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Abstract 
Alzheimer’s disease (AD) is characterized by the aggregation of misfolded 
proteins. Previously, we reported activation of the unfolded protein response 
(UPR) in AD neurons. A potential source for UPR activation in AD neurons may 
be the increased levels of �-Amyloid (A�).  In this study we used preparations 
enriched in oligomeric or fibrillar A�1-42 to investigate the role of the 
conformational state of A� in UPR activation in differentiated neuroblastoma cells. 
Both oligomeric and fibrillar A�1-42 do not induce BiP expression to the extent that 
it can be detected in a pool of cells.  However, using a fluorescent UPR reporter 
cell line that allows analysis of individual cells, we demonstrate mild activation of 
the UPR by oligomeric but not fibrillar A�1-42. We show that oligomeric A�1-42 is 
significantly more toxic to cells primed for UPR than fibrillar A�1-42, indicating 
that activation of the UPR contributes to oligomer-specific A�1-42 toxicity. Because 
UPR activation is observed in AD brain at a stage that precedes the massive 
fibrillar A� deposition and tangle formation, this may indicate a role for non-
fibrillar A� in the induction of the UPR in AD neurons. 
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Introduction 
Alzheimer’s disease (AD) is neuropathologically characterized by the 
accumulation of aggregated proteins: intracellular aggregates of 
hyperphosphorylated tau in the neurofibrillary tangles and extracellular aggregates 
of �-amyloid (A�) in the senile plaques (212). Therefore AD is a prime example of 
a protein folding disease. 
Accumulation of aggregation-prone proteins in the endoplasmic reticulum (ER) 
triggers a cellular stress response called the unfolded protein response (UPR) 
(74,274). Under normal cellular homeostasis, the ER chaperone BiP (or GRP78) is 
bound to three sensor proteins at the ER membrane; pancreatic ER kinase (PERK), 
transcription factor ATF-6 and endoribonuclease Ire-1. Increased levels of 
unfolded proteins titrates BiP from the sensor proteins which are consequently 
activated. UPR activation results in [1] transcriptional induction of ER chaperones, 
including BiP, to increase the protein folding capacity of the ER and prevent 
protein aggregation and [2] translational attenuation to reduce protein overload in 
the ER.  
Recently, we and others showed the activation of the UPR in neurons in AD brain 
(124,322). In the temporal cortex and hippocampus of AD patients, protein levels 
of BiP are increased compared to non-demented control cases. In addition, 
phosphorylated PERK is found in neurons of AD patients, but not in non-demented 
control cases. BiP/GRP78 expression levels were shown to increase progressively 
with increasing Braak scores for amyloid deposits. A potential source for the 
activation of the UPR in AD could thus be an increase in A� levels. In vitro studies 
indicate that A� toxicity involves the ER stress response. Knock-down of BiP 
increases cell death induced by A�25-35 in rat hippocampal neurons (305,365), 
indicating that  the ER chaperone BiP protects against A� toxicity. A� appears to 
activate ER-stress specific caspases: A� induced cytotoxicity is reduced in 
caspase-12 deficient cortical mouse neurons (226). The human homologue of 
caspase-12, caspase-4, is also activated by A� (119). Together, these data point 
towards a role for ER stress in the cellular response to A�, although actual 
activation of the UPR by A� has not been demonstrated. In this study we 
investigated the role of the conformational state of A� in ER stress induction. The 
data presented here show that A�1-42 does not induce upregulation of BiP, 
irrespective of the aggregation state. However, using a fluorescent ER stress 
indicator, that allows for analysis of individual cells, we demonstrate mild 
activation of the UPR by oligomeric but not fibrillar A�1-42. Moreover, we 
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demonstrate that activation of the UPR contributes to oligomer-specific A�1-42 

toxicity via an apoptotic mechanism, indicating that UPR activation might be one 
of the molecular mechanisms responsible for oligomer-specific A� toxicity. 
 
Materials and methods 
Cell culture, constructs and transfections 
Cell culture reagents were purchased from Gibco BRL (Gaithersburg, MD, USA). 
SK-N-SH human neuroblastoma cells were maintained in DMEM supplemented 
with 10% foetal calf serum (FCS), 100 U/ml penicillin, 100 μg/ml streptomycin 
and 300 μg/ml glutamine. SK-N-SH human neuroblastoma cells were 
differentiated for 5 days using cell culture medium supplemented with 10μM 
Retinoic Acid (Sigma, St. Louis, MO, USA), prior to treatment with A�1-42 

treatment for 48 hrs in cell culture medium without phenol red. HEK293 cells 
stably expressing the ERAI fluorescent reporter plasmid pCAX-F-XBP1deltaDBD-
venus (a kind gift from Dr. M. Miura, Tokyo, Japan(137)) were obtained by co-
transfection with pcDNA3 using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA) according to manufacturer’s protocols. Separate colonies were selected using 
500μg/ml G418 (Invitrogen) and expression of the ERAI reporter was established 
by the appearance of fluorescent cells upon treatment with 0.2-1 �g/ml 
tunicamycin (Sigma) for 24hrs. The stable ERAI cells were maintained in the same 
medium as SK-N-SH cells supplemented with 50 μg/ml G418.  
 
Peptide solubilization and aggregation 
To obtain A�1-42 preparations enriched in oligomers and fibrils we essentially used 
the method described by Dahlgren et al. (48). A�1-42 or A�42-1 peptide (Anaspec, 
San Jose, CA, USA) was initially dissolved in 1,1,1,3,3,3-hexafluoroisopropanol 
(Sigma) (1mg/ml), to monomerize pre-existing aggregates. Subsequently, the 
peptide was resuspended in anhydrous dimethyl sulfoxide (DMSO) to a 
concentration of 2.5 mM and bath sonicated for 10 min. To enrich for oligomers, 
phenol red-free DMEM was added under continuous vortexing to bring the peptide 

to a final concentration of 100 μM and incubated at 4 °C for 24 h. To enrich for 
fibrils 10 mM HCl was added under continuous vortexing to bring the peptide to a 
final concentration of 100 μM and incubated for 24 h at 37 °C. The fibrillar A�1-42 

preparation was centrifuged (220,000 g) in a Beckman tabletop ultracentrifuge for 
30 min at room temperature and the pellet was resuspended in 4% DMSO/10mM 
HCL. A Bradford protein assay (Biorad, Hercules, CA, USA) was performed on 
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both oligomeric and fibrillar A�1-42 preparations. Characterization of the A�1-42 

aggregates was performed by electron microscopy (EM) and Thioflavin T assay. 
The maximal final concentration in the assays is 0.4% DMSO in the oligomeric 
preparations and 0.4%/1mM HCl in the fibrillar preparations. These solvent 
concentrations were experimentally tested and do not affect any of the structural or 
cellular read-outs. 
 
Electron Microscopy 
A�1-42 preparations were adsorbed onto formvar-coated 300-mesh copper grids for 
5 min and excess fluid was filtered off. Subsequently, the samples were stained 
with 1% uranyl acetate for 5 min, excess fluid was filtered off and the grids were 
analyzed with a Philips EM-420 transmission electron microscope operated at 100 
kV. The grids were thoroughly examined to get an overall evaluation of the 
structures present in the sample.  
 
Thioflavin T Fluorescence Assay  
A 100 μM aqueous solution of Thioflavin T (ThT) was prepared and filtered 
through a 0.2 μm filter. For ThT measurements A�1-42 preparations (5 �M), were 
prepared in 10 μM ThT/90mM Glycine (pH 8.5) solution. Fluorescence was 
measured in 96 wells plates using a Fluostar microplate reader (BMG Labtech 
GmbH, Offenburg, Germany) at an excitation wavelength of 450 nm and an 
emission wavelength of 485 nm. 
 
MTT assay 
The cytotoxicity of the A�1-42 preparations was assessed by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. 
Differentiated SK-N-SH cells were incubated with 10 μM oligomeric or fibrillar 
A�1-42 preparations for 48 hours. Cells were incubated with MTT (0.25 mg/ml) for 
two hours at 37�C and the formazan-salt generated by viable cells as a result of 
conversion of MTT was dissolved in DMSO and the absorbance was measured at 
570 nm. In some experiments, differentiated SK-N-SH cells were co-incubated 
with 1 μM A�1-42 and 0.1μg/ml tunicamycin for 48 hours.  
 
Western blot analysis 
For cell lysates, SK-N-SH cells were scraped in ice-cold lysisbuffer [1% Triton X-
100, 1 μg/ml Leupeptin, 1 mM AEBSF in PBS]. The total lysate (supernatant) was 
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obtained after centrifugation at 12.000g at 4�C for 5 min. Protein concentration 
was determined with a Bradford protein assay. Equal amounts of protein were 
analyzed on 8% SDS-PAGE gels and blotted onto PVDF membrane using a semi-
dry electro blotting apparatus. Blots were pre-incubated with Blotto [5% non-fat 
dried milk in PBST (0.05% Tween-20 in PBS)] for 1 hour and subsequently 
incubated with goat polyclonal anti-BiP/Grp78 antibody (Santa Cruz 
Biotechnology (Santa Cruz, CA, USA) for 2 hours at room temperature in Blotto. 
Alternatively blots were incubated with rabbit anti-eukaryotic elongation factor 2� 
(eEF2�) antibody (Cell Signaling Technology, Beverly, MA, USA) in [PBS, 5% 
BSA, 0.1% Tween-20]. The blots were washed four times in PBST and incubated 
for 1 hour with HRP-conjugated goat anti-rabbit or rabbit anti-goat IgGs (Dako, 
Glostrup, Denmark). Blots were washed four times in PBST and once in PBS 
before analysis using Lumi-LightPLUS Western blot substrate from Roche 
Diagnostics (Mannheim, Germany) and a LAS-3000 luminescent image analyzer 
(Fuji Photo Film (Europe) GmbH, Düsseldorf, Germany). Western blot data were 
evaluated and quantified using Advanced Image Data Analyzer (AIDA, version 
3.45.039, Raytest GmbH, Straubenhardt, Germany).  
 
Immunofluorescence microscopy 
HEK293 ERAI cells were grown on pre-coated (Poly-L-Lysine and Laminin) glass 
coverslips and treated with 10 μM of either oligomeric or fibrillar A�1-42 
preparations for 48 hours. Subsequently the cells were washed and then fixed with 
4% paraformaldehyde in PBS for 20 minutes at room temperature. Coverslips were 
incubated with DAPI to visualize nuclei, washed and mounted in Vectashield 
(Vector Laboratories, Burlingame, CA, USA), before analysis on a fluorescence 
microscope (Olympus AH3 Vanox) equipped with a digital CCD camera. 
Activation of the UPR results in a fluorescent signal. As a positive control, cells 
were treated for 24 hours with 0.2-0.5 μg/ml tunicamycin. Slides were analysed 
using identical exposure times for the different conditions. Pictures were taken at 
20x magnification. Image analysis was performed with ImagePro Plus software 

(Media Cybernetics, Inc). Four fluorescence intensity thresholds were set using the 
YFP fluorescence in a field of 0.5 �g/ml tunicamycin-treated cells. These 
thresholds were applied in all subsequent analyses. The lowest threshold (TH1) 
was set such that non-treated cells showed no positivity, the highest threshold 
(TH4) was determined using the strongest positive signal in the 0.5 �g/ml 
tunicamycin treated cells and two additional intermediate thresholds (TH2 and 
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TH3) were chosen. The fluorescence area with intensity � threshold was 
determined for TH1-4 and normalized against the DAPI fluorescence to correct for 
cell numbers. The thus obtained TH1 value represents the total normalized 
fluorescence area (tNFA). To evaluate the intensity distribution, the tNFA was 
subdivided in NFAs designated low (TH2-TH1), low-medium (TH3-TH2), 
medium-high (TH4-TH3) and high (TH4).  
 
TUNEL assay 
Differentiated SK-N-SH were grown on pre-coated (Poly-L-Lysine and Laminin) 
glass coverslips and treated with 1-10 μM of oligomeric or fibrillar A�1-42 
preparations for 48 hours in the presence or absence of 0.1μg/ml tunicamycin. 
Subsequently the cells were washed and then fixed with 4% paraformaldehyde in 
PBS for 20 minutes at room temperature. Coverslips were counterstained with anti 
Calnexin Rabbit polyclonal antibody (Calbiochem, San Diego, CA, USA), 
followed by Goat anti Rabbit Cy3 (Jackson Immunoresearch, New Market, 
Suffolk, UK.) and TUNEL staining using the In Situ Cell Death Detection Kit 
(Roche Diagnostics) according to the protocol of the manufacturer and mounted in 
Vectashield, before analysis on the fluorescence microscope. 
 
Statistical methods 
SPSS 12.0.1 for Windows was used to assess statistical significance of differences 
between levels of toxicity upon treatment with A�1-42 peptides, combinations of 
A�1-42 with  
tunicamycin, or medium alone. Analysis of variance (ANOVA), followed by 
Bonferroni’s post hoc test, was used to analyze repeated measures data. Student’s 
t-test was performed on the fluorescence quantification data to assess statistical 
significance of difference between levels of fluorescence after treatment with 
oligomeric or fibrillar A� preparations.  
 
Results 
Characterization of enriched oligomeric and fibrillar A�1-42 preparations  
To investigate the possible differential effect of oligomeric A�1-42 and fibrillar A�1-

42, we generated enriched preparations of oligomeric and fibrillar A�1-42 as 
described in Materials and Methods. The A�1-42 preparations were characterized by 
electron microscopy (EM) and Thioflavin T (ThT) assay. EM analysis showed the 
soluble oligomers as a homogeneous population of small globular structures, free  
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Figure 1: Characterization of enriched oligomeric and fibrillar A�1-42 preparations 
Preparations enriched in oligomeric (Oligomers) and fibrillar (Fibrils) A�1-42 were prepared 
as described in Materials and Methods. A. Representative electron microscope images of 
oligomeric and fibrillar preparations of A�1-42 (scale bar 200nm) using negative stain. B. ThT 
assay performed on the oligomeric (Oligo) and fibrillar (Fibril) A� preparations. Graph 
represents the mean ± S.D. for n=15 from triplicate wells from 5 separate experiments using 
oligomeric or fibrillar enriched A�1-42 preparations. C. HEK 293 cells or D. SK-N-SH cells 
differentiated for 5 days were treated without A�1-42 (Control) or with 10μM oligomeric or 
fibrillar A�1-42 for 48h. Viability of the cells was determined by MTT assay and is depicted as 
percentage of control. The graphs represent the mean ± S.D. for n=9 from triplicate wells 
from three independent experiments using different A�1-42 preparations. � p<0.005; ** 
p<0.001 . E.  SK-N-SH cells were treated as in D. and TUNEL staining was performed to 
assess apoptosis, Calnexin was used as counterstain.See Color figures 
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of fibrillar structures (Fig.1A). The fibrillar A�1-42 samples showed long threads 
measuring >1μm in length (Fig.1A). In addition, the fibrillar A�1-42 preparations 
have an approximately 10-fold higher ThT binding capacity than the A�1-42 

oligomers, showing the higher �-sheet content of fibrillar A�1-42 (Fig 1B). A 
viability assay was performed with actively dividing HEK293 cells, as well as with 
differentiated SK-N-SH cells to compare the toxic properties of the A�1-42 

preparations. The cells were treated with 10 μM oligomeric or fibrillar A�1-42 for 
48h.  Oligomeric A�1-42 was significantly more toxic to both cell types than fibrillar 
A�1-42 using the MTT viability assay (Fig. 1 C+D). The effect of  A�1-42 was less 
pronounced for the HEK293 cells, most likely due to proliferation during the 
incubation. A�42-1 had no effect on cell viability (data not shown). TUNEL staining 
shows more positive nuclei in SK-N-SH cells treated with oligomeric than with 
fibrillar A�1-42 indicating increased apoptosis (Fig. 1E). Our results confirm the 
structural and biological properties of the oligomeric and fibrillar A�1-42  
preparations, as previously described (48,146,183) and thus provide a valid model 
to study effects of A� aggregation state. 
 
A�1-42 does not affect overall BiP levels 
To determine whether extracellular A�1-42 can induce the UPR, BiP levels were 
analysed in differentiated SK-N-SH cells after treatment with oligomeric A�1-42, 
fibrillar A�1-42 or reverse A�1-42 for 48 hrs (Fig. 2A and B).  Tunicamycin, an 
inhibitor of N-glycosylation in the ER, was used as a positive control for UPR 
induction. Treatment with 0.2�g/ml tunicamycin induces BiP levels approximately 
2.5-fold as expected (Fig. 2A and B). In contrast, we find no upregulation of BiP 
with any of the A�1-42 preparations. The same result was obtained after prolonging 
the treatment with A�1-42 to 4 days (Fig. 2C and D). Because upregulation of BiP is 
an obligatory consequence of UPR activation, these data indicate that A�1-42 does 
not induce an ER stress response in this  set-up. To exclude possible cell-specific 
effects, we also analyzed the BiP levels in HEK293 cells treated with A�1-42. These 
cells respond to A�1-42 in a similar way as SK-N-SH cells: Neither oligomeric nor 
fibrillar A�1-42 results in upregulation of BiP levels (Fig. 2E+F).   
 
A�1-42 oligomers, but not fibrils induce low level ER stress 
It is possible that extracellular A� perturbs ER homeostasis in a more subtle 
manner that is not detected by analysis of protein levels in a pool of cells. 
Therefore we employed a HEK293 fluorescent ER stress reporter cell line (ERAI) 
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Figure 2: A�1-42  does not induce BiP levels, irrespective of its aggregation state 
Western blot analysis of BiP levels in cells incubated without A�1-42 (Con), or in the presence 
of 0.2 �g/ml tunicamycin (T), 10�M oligomeric (Oligo), fibrillar (Fibril) or reverse (Rev) 
A�1-42. The top band indicated with the arrow is BiP, the lower band is cross-reactivity with 
Hsc70; eEF2� was used as loading control. A. Differentiated SK-N-SH cells treated for 48 
hrs with A�1-42, tunicamycin treatment was 24 hrs. B. Quantification performed on the 
Western blot shown in A. C.  Differentiated SK-N-SH cells treated for 5 days with A�1-42, 
tunicamycin treatment was 24 hrs. D. Quantification performed on the Western blot shown in 
C. E. Western blot analysis of BiP levels in HEK293 cells incubated for 48 hrs without A� 
(control), or in the presence of 10�M oligomeric (Oligo) or fibrillar (Fibril) A�1-42. The top 
band indicated with the arrow is BiP, the lower band is crossreactivity with Hsc70; eEF2� 
was used as loading control. F. Graph of the quantification performed on the Western blot 
shown in E. 
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based on XBP-splicing (137). This allows analysis of ER stress in individual cells 
and could therefore provide a read-out in case only low level ER stress is induced 
in a relatively small fraction of the cell population. The ERAI cell line responds to 
ER stress by a fluorescent signal (YFP) that increases with increasing 
concentrations of tunicamycin (Fig. 3A). The specificity of the reporter for ER 
stress is demonstrated by treatment of ERAI cells with either tunicamycin or the 
proteasome inhibitor epoxomycin. The latter treatment does not result in an ER 
stress response, as shown by absence of BiP induction, but does induce the 
cytosolic heat-shock stress response, indicated by induction of Hsp70 (Fig. 3B). 
This is opposite to treatment with tunicamycin that induces the ER stress response, 
shown by induction of BiP, but not the cytosolic stress response (Fig. 3B). The 
ERAI cells become fluorescent with tunicamycin, but not with epoxomycin (Fig. 
3C), showing the specificity of the reporter for ER stress.  
The level of fluorescence increases with increasing tunicamycin concentration 
(Fig. 3A and Table 1). This is caused by a higher number of fluorescent cells (total 
fluorescence, Table 1), as well as a shift to higher intensity per cell (relative 
intensity distribution, Fig. 4B). At a mild ER stress inducing concentration (0.1 
�g/ml) of tunicamycin, the population of cells with low level fluorescence intensity 
contributes most to the total level of fluorescence, whereas with increasing 
concentrations of tunicamycin the contribution of the population with medium and 
higher fluorescence intensity increases. 
ERAI cells were treated with 10 μM oligomeric or fibrillar A�1-42. Treatment with 
oligomeric preparations of A�1-42 induces ER stress in the ERAI cells (Fig. 4A) 
albeit not very potently. Not every cell shows fluorescence and the total level of 
fluorescence is less than that induced by tunicamycin treatment (Table 1). The 
fluorescent signal was observed after treatment with A�1-42 for 24 hrs (data not 
shown), but was stronger at 48 hrs (7 fold higher than untreated cells, Table 1), 
indicating a relatively slow response. Interestingly, treatment with an equal amount 
of fibrillar A�1-42 does not lead to an ER stress response, suggesting that it is an 
effect mediated specifically by non-fibrillar A�. Treatment with the reverse A�42-1 

does also not induce an ER stress response (data not shown), indicating that not 
just any non-fibrillar 42-mer induces ER stress. The fluorescence intensity 
distribution in oligomer-treated cells is similar to the mild ER stress inducing 
concentration (0.1 �g/ml) of tunicamycin, where the low-fluorescence intensity 
population contributes approximately 70% to total fluorescence (Fig. 4B). These  
data suggest that A�1-42 induces low level ER stress in an aggregation state  
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dependent manner.  
 
UPR induction contributes to oligomer-specific A�1-42 toxicity  
To study the functional implications of mild UPR induction by oligomeric A�1-42, 
we tested whether ER stress induction sensitizes cells for A�-induced toxicity.  To 
this end, differentiated SK-N-SH cells were treated with A�1-42 in the presence of 
0.1 �g/ml tunicamycin.  This concentration of tunicamycin mildly induces the UPR 
in these cells (122), but does not result in a (significant) reduction of viability (Fig. 
5A). To facilitate analysis of interactions of ER stress and A�1-42 toxicity, a lower 
and less toxic concentration of A�1-42 (1 μM) was used. Treatment with 1 μM of 
oligomeric and fibrillar A�1-42 reduces the viability to 70% and 90%, respectively, 
showing that the differential effect of oligomers and fibrils on cell viability is also 
observed using this concentration (Fig. 5A). Co-incubation of tunicamycin with 
fibrillar A�1-42 did not result in decreased viability (Fig. 5A).  In contrast, 
oligomeric A�1-42 induces a significant reduction in cellular viability in the 
presence of tunicamycin (Fig. 5A). This increased sensitization for oligomer-
toxicity suggests that A�1-42 oligomers and tunicamycin have a common 
mechanism of toxicity. This result indicates that induction of the UPR contributes 
specifically to the toxicity of oligomeric A�1-42 but not to the toxicity of fibrillar 
A�1-42. This at least in part involves an apoptotic process, because increased 
TUNEL staining is observed in oligomer/tunicamycin treated cells, but not in 
fibril/tunicamycin treated cells (Fig. 5B), thus reflecting the viability data.  ER 
stress could thus be one of the molecular mechanisms involved in oligomer-
specific A� toxicity. 
 
Discussion 
In the present study we investigated whether extracellular A� can be involved in 
induction of the UPR, as well as the possible role of the conformational state of A� 
on UPR activation. To this end we made preparations enriched in oligomeric or 
fibrillar forms of A�1-42. Analysis by EM and ThT assay shows that these 
preparations have the structural properties of oligomeric and fibrillar A� 
aggregates. In addition, oligomeric A�1-42 is significantly more toxic than A�1-42 

fibrils, which reflects the biological properties of A� aggregates as previously 
reported by others (48,146,183). 
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Figure 3: ERAI is an ER stress-specific reporter 
A. HEK293 ERAI cells were treated with increasing tunicamycin concentrations for 24 hrs. 
Shown are representative fluorescence pictures, in the top panel DAPI-staining of the nuclei, 
in the bottom panel the YFP signal of the ER stress reporter. B. Western blot analysis of BiP 
levels in differentiated SK-N-SH cells treated with 0.2 �g/ml tunicamycin or 100 nM 
epoxomycin for 24 hrs. The antibody recognizes several Hsp70 proteins: top band indicated 
with the arrow is BiP, the middle band is cross-reactivity with Hsc70 and the lower band that 
is only visible in the epoxomycin treated sample is Hsp70. C. HEK293 ERAI cells were 
treated with 0.2 �g/ml tunicamycin or 100 nM epoxomycin for 24 hrs. Shown are 
representative fluorescence pictures, in the left panel DAPI-staining of the nuclei, in the right 
panel the YFP signal of the ER stress reporter. See Color figures 
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Figure 4: Mild UPR induction by A�1-42  is dependent on its aggregation state 
A. ERAI293 ER-stress reporter cells were incubated without A� (Control) or in the presence 
of 10�M oligomeric (Oligomers) or fibrillar (Fibrils) preparations of A�1-42 for 48 hrs. 
Treatment with 0.2μg/ml Tunicamycin (TM) for 24hrs is shown as positive control. Shown 
are representative fluorescence pictures from a representative experiment, in the top panel 
DAPI-staining of the nuclei, in the bottom panel the YFP signal of the ER stress reporter. B. 
Distribution of the fluorescence intensity in HEK293 ERAI cells after treatment with 0.1, 0.2 
and 0.5 �g/ml tunicamycin (TM) for 24 hrs or 10�M oligomeric (Oligo) A�1-42 for 48 hrs. 
See materials and methods for details. See Color figures 



CHAPTER 2 

 47 

10 10 Fibril 

40 71 Oligo 

703 1441 0.5 TM 

206 604 0.2 TM 

60 176 0.1 TM 

9 11 Control 

   

± 

± 

± 

± 

± 

± 

Mean ± S.D. 
 
 
 
 
 
 
 
 
 

 
Table 1 
Quantification of fluorescent signal corrected for cell number in HEK293 ERAI cells after 
treatment without (Control) or with 0.1, 0.2 and 0.5 �g/ml tunicamycin (TM) for 24 hrs or 
with oligomeric (Oligo) or fibrillar (Fibril) Ab for 48 hrs. Numbers represent mean ± S.D. of 
normalized YFP fluorescence signal (arbitrary units) from 12-25 images from three different 
experiments. See materials and methods for details. 

 
In two different cell types (differentiated SK-N-SH and HEK293 cells), we 
determined the levels of the ER stress indicator BiP after treatment with A�1-42. In 
this experimental set-up we found no evidence for UPR induction by extracellular 
A�1-42, irrespective of the aggregation state, cell type or duration of treatment. 
Using a fluorescent ER stress indicator that allows analysis of individual cells, we 
demonstrate that extracellular application of oligomer-enriched preparations of 
A�1-42 causes an induction of the UPR, whereas fibrillar A�1-42 does not. The 
fluorescent ER stress reporter signal is induced 7-fold by oligomeric A�1-42, the 
total level of fluorescence is approximately 2.5 times lower than cells treated with  
0.1 �g/ml tunicamycin. In addition, we found that in the oligomer-treated cells the 
low level ER stress population contributes most to the total fluorescence level, 
comparable to cells treated with 0.1 �g/ml tunicamycin. This indicates that 
oligomeric A�1-42 induces a mild ER stress response. This subtle induction of the 
UPR in a fraction of the cells will be diluted out using biochemical analysis and 
could explain why we do not find induction of BiP levels by A�1-42 on Western 
blot. Previously, mild induction of BiP levels by a fragment of A�, A�25-35, has 
been reported (305,365). A�25-35 is often used as “toxic fragment” in in vitro 
studies, but is not naturally occurring in human brain, unlike the full length A�1-42 

used in this study. A�25-35 lacks the peptide domains critical for fibril formation, 
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which would fit with our observation that only non-fibrillar A�1-42 induces ER 
stress. Although UPR activation results in increased BiP levels, increased BiP is 
not necessarily the result of UPR induction. A� was reported to cause apoptosis via 
activation of ER-stress specific caspases (119,226), but induction of the UPR by 
A� was not shown in these studies. The reporter used in our study is based on the 
unconventional splicing of XBP1 mRNA that is specific for the UPR and thus 
provides the first direct evidence for UPR activation by A�1-42. Because XBP1 
splicing is downstream of Ire1 signaling, we can not fully rule out that A� affects 
the splicing in an ER stress independent manner. However, this seems very 
unlikely, since the splicing of XBP1 mRNA involves a different machinery than 
the conventional pre-mRNA splicing and is only activated by ER stress. In a recent 
study A� induced apoptosis was found to be independent of an unfolded protein 
response (363). Our study indicates that enriched oligomeric preparations of A�1-42 

are needed to cause an induction of ER stress. In the study by Yu et al. (363), a 
more fibrillar A� preparation was used, which may explain why no ER stress 
induction was found. In addition, the low level of ER stress we report in this study 
is only found using the fluorescent reporter system, that allows detection of low 
level ER stress in only part of a cell population.  
Oligomeric A�1-42 induces only mild ER stress, but that does not imply that it has 
no functional implications. Long-term exposure to a mild toxic stimulus, which is 
likely to be the case for A� exposure of AD neurons, may be just as deleterious as 
short exposure to a strong toxic stimulus. Also combination with additional toxic 
factors may increase the stress in the ER. This is illustrated by the observation that 
ER stress-mediated toxicity is potentiated more by oligomeric than by fibrillar A�1-

42. This increased sensitivity to oligomer toxicity indicates that A�1-42 oligomers 
and tunicamycin have a common mechanism of toxicity. This suggests that ER 
stress is involved in oligomer-specific toxicity, at least to a larger extent than in 
fibril-specific toxicity.  How extracellular A� would signal to the ER is unknown. 
One possible mechanism is that extracellular A� induces a signalling cascade, 
which extends to the ER, possibly via Ca2+. Previous studies have shown that A� 
triggers the release of Ca2+ from the ER in neurons (70,133,305). Disturbance of 
ER Ca2+ homeostasis may result in perturbations of ER functioning and induce ER 
stress. Interestingly, oligomeric A� specifically has been shown to cause this 
release of Ca2+ from the ER (53). Whether the oligomer specific induction of ER 
stress, found in this study, is caused by disturbed Ca2+ homeostasis remains to be  
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Figure 5: ER stress induction sensitizes cells specifically for oligomeric A�1-42 toxicity 
SK-N-SH cells were differentiated for 5 days prior to co-incubation for 48hrs with 0 or 0.1 
μg/ml Tunicamycin (0.1 TM) and 1�M oligomeric (O) or fibrillar (F) preparations of A�1-42. 
A. Viability of the cells was determined by MTT assay and is depicted as percentage of 
control (= untreated cells). The graphs represent the mean ± S.D. for n=6 from triplicate wells 
from two independent experiments using different A�1-42 preparations. B. TUNEL staining 
of SK-N-SH cells treated as in A. Calnexin was used as counterstain. See Color figures 
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shown. Alternatively, A� may be internalized and transported to the ER itself. It is 
possible that the induction of the UPR is only found with oligomeric A�1-42 
because the more bulky fibrillar A�1-42 is not as easily internalized. This may also 
explain why only small fragments of A� have previously been reported to induce 
BiP levels (305,365). The presence of aggregated A� in the ER may directly 
interact with the quality control systems in the ER. An indication that this may be 
the case is found in sporadic Inclusion Body Myositis (sIBM), a degenerative 
muscle disease characterized by the formation of intracellular A� inclusion bodies 
(59). Several ER chaperones (including BiP) are upregulated in sIBM, suggesting 
activation of the UPR (326). Although in this case A� is produced intracellularly, 
this at least suggests that A� can invoke a response of the ER quality control 
system. 
Different A� assembly forms may mediate diverse toxic effects at different stages 
of the disease (121). For example, the effects of A� on synapses were shown to be 
specifically mediated by oligomeric A� in vitro (161). This correlates well with the 
occurrence of synaptic dysfunction early in the pathogenic cascade of AD, before 
deposition of fibrillar A� in plaques. In this study we show that extracellular A�1-42 
in oligomeric form can induce an ER stress response in vitro. The association with 
pre-fibrillar A� would fit with our previous observation that the UPR in AD brain 
is activated before deposition of fibrillar A� (124). Our data also indicate that 
activation of the UPR contributes to the aggregation-state specific toxicity of 
oligomeric A�1-42.  ER stress could thus be an important mechanism of A� induced 
neuronal loss in AD pathogenesis. Better understanding of the role of ER stress in 
AD pathology will create the possibility for targeted therapeutic intervention.  
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