphology also showed pPERK immunoreactivity in these cells. Colocalization 
of pPERK with p-tau in glial-like cells was observed in the para-hippocampal area of 
PiD, PSP, and MAPT mutation carriers (Figure 5). P-tau positive glial-like cells displayed 
diffusely distributed pPERK immunoreactivity combined with intensely stained granules. 
Together, these results indicate that UPR activation is associated with early tau pathology 
in FTLD-tau, both in neurons and in glial-like cells.

Figure 5: UPR activation and p-tau (AT8) in cells with glial morphology in the para-hippocampal 
white matter of FTLD-tau. A: Double immunohistochemistry showing pPERK immunoreactivity 
(deep pink) in a subset of AT8 immunoreactive (brown) glial-like cells (indicated with asterisks) 
in FTLD-tau (PiD). B: AT8 and pPERK signals were spectrally unmixed and are shown separately 
and as a merge with artificial colours (AT8: green, pPERK: red). C: Double immunohistochemistry 
showing pPERK immunoreactivity (deep pink) in a subset of AT8 immunoreactive (brown) glial-
like cells (indicated with asterisks) in FTLD-tau (MAPT L315R). D: AT8 and pPERK signals were 
spectrally unmixed and are shown separately and as a merge with artificial colours (AT8: green, 
pPERK: red). Sections were counterstained with hematoxylin indicated as blue color in the merged 
pictures. Arrows in A and C indicate glial-like cells expressed in detail in B and D, respectively. 
Scale bar: 50 µM. 
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Discussion
Previously, we demonstrated the presence UPR activation markers in close correlation 
with p-tau in AD.3 Here we demonstrate UPR activation in cases that can be 
neuropathologically classified as FTLD-tau. We found direct evidence for activation 
of two ER stress sensors: both PERK, that mediates the translational response, and 
IRE1, that induces a transcriptional response, are activated as observed by the increased 
presence of their phosphorylated isoforms. A strong association between the presence 
of UPR activation markers and p-tau was observed in the hippocampus of FTLD-tau 
cases. UPR activation markers are commonly observed in neurons that show a diffuse 
staining of p-tau and are rarely present in the absence of p-tau. Neurons that contain 
densely aggregated p-tau inclusions show no or only very low levels of UPR activation. 
This indicates that UPR activation is specifically associated with early tau pathology in 
FTLD. In addition, we confirm co-occurrence of pPERK and p-tau in cells with a glial 
morphology.366 This indicates that UPR activation also coincides with tau pathology in 
other cell types than neurons. Furthermore, strong UPR immunoreactivity is observed in 
neurons and glial-like cells in the relatively young sporadic tauopathy cases and MAPT 
mutation carriers, and is absent in relatively old control cases. This indicates that overall 
aging effects can be excluded to have a prominent role in UPR activation. 

AD is characterized by the accumulation of aggregated β-amyloid (Aβ). Aggregates of 
Aβ can induce the UPR in vitro 151,392 and may therefore contribute to UPR activation 
and subsequently to tau phosphorylation. In two previously described sporadic PSP/CBD 
cases showing increased presence of UPR markers this is a confounding factor; one of 
the cases presented with AD co-morbidity, whereas Aβ pathology was not excluded in the 
other.366 Of the 18 FTLD-tau cases investigated in this study, only 5 cases show very low 
numbers of diffuse Aβ deposits in the investigated areas. Although the exact trigger(s) for 
activation of the UPR in neurodegenerative disorders remains elusive, the absence of Aβ 
in the majority of FTLD-tau cases excludes a role for Aβ in UPR activation in these cases. 

The data in this study support a functional connection between UPR activation and tau 
phosphorylation. Transgenic mice and in vitro models expressing MAPT mutants do not 
show an increased UPR.394 In contrast, several in vitro studies show that activation of 
the UPR contributes to increased tau phosphorylation.313,395,314 These studies suggest that 
activation of the UPR enhances the phosphorylation of tau, which is corroborated by 
our data. Previously, we have shown that pPERK colocalizes with glycogen synthase 
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kinase 3β (GSK-3β) in AD neurons.3 In vitro studies have shown that activation of the 
UPR induces the activity of GSK-3β, one of the kinases involved in the phosphorylation 
of tau.396,397 This suggests that UPR activation in neurons might directly contribute to 
the phosphorylation of tau, a prerequisite for the formation of tau aggregates. A recent 
genome-wide association study of the genetic risk factors for PSP identified EIF2AK3, 
the gene that encodes PERK.398 This work suggests that perturbation of the UPR can 
influence the risk to develop tau pathology, and supports the hypothesis that the UPR is a 
causal factor rather than a downstream consequence of neurodegeneration. 

Although we assessed a limited number of cases we found no indication that UPR 
activation is involved in FTLD-TDP or FTLD-FUS. TDP-43 and FUS are both DNA/
RNA binding proteins implying that abnormal RNA metabolism plays a role in the 
pathogenesis of these diseases.399 Recently it was reported that FUS is associated with 
stress granules (SGs), cytoplasmic structures that are formed during cellular stress.400,401 
There are some controversies concerning the occurrence of SG markers in FTLD-TDP 
and the involvement of TDP-43 in SG formation.401,402 In contract to FTLD-FUS, we did 
not observe SG marker TIAR immunoreactive inclusions in FTLD-TDP. More extensive 
investigation of different FTLD subtypes is warranted to clarify the role of SGs in FTLD. 
The differential activation of stress pathways associated with protein homeostasis in 
FTLD subtypes could have implications for future therapeutic strategies.153

In FTLD-tau, UPR markers are associated with granules that can be characterized 
as GVD. GVD primarily occurs in the pyramidal neurons of the hippocampus and is 
increased in dementia compared with age-matched control brain.403,404 The occurrence 
of GVD is most extensively reported in AD, but has also been described in PiD and 
PSP.404-406 Granules morphologically characterized as GVD most likely correspond to a 
special type of autophagosome or disturbed autophagic process.303 Recently our group 
has demonstrated that intracellular levels of the autophagy related protein LC3 are high 
in neurons positive for UPR markers and that ER stress preferentially activates autophagy 
(Chapter 4).407,408 It is possible that disturbed autophagic degradation, indicated by high 
LC3 levels, results from prolonged UPR activation. Alternatively, neurons showing the 
presence of GVD may be very sensitive to disturbances in ER homeostasis and quickly 
activate a robust UPR that can easily be detected. 

In conclusion, UPR activation is prominently present in cases that can be neuropathologically 
classified as FTLD-tau, and is undetectable in FTLD cases negative for tau pathology 
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and non-neurological control cases. Our data indicate that UPR activation is specifically 
associated with early tau pathology in FTLD and occurs independent from Ab pathology. 
The prominent presence of UPR activation in the relatively young sporadic tauopathy 
cases and MAPT mutation carriers indicates that overall aging effects can be excluded to 
have a prominent role in UPR activation. Together these data show a strong association of 
UPR activation with tau pathology during the early stages of neurodegeneration.
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