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Abstract
The unfolded protein response (UPR) is a stress response that is activated upon 
disturbed homeostasis in the endoplasmic reticulum. In Alzheimer’s disease as well as 
in frontotemporal dementia with tau inclusions the UPR is activated in neurons with 
early phosphorylated tau pathology. This led to the hypothesis that there is a functional 
connection between UPR activation and tau pathology. Here we investigate the 
connection between UPR activation and tau phosphorylation using in vitro and in vivo 
models. Increased expression of tau protein, using an inducible cell model, did not lead 
to increased UPR activation. In addition, increased UPR activation could not be observed 
in brain tissue from THY-Tau22 transgenic mice, which exhibit neuropathological tau 
hyperphosphorylation and aggregation throughout the brain. In a human neuronal cell 
model we observed that UPR activation induced by tunicamycin led to a mild increase 
in tau phosphorylation. This data is in support of previous studies that suggest that UPR 
activation facilitates increased tau phosphorylation 
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Introduction
Tauopathies are a group of neurodegenerative disorders that are characterized by the 
accumulation of insoluble deposits of highly, or hyper, phosphorylated tau (p-tau) protein 
in the brain. These disorders include Alzheimer’s disease (AD) and frontotemporal lobar 
degeneration with tau positive inclusions (FTLD-tau) which includes Pick’s disease 
(PiD), progressive supranuclear palsy (PSP) and familial frontotemporal dementia and 
parkinsonism associated with chromosome 17 (FTDP-17). Although the morphology of 
the inclusions and the cell types in which they accumulate differ between these disorders, 
the phosphorylation of tau plays a central role in the neurodegenerative process. 

The tau protein, elaborately described in Chapter 1, functions in maintaining microtubule 
stability and in facilitating transport of cargo across the microtubule network.35-39,433 
Binding affinity of tau to the microtubules is regulated via its phosphorylation, mediated 
by the concerted action of kinases and phosphatases. Approximately 20% of the tau 
protein has the potential to be phosphorylated 53 and the precise physiological regulation 
of tau phosphorylation remains largely elusive. Increased tau phosphorylation is thought 
to precede the formation of insoluble aggregates as it reduces tau microtubule binding 
affinity and increases tau aggregation propensity.434,435,389,113 In vivo studies have identified 
glycogen synthase kinase 3 (GSK-3) and cyclin dependent kinase-5 (CDK-5) as important 
tau kinases both in physiological and pathological tau phosphorylation.46

We previously reported that increased presence of p-tau in neurons in AD and FTLD-tau 
brain (Chapter 3) is closely associated with activation of the unfolded protein response 
(UPR).436,437,256 The UPR, described in detail in Chapter 1, is a stress response that is 
activated upon a disruption in endoplasmic reticulum (ER) protein folding homeostasis, 
or ER stress. The UPR comprises three signalling routes; inositol requiring enzyme 
1 (IRE1), PKR like ER kinase (PERK) and activating transcription factor (ATF) 6.438 
Activation of these routes leads to downstream signalling events which are aimed at 
restoring homeostasis by attenuating the amount of proteins entering the ER, promoting 
degradation and enhancing expression of factors that facilitate ER protein folding. 
Enhanced activity of the UPR transcription factors XBP1 spliced (XBP1-s), ATF6 and 
ATF4 leads to upregulation of UPR responsive genes, including the molecular chaperone 
GRP-78/BiP and the pro-apoptosis protein CHOP.439 

Markers of an active UPR co- occur in neurons that contain diffusely distributed p-tau and 
do not (yet) contain inclusions (Chapter 3).3,256 The close association of UPR activation 
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and p-tau pathology in situ led to several studies addressing the mechanistic connection 
between UPR activation and p-tau. ER stress and UPR activation can be induced by several 
chemical compounds, including thapsigargin (Th), an inhibitor of the ER Ca2+ ATPase, 
and tunicamycin (Tm), an inhibitor of ER N-linked glycosylation. In one study induction 
of ER stress with Th in endogenously tau expressing human SH-SY5Y neuroblastoma 
cells led to a moderate increase in tau phosphorylation at Ser396 and Ser202/Thr205 
after 3 and 6h of treatment. The same effect, but more pronounced, was observed in 
tau overexpressing Hek-293 cells.313 A similar study, also using differentiated SH-
SY5Y cells, did not find increased tau phosphorylation at Ser396, and other investigated 
residues, after ER stress induction with Th and Tm for 1, 3 and 6h.394 In this study the 
concentration Th used was lower than in the previously described study and the lack of 
tau phosphorylation might be due to a less robust UPR induction. However, this study 
also used Tm at a concentration that is expected to rapidly activate the UPR. In addition, 
no evidence for UPR activation was observed in the PS19 transgenic mouse model in this 
study. The PS19 model expresses high levels of human tau (h-tau) containing the FTDP-
17 associated P301S mutation in the brain and develops progressive tau pathology starting 
at 6 months.440 Levels of mRNA of the UPR responsive factors XBP1-s and GRP-78/BiP 
were assessed at 6 and 11 months in several brain areas, including the hippocampus. 
No differences were observed between PS19 transgenic animals and wildtype (WT) 
littermates.394

The precise connection between the UPR and p-tau remains unknown. In this study 
we investigated the effect of UPR activation on tau phosphorylation, and vice versa, 
using in vitro and in vivo models. Previous studies used non-neuronal Hek-293 tau 
overerexpressing cell models to assess the connection between increased tau expression 
and UPR activation. However, as tau is specifically expressed in neuronal cells, a neuron 
specific connection between tau and the UPR might not be modelled in Hek-293 cells. 
We investigated the effect of tau overexpression on UPR activation using an inducible 
tau overexpressing neuronal cell model. Furthermore, we assessed UPR activation in a 
mutant h-tau expressing mouse model during and after the onset of tau pathology. Next, 
we made use of endogenous tau expressing human SK-N-SH neuroblastoma cells to asses 
whether chemical UPR induction by Tm influences tau phosphorylation.
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Methods
Cloning of 2N4R h-tau cDNA into the pcDNA4/TO vector
A construct containing the open reading frame of the longest, 2N4R, h-tau isoform was 
kindly supplied by Dr. Mandelkow, Hamburg, Germany. 2N4R h-tau was supplied in 
the bacterial pNG2 vector and was excised by digestion with the restriction enzymes 
NdeI and BamHI. Both sites were rendered blunt ended using Klenow. The 2N4R insert 
was ligated into the HindIII and BamHI sites, which were blunted with Klenow, of the 
pcDNA4/TO vector (Invitrogen, Carlsbad, CA, USA) multiple cloning site. 

Generating PC12 Tet-Off inducible 2N4R h-tau stable cell lines 
The PC12 Tet-off inducible cell system was purchased from Clontech (Mountain View, 
CA, USA). These cells are stably transfected with the pTet-Off Advanced promotor. This 
vector constitutively expresses the transcriptional activator Tet-Off Advanced. In the 
absence of doxycycline (Dox) Tet-Off Advanced binds the TetO sequences on pcDNA4/
TO containing 2N4R h-tau and activates transcription. Upon addition of Dox to the 
culture medium Tet-Off Advanced is titrated from the TetO sequences and transcription is 
turned off. PC12 Tet-Off cells were transfected with PCDNA4/TO 2N4R h-tau and stable 
cell lines were selected using medium containing 200µg/ml G418 and 250µg/ml zeocyn. 

Culturing of PC12 Tet-Off 2N4R h-tau and SK-N-SH cells
Rat PC12 Tet-Off 2N4R h-tau cells were cultured in DMEM with Glutamax (Gibco) with 
5% FCS and 10% horse serum (Lonza, Basel, Zwitserland) supplemented with 100U/ml 
penicillin (Yamanouchi) and 200µg/ml G418 and 250µg/ml zeocyn. Upon differentiation 
PC12 cells acquire a neuron like phenotype. Cells were differentiated in culture 
medium supplemented with 100ng/ml nerve growth factor (NGF, Harlan Laboratories, 
Indianapolis, IN, USA) for 5 days. Transgene expression was prohibited by the addition 
of 1µg/ml doxycycline to the culture medium. Upon removal of doxycycline cells were 
left for 24h to allow transgene expression before the start of treatment protocols. 

Human SK-N-SH neuroblastoma cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) with GlutaMax (Gibco BRL, Carlsbad, CA, USA) supplemented 
with 10% fetal calf serum (FCS) (Gibco BRL) and 100U/ml penicillin (Yamanouchi 
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Pharma BV, Leiderdorp, The Netherlands). SK-N-SH cells were differentiated in culture 
medium supplemented with all trans-retinoic acid (Sigma, St Louis, MO, USA) in a 
final concentration of 10mM for 5 days. Differentiated cells were treated with 100nM 
wortmannin (Wm, Sigma, St. Louis, MO, USA), 30mM lithium chloride (LiCl, Sigma), 
100nM okadaic acid (OA, Sigma) or increasing concentrations of tunicamycin (Tm, 
Sigma) for indicated times. 

RNA isolation and cDNA synthesis
For RNA isolation from differentiated PC12 Tet-Off 2N4R h-tau cells, cells were 
cultured as described (5x105 per well in a six well plate) and subsequently harvested in 
1ml TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA was isolated using the 
QIAube (QIAGEN, Venlo, The Netherlands). The protocol used was according to the 
manufacturer’s specifications. Isolated RNA was diluted in 50µl RNase-free water and 
stored at -20°C. 

The THY-Tau22 transgenic mouse model expresses high levels of 4 repeat h-tau 
containing the G272V and P301S mutations under the control of the neuron specific 
Thy1.2 promotor. Tau pathology becomes visible in these animals starting at 3 months 
and progresses with age. Mice at 12 months show extensive tau hyperphosphorylation 
and neurofibrillary tangle-like inclusions. RNA was isolated from the hippocampus of 
THY-Tau22 and WT littermates sacrificed at 4, 7 or 11 months, with 5 or 6 animals in 
each group.441

RNA concentrations and purity were assessed by OD measurements at 260 and 280nm 
on a NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA, USA). For cDNA 
synthesis, 1µg of RNA and 125pmol Oligo-dT12 primer were dissolved in a total of 10µl 
H20 and incubated at 72°C for 10 min. Reverse transcriptase mix was added, consisting of 
5µl 5x first strand buffer (Invitrogen), 0.5µl SuperScript II RNA polymerase (Invitrogen), 
10mM dNTPs and 25mM MgCl2 in a total of 15µl H20. The mixture was incubated at 
42°C for 1h, followed by 15 min at 70°C. cDNA quality was assessed on 0.8% agarose 
gel. 
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Real-time qPCR
Real-time qPCR was performed using the Light Cycler 480 system (Roche Applied 
Science, Indianapolis, IN, USA). Oligonucleotide primers (Sigma, USA) used for qPCR 
are listed in Table 1. Reaction volumes of 5µl contained cDNA, 0.1µM Universal 
Prober Library probe (Roche Applied Science), also listed in Table 1, 0.4µM forward 
primers, 0.4µM reverse primer and 2.5µl 2x Light Cycler 480 Probes Master (Roche 
Applied Science). After denaturation for 10 min at 95°C, amplification was performed 
using 35 cycles of denaturation (95°C for 10s), followed by annealing (58°C for 15s) and 
elongation (72°C for 15s). Results were analyzed using the Light Cycler 480 software 
(Roche Applied Science) version 1.5. 

Western blotting
To obtain cytoplasmic lysates differentiated SK-N-SH cells (2x105/well in a 12 well 
plate) were scraped in ice-cold lysis buffer containing 1% Triton X-100 and protease 
inhibitor cocktail (Roche Applied Science) and phosphatase inhibitor cocktail (Roche 
Applied Science) in PBS. The lysate (supernatant) was obtained after centrifugation 
at 12000 × g at 4°C for 8 min. Protein concentration was determined with a Bradford 
protein assay (Bio-Rad Laboratories, Veenendaal, The Netherlands). Equal amounts of 
protein were analysed on 8% (BiP, eEF2α) or 10% (pan-tau, pSer396 tau) SDS-PAGE 
gels and blotted onto PVDF membrane (Millipore, Billerica, MA, USA) using a semi-
dry electro blotting apparatus. Blots were pre-incubated with 1% bovine serum albumin 

Table 1: Primers and probes used for qPCR 480 Light Cycler.

Gene Primers (5’ à 3’) Product size (nt) Probe no. 
Rat GRP-78/BiP FW:ccgtaacaatcaaggtctacga

RV:aaggtgacttcaatctggggta
124 15

Rat GAPDH FW:catcgtggaagggctcat
RV: agtggatgcagggatgatg

127 26

Mouse GRP-78/BiP FW: gccaactgtaacaatcaaggtct
RV:tgacttcaatctggggaactc

125 15

Mouse CHOP FW:ccaccacacctgaaagcag
RV:tcctcataccaggcttcca

110 33

Mouse GAPDH FW: aagagggatgctgccctta
RV: ttttgtctacgggacgagga

86 33

Probe numbers refer to numbers in the Roche universal probe library.
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(w/v, BSA; Boehringer, Mannheim, Germany) or 2.5% non-fat dried milk in PBS-T 
(0.05% Tween-20 in PBS) for 1h and subsequently incubated at 4°C for 16h with primary 
antibodies. Membranes were washed 3 × 10 min in PBS-T and subsequently incubated 
with species-specific secondary antibodies conjugated to horseradish peroxidase (HRP, 
dilution 1:1000, DAKO, Glostrup, Denmark). Reactive protein bands were visualized 
using LumiLightPLUS Western blotting substrate (Roche Applied Science) and a LAS-
3000 luminescent image analyzer (Fumi Photo Film (Europe), Kleve, Germany). Results 
were analyzed using Advance Image Data Analyzer software (Raytest, Straubenhardt, 
Germany) version 3.44.035. The primary antibodies and their dilution factors that were 
used in this study are listed in Table 2. 

In Cell ELISA colorimetric assay
The In Cell ELISA colorimetric assay (Thermo Scientific, Waltham, MA, USA) was 
performed according to the manufacturer’s recommendations. In short, SK-N-SH 
cells were plated in 96 well plates (15.000 cells/well) and differentiated as described. 
All conditions were assayed in triplicate. Unless otherwise stated, all incubations were 
performed at RT with gentle rocking. Cells were fixed in 4% formaldehyde for 15 min. 
Formaldehyde was aspirated; cells were washed twice in 1 × Tris Buffered Saline (TBS) 
and incubated with permeabilisation buffer for 15 min. Following permeabilisation, cells 
were washed with 1 × TBS and incubated with quenching solution (containing H2O2) for 
20 min. Cells were washed with 1 × TBS and subsequently blocked for 30 min in blocking 
solution. Following blocking, cells were incubated with the AT8 primary antibody 
solution (Table 2) for 16h at 4°C. Cells were washed three times with wash buffer and 
subsequently incubated with diluted α-mouse/rabbit HRP conjugate for 30 min. Cells 
were washed and signal was developed by addition of 3,3’,5,5’-Tetramethylbenzidine 
(TMB) substrate. The reaction was stopped when blue colour was visible. Absorbance 
(A) was measured at 450nm using a FLUOstar Omega microplate reader (BMG Labtech 
GmbH, Ortenberg, Germany). In order to correct for variation in the amount of cells 
Janus Green whole cell stain was used. Cells were incubated with Janus Green whole cell 
stain for 5 min and subsequently washed with ultrapure water until all excess stain was 
removed. Elution buffer was added and cells were incubated for 10 min before absorption 
was measured at 615nm. The A 450nm values were normalized to A 615nm values. The 
normalized A 450nm values were used to calculate fold changes in assayed protein levels. 
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Results
To assess the relation between tau and the UPR we first assessed the effect of expression 
of the tau protein on UPR activation using an inducible PC12 neuronal cell line stably 
expressing the largest, 2N4R, h-tau isoform under the control of a doxycycline inducible 
promotor. The addition of doxycycline to the culture medium inhibits expression 
of the 2N4R h-tau transgene whereas the removal of doxycycline allows 2N4R h-tau 
expression. (Figure 1A). Cells were treated with increasing concentrations of Tm for 16h 
to chemically induce ER stress and UPR activation. As expected, treatment with Tm led 
to increased mRNA levels of the molecular chaperone BiP as measured by quantitative 
PCR (qPCR). BiP levels did not significantly differ between cells treated with or without 
doxycycline; either at baseline or during ER stressed conditions (Figure 1B). Thus, in our 
in vitro model increased tau expression did not lead to increased UPR activation nor did 
it sensitize cells for UPR activation. 

Next we investigated UPR activation in a tauopathy mouse model overexpressing h-tau 
containing two FTDP-17 related mutations; G272V and P301S. This transgenic model, 
referred to as THY-Tau22 mice, starts displaying immunohistochemical reactivity 
against p-tau antibodies at the age of 3 months and shows extensive presence of p-tau 
and inclusion body formation at 12 months.441 Levels of mRNA of the UPR responsive 
genes BiP and CHOP were measured using qPCR in the hippocampus of these animals 
sacrificed at 4, 7 and 11 months. In both WT and THY-Tau22 mice increased levels of 
BiP were observed after 7 months (compared to 4 months). No significant difference in 
BiP and CHOP mRNA levels between WT and THY-Tau22 mice at 4, 7 and 11 months 

Table 2: Primary antibodies used in Western blot (WB) and In Cell ELISA (ICE) colorimetric 
assays.

Antibody Species Mono/
polyclonal

Use Dilution (milk/BSA) Company

h-tau Rabbit Polyclonal WB 1:1000 in 2.5% milk/PBS-T DAKO, Denmark
pSer396 h-tau Mouse Monoclonal WB 1:1000 in 1% BSA/PBS-T Cell Signaling 

Technology, USA
AT8 (pSer202/
pThr205 h-tau)

Mouse Monoclonal ICE 1:100 in antibody dilution 
buffer

Thermo 
Scientific, USA

BiP/GRP78 Goat Polyclonal WB 1:1000 in 2.5% milk/PBS-T Santa-Cruz, USA
eEF2α Rabbit Polyclonal WB 1:1000 in 2.5% milk/PBS-T Cell Signaling 

Technology, USA
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of age was observed. This data indicates that the increased BiP levels are not related with 
tau expression. (Figure 2). Combined, our in vitro and in situ data show no evidence for 
a role of increased levels of WT or mutant tau in UPR activation. 

We subsequently addressed whether UPR activation leads to increased tau phosphorylation 
in vitro. To this end we made use of differentiated SK-N-SH neuroblastoma cells which 
endogenously express tau (Figure 3). It is known that GSK-3 is capable of phosphorylating 
tau and one of the targeted epitopes is Ser396. We used wortmannin (Wm) and lithium 
(as lithium chloride (LiCl)) to enhance or inhibit GSK-3 activity, respectively, and as 
expected observed increased and decreased phosphorylation of tau at Ser396 (pSer396 
tau). Induction of the UPR using increasing concentrations of Tm for 16h led to increased 
levels of pSer396 tau. (Figure 3A, panel I, quantified in B). Treatment with Tm or Wm 
had no effect on levels of total tau but we observed a slight decrease in levels of total 
tau following treatment with LiCl (Figure 3A, panel II). Increased levels of BiP were 
observed in Tm treated samples, indicating the UPR is active under these conditions, but 
not in Wm or LiCl treated samples (Figure 3A, panel III, quantified in C). 

Figure 1: Increased tau expression does not induce or sensitise cells for UPR activation. PC12 Tet-
Off 2N4R h-tau cells were cultured in the absence or presence of doxycycline (Dox), permitting 
or inhibiting expression of the 2N4R h-tau transgene. A: Western blot analysis using a pan-tau 
antibody demonstrating repression of h-tau expression under Dox treated conditions and permission 
of expression following removal of Dox. B: Cells were treated with increasing concentrations of 
Tm for 16h to induce ER stress and UPR activation. Levels of BiP mRNA were measured by qPCR 
and normalised to levels of GAPDH mRNA. We observed no difference in BiP response between 
2N4R h-tau repressive and permissive conditions. 
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Phosphorylation of tau on Ser202 and Thr205 is associated with decreased microtubule 
binding affinity and increased tau aggregation.442, 443 The AT8 antibody specifically detects 
these phosphorylated epitopes on tau.3,256 Tau phosphorylated on Ser202/Thr205 was 
not observed in protein lysates of SK-N-SH cells treated under control conditions, or 
in the presence of Tm or Wm, using Western blot analysis (results not shown). Next we 
used a more sensitive In Cell ELISA for the detection of phosphorylated tau using the 
AT8 antibody. In this experiment okadaic acid (OA) was used as a positive control; it 
increases levels of p-tau in an indirect manner by inhibiting tau dephosphorylation by 
protein phosphatase 2A (PP2A). Treatment with OA resulted in a 2.5 fold increase in AT8 
signal, indicating we can measure changes in tau phosphorylation at Ser202/Thr205 using 

Figure 2: UPR induction is not apparent in mice expressing mutant human tau. A,B: Hippocampal 
mRNA levels of the UPR responsive genes encoding BiP (A) and CHOP (B) were analyzed in THY-
Tau22 and WT littermates at different ages. Each group consisted of 5 or 6 animals. A tau mediated 
increase in BiP or CHOP mRNA levels was not found. A significant increase in BiP expression (* 
p<0.05) was observed in 7 months old mice compared to 4 months old mice, irrespective of their tau 
status. BiP and CHOP mRNA levels were normalised to levels of GAPDH mRNA.
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this method. Treatment with increasing concentrations of Tm led to a significant (1.3 
fold) increase in tau phosphorylation at the Ser202/Thr205 epitope only with the highest 
concentration (1.0 µg/ml) Tm (Figure 4). 

Discussion
In this chapter we investigated the connection between UPR activation and tau 
phosphorylation using in vitro and in situ models. We made use of inducible tau 
overexpressing PC12 cells in order to increase expression levels of tau in a neuronal 
cell model. We found no differences in protein levels of the ER molecular chaperone 
BiP in cells expressing 2N4R h-tau, either at baseline or during ER stressed conditions. 
We also found no evidence for tau associated UPR activation in the THY-Tau22 mouse 
model which expresses h-tau containing the G272V and P301S mutations. We assessed 
mRNA levels of the UPR markers BiP and CHOP in total brain lysates at various ages 
and found no increase compared to WT littermates during early p-tau deposition or once 

Figure 3: UPR activation increases phosphorylation of tau at Ser396. Differentiated SK-N-SH 
neuroblastoma cells were treated with LiCl (Li), Wm and increasing concentrations of Tm for 16h. 
A: Phosphorylation of tau was investigated on Western blot using an antibody directed against tau 
phosphorylated on Ser396. Treatment with Tm led to increased reactivity against the tau pSer396 
antibody (panel I). Analysis using a pan-tau antibody revealed levels of total tau did not change 
during Tm treatment (panel II). Treatment with Tm resulted in increased expression of BiP (panel 
III). eEF2α was used as a loading control (panel III). B: Quantification of pSer396 relative to pan-
tau. C: Quantification of BiP levels relative to eEF2α. Asterisk indicates cross reactivity of the BiP 
antibody with Hsp70.
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inclusion bodies 441 were formed. In this experiment we only investigated mRNA levels 
of the downstream UPR targets BiP and CHOP and did not assess the activation status of 
the ER stress sensing proteins. However, as mRNA levels of BiP and CHOP are expected 
to increase quickly upon activation of the stress sensors, these data suggest that the UPR 
is not increasingly activated in the THY-Tau22 model. Our data are in accordance with 
an other study that demonstrated a lack of connection between tau overexpression and 
UPR activation in non-neuronal Hek-293 cells 394 and with data generated in the PS19 
transgenic mouse model.394 Like the THY-Tau22 mouse model, PS19 mice develop p-tau 
pathology which progresses with age. 

We subsequently investigated whether in vitro UPR activation affects tau phosphorylation 
in SK-N-SH cells endogenously expressing the tau protein. In contrast to the relatively 
short treatment times in previous studies (1 – 6h), we treated these cells with increasing 
concentrations of Tm for 16h. This resulted in a moderate, non-dose dependent, increase 
in levels of pSer396 tau. We also observed a moderate increase in AT8 immunoreactivity 
following treatment with the highest dose of Tm using the more sensitive In Cell ELISA 
colorimetric assay. A recent study reported increased tau phosphorylation upon induction 
of ER stress with Th at Thr231, Ser262 and Ser396 in primary cultured rat neurons after 6 

Figure 4: UPR activation increases phosphorylation of tau at Ser202/Thr205. Differentiated SK-
N-SH cells were treated with okadaic acid (OA) to inhibit tau dephosphorylation and increasing 
concentrations of Tm to induce the UPR for 16h. Levels of tau phosphorylated on Ser202/Thr205, 
recognized by the AT8 antibody, were assayed using an In Cell ELISA colorimetric assay. 
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and 12h, levels of which decreased to normal after 18 and 24h.444 These data indicate there 
is a narrow window in which tau phosphorylation following UPR induction is increased. 
In addition, there might be temporal and phosphorylation specific differences in the ER 
stress response to Th and Tm. 

Interestingly, p-tau immunoreactive inclusion bodies have not been recreated in in vitro 
cell models, suggesting additional events are necessary for p-tau to accumulate and form 
inclusions. We previously demonstrated that UPR activation leads to activation of the 
autophagy/lysosomal system in differentiated SK-N-SH cells (Chapter 4).407 The tau 
protein can be degraded by the ubiquitin proteasome system 283,284 and the autophagy/
lysosomal pathway 293,292,290, described in Chapter 2, and in our SK-N-SH model p-tau 
may be rapidly degraded by either of these mechanisms. Defects in lysosomal degradation 
are reported in AD 301 and also efficiency of the autophagy/lysosomal system and UPS 
decreases with age (described in Chapter 2) 445. Recently, UPR activation was observed 
in close association with p-tau pathology in very old (21 months) transgenic Tau P301L 
mice, expressing high levels of h-tau with the P301L mutation.444 UPR activation in 
combination with diminished proteolytic capacity due to aging might increase levels of 
p-tau so that deposition and inclusion body formation is favoured.

In summary, we found that increased tau expression does not activate the UPR in vivo or 
in vitro. Furthermore, in our in vitro model UPR activation led to a mild increase in levels 
of p-tau indicating that UPR activation occurs upstream of tau pathology. 
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