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Summary 
It is well known that Alzhemier’s Disease (AD) is characterized by the formation of 
extracellular neuritic plaques and intracellular neurofibrillary tangles. However, the 
soluble proto fibril amyloid beta (Aβ) oligomers have been demonstrated to be more 
nerontoxic in recent published scientific papers. Therefore, Aβ oligomers are considered 
promising candidates for the early diagnosis and treatment of AD. 

In this project, a proximity ligation assay (PLA) was set up and optimized for the 
detection of Aβ oligomers, in both solution phase and solid phase. After optimization, the 
limit of detection reached 0.1pM by solid phase in 10% Cerebrospinal fluid (CSF) and 
1pM by solution phase 10% CSF. When the assay was applied to detect the Aβ oligomers 
in biological samples, transgenic (TG) miceswe brain homogenates, showed a significant 
higher (64fold more) amount than that of non-TG mice were shown. In the CSF of 
patients however, A oligomers were not detectable.  
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Introduction 

Alzheimer’s disease   

Alzheimer’s disease (AD), also known as senile dementia, was named after the German 
physician Alois Alzheimer. In 1907, he published the observation of remarkable 
neuropathological lesions (tangles and plaques) from the autopsy of the patient. [Maurer, 
1997; Wenk, 2002] The onset of the Alzhermer’s disease is usually in later life. AD is 
characterized by progressive memory loss and impairment of cognitive functions. The 
symptoms, which depend on which brain area is affected, includes problems with 
language, thinking and recognition. In the final stage, loss of body function causes death 
of the patient. [ Kukull, 2002] As the most common type of dementia case, AD affects 
26.6 million people worldwide (2006). AD patient get decreased quality of life and 
become the burden of the caregiver in the later disease stages. [McKhann, 1984] 

Clinically, to distinguish Alzheimer’s disease from other types of dementia, the AD 
diagnosis method includes patient’s medical history, brain imaging techniques, and 
neuropsychiatric testing. [McKhann, 1984]  Doctors can get medical history information 
from interview or questionnaires to identify drug use, daily activities and problems of 
patients. c. PET (positron emission tomography) is used to detect glucose metabolism and 
amyloide deposition. However, definite diagnosis of AD cannot be made. [Waldemar, 
2007] [Rojo, 2008; Saido, 2006] 

 

Fig.1 Coronal sections of a normal brain and an AD brain. 

The brain with AD has reduced brain volume and wider sulci, enlargement of ventricles 
and hippocampal degeneration compared to normal brain (Fig.1). The typical 
neuropathological features of AD are the formation of extracellular neuritic plaques and 
intracellular neurofibrillary tangles. Extracellular neuritic plaques are deposition of 
aggregated fibrillar protein bundles, which are disordered amyloidoses containing Aβ 
peptides. Intracellular neurofibrillary tangles (NFT) are deposition of aggregated 
structure of the microtubule-associated protein, tau. [Glenner, 1984; Westermark, 2005] 
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There are two hypotheses for the pathogenesis of AD. The cause of the Alzheimer’s 
disease remained unknown for almost 80 years until the purification of beta amyloid (Aβ) 
peptide from the neuritic plaques of the AD patient. The Aβ cascade hypothesis describes 
Aβ as central pathogenesis of Alzheimer’s disease. Neuronal damage and dysfunction is 
caused by growth of plaques through aggregation and deposition of Aβ. [Verdile, 2004] 
In another hypothesis, tau as central pathogenesis component is accepted by minority of 
AD researches. The most important proof is that the severity of AD symptoms is more 
closely correlated to density of neurofibrillary tangles (tau aggregation), than plaques. 
However, the majority of AD researchers accept the Aβ cascade hypothesis because it is 
supported from many aspects, such as transgenic animal model, Aβ derived neuronal 
degeneration in vitro and in vivo. [Verdile, 2004] 

APP processing and Aβ aggregation 

The amyloid-β precursor protein (APP) gene locates on chromosome 21. APP is a 
ubiquitously expressed type 1 transmembrane protein, with three isoforms APP695, 
APP751 and APP770, according to the amino acid residue length. The function of APP is 
cell contact, growth and development. APP695 is expressed in neurons. [Kang, 1987] 
After being translated, APP goes in to secretory pathway of endoplasmic reticulum – 
Golgi network – secretory vesicles to the cell membrane. During the translocation, APP 
is post-translationally modified and may be sequentially cleaved by secretases.  

Beta amyloid (Aβ) is one by-product of this APP cleavage processing (Fig.2). 
[Weidemann, 1989]. β-secretase cuts APP after residue 10 in the Aβ domain. The product 
of β-cleavage is C99 (C-terminal fragment in cell membrane) and βAPPs (extracellular 
released peptide). α-secretase , however, cuts APP between residue 16 and 17 in the Aβ 
domain and produces C83 (C-terminal fragment in cell membrane) and released αAPPs 
peptide, which take away a part the fragment. Then, both C83 and C99 can be cleaved by 
γ-secretase. Aβ peptide will be released from C99, the β-cleavage product. C83 will 
produce peptide p3, which lacks the N-terminal of Aβ and therefore is unable to form 
amyloid. Aβ peptides with 40 and 42 amino acid residues are the most common form and 
Aβ42 is more amyloidogenic. [Verdile, 2004] 

Under normal conditions Aβ peptides can be degraded by neprilysin (NEP) or 
insulin-degrading enzyme (IDE). [Iwata, 2001; Qiu, 1998] Aβ peptides can also be 
transported out of brain by BBB transport [Deane, 2004]. However, if the Aβ peptides are 
overexpressed or the clearance pathway is not sufficient, Aβ peptides, especially Aβ42 
intend to aggregate to β-sheet and form fibrils. Fibril is oligomeric Aβ structure and Aβ 
monomers can be rapidly added. Fibril acts as the nucleation for the growth of senile 
plaques.[Westermark, 2005] 
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Fig.2 APP processing and the formation of Aβ oligomers. APP, after being cut by β-secretase and 
γ-secretase, releases Aβ peptide from the membrane, which later on could aggregate to 
oligomers and protofibrils. In another pathway, APP is cut by α-secretase and γ-secretase, 
releasing αAPP and peptide p3, which could not form oligomers. 

Proximity Ligation Assay (PLA) 

In proximity ligation assay (PLA), the binding of the two antibodies to same target 
protein increases the chance for the 5’ and 3’ ssDNA conjugated on the antibody to come 
close and hybridize to the same connector oligonucleotide, and be ligated. Then this 
complex is transferred to a real time PCR machine for DNA amplification and 
quantification. So PLA enables the detection of protein to that of DNA, which has much 
higher sensitivity than the conventional protein detection assay [Gullberg, 2004]. 

In solution PLA (Fig.3A), a small amount of sample is directly incubated with probes 
(antibody conjugated with ssDNA), then a mix containing the ligase and components 
needed in PCR is added to ligate the ssDNA, which was subsequently quantified by a real 
time PCR machine. Solution phase PLA has the advantage of consuming very little 
amount of sample (1ul). Since there is no washing step needed, the assay is fast and 
convenient. 
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(B) (A) 

Fig.3 (A) In solution phase PLA, ssDNA conjugated on two antibodies are brought together and 
ligated after the two antibodies recognize the same target protein. The ligated ssDNA is quantified by 
a real time PCR machine. (B) In solid phase PLA, the antigen is first captured by the antibody 
immobilized on the magnetic bead, then the captured antigen is later on recognized by another two 
antibodies.  

In solid phase PLA (Fig.3B), the sample is first being captured by capturing beads with 
antibody on the surface. After removing the unbound materials, probes were added to 
bind the antigen. Then another washing step washes away all the free probes, which 
could give rise to background. Finally the ligation product is transferred to a real time 
PCR machine as in solution phase PLA. Because of the washing steps in solid phase PLA, 
factors in the sample, which might affect the PLA or PCR, is greatly reduced. 
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Results  

Optimization of PLA for detection of Aβ oligomers 

Solid phase PLA 

The performance of the PLA depends greatly on the affinity and specificity of the antibody, 
so the optimization started from finding the proper antibody. In ELISA, the antibody m158 
was used as both capture and probe, and was demonstrated to have a high affinity to the 
synthetic Aβ oligomers, and has a 400fold higher affinity to amyloid beta oligomers 
compared with monomers [Englund, 2007]. Therefore, m158 was used as both capture and 
probes in solid phase PLA.  

After the best antibody was identified, four parameters were taken into account in solid 
phase PLA, which were the ratio of oligo to antibody of constructing the probes; the 
concentration of probes, concentration of connector oligonuleotide, and beads amount. 
Then the condition was optimized to maximize the signal to noise between 1pM and 0pM. 
The process of the optimization goes in a way shown in Fig.4. 

     

Fig.4 The process of optimization. In each experiment, signal to noise between 1pM and 0pM were 
compared at 5 points in each of the four parameters, keeping them exactly same at the center, which was 
the so far best condition. Then this ‘best condition’ in previous experiment (the blue star on left, or the 
yellow star on the right) was used as the center of the next step. The optimization goes until no 
significant improvement was observed.  

Step 1: A standard curve of dilution series of antigens from 10nM to 0.01pM was done at 
the starting condition (condition 1), that oligo: antibody [1:1]; probe [250pM]; connector 
oligo [400nM]; beads [1mg/ml] (5ul). At the same experiment, all the 4 parameters oligo 
to antibody (0.25, 0.5, 1, 2, 4), probe concentration (62.5pM, 125pM, 250pM, 500pM, 
1000pM), connector oligo (0.04nM, 0.4nM, 4nM, 40nM, 400nM), beads (0.25mg/ml, 
0.5mg/ml, 1mg/ml, 2mg/ml, 4mg/ml) were titrated separately shown in Fig 5.  
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(A)                                (B) 

  
(C)                                (D) 

  
(E) 

 

Fig.5 (A) Titration of oligo to antibody ratio. (B) Titration of probe concentration (nM). (C) Titration 
of beads amount. (D) Titration of connector oligo (biosplint) (E) A standard curve of dilution series 
from 10nM to 0.01pM was done at the starting condition (condition 1). The signal to noise between 
1pM and 0pM was 4.66 Ct difference. The 0.001 on the left was negative control. 

Step 2: From Step1, when the probe concentration was decreased to 125pM, the signal to 
noise was improved from 4.4 to 4.9 with low standard deviation (Fig.5B). In another 
titration, decreasing the concentration of connector oligo from 400nM to 0.04nM 
improved the signal to noise from 4 to 5.8 (Fig.5D). However, considering the higher 
standard deviation of the later, the next step was to decrease the probe concentration to 
125pM, while keeping the other parameters unchanged. Also the other parameters were 
titrated as before except that the titration of probe concentration was from 31.25pM to 
500pM, shown in Fig.6.  
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(A)                                     (B) 

  
(C)                                     (D) 
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Fig.6 (A) Titration of oligo to antibody ratio. (B) Titration of probe concentration. (C) Titration of 
beads amount. (D) Titration of connector oligo (biosplint) (E) A standard curve of dilution series from 
10nM to 0.01pM was done after decreasing the probes concentration to 125pM. The signal to noise 
between 1pM and 0pM was 4.66 Ct difference. The 0.001 on the left was negative control. 

Step 3: From the results of Step2, again it showed further decreasing the probe 
concentration would increase the signal to noise from 4.5 to 6.0 with low standard 
deviation (Fig.6B), so the probe concentration was decreased further to 31.25pM. The 
standard curve was done at this condition, while the other parameters were changed in the 
same ways as in Step2, shown in Fig.7 (the missing point in the figures below is because of 
no detectable amplification real time PCR). 
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(A)                                    (B) 

  
(C)                                     (D) 

  
(E) 

 

Fig.7 (A) Titration of oligo to antibody ratio. (B) Titration of probe concentration. (C) Titration of 
beads amount. (D) Titration of connector oligo (biosplint) (E) A standard curve of dilution series from 
10nM to 0.01pM was done after decreasing the probes concentration to 125pM. The signal to noise 
between 1pM and 0pM was 4.66 Ct difference. The 0.001 on the left was negative control. 

After Step 3, the decrease of connector oligo nucleotides showed promising to increase to 
signal to noise, from 5.7 to 6.4, so the next step could be decreasing the connector oligo 
level to 40nM (not done yet). The standard curves in the previous 3 steps were combined 
together showing that the signal to noise between 1pM and 0pM after 2 steps of 
optimization was improved from 4.5 to 5.6 in Fig.8. However it should be noticed that 
serious comparison requires them being done in the same experiment in the same real time 
PCR.  
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Fig.8 Standard curves in three optimizing steps are shown together. After two steps of optimization the 
signal to noise between 1pM and 0pM was increased from 4.5 to 5.6. 

Solution phase PLA 

In solution phase PLA, the optimization process was performed exactly as in the solid 
phase, but the bead amount was not considered, since no beads were used. 

Step 1: A standard curve of dilution series was done as in solid phase at the condition, 
which is oligo: antibody [1:1]; probe [125pM]; connector oligo [400nM]. The 3 
parameters oligo to antibody (0.25, 0.5, 1, 2, 4), probe concentration (31.25pM, 62.5pM, 
125pM, 250pM, 500pM), connector oligo (0.04nM, 0.4nM, 40nM, 400nM), were titrated 
separately, shown in Fig.9 

 (A)                                    (B) 

  
 (C)                                    (D) 
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Fig.9 (A) Titration of oligo to antibody ratio. (B) Titration of probe concentration. (C) Titration of 
connector oligo (biosplint) (D) A standard curve of dilution series from 10nM to 0.01pM was done at 
the starting condition (condition 1). The signal to noise between 1pM and 0pM was 0.5 Ct difference. 
The 0.001 on the left was negative control. 

Step 2: From the results of step1, when the probe concentration was changed to 31.25pM, 
the signal to noise was improved the most. So the next standard curve was done by 
changing the probe concentration to 31.25pM, shown in Fig.10. 

(A)                                    (B) 

  
(C)                                     (D)  

  

Fig.10 (A) Titration of oligo to antibody ratio. (B) Titration of probe concentration. (C) Titration of 
connector oligo (biosplint) (D) A standard curve of dilution series from 10nM to 0.01pM was done 
after decreasing the probe concentration to 31.25pM. Step 3: From the results of step2, when 
the connector oligo concentration was changed to 40nM the signal to noise was improved 
the most. So the next standard curve was done by changing the connector oligo 
concentration to 40nM shown in Fig 11. 

 (A)                                    (B) 
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(C)                                     (D) 

  

Fig.11 (A) Titration of oligo to antibody ratio. (B) Titration of probe concentration. (C) Titration of 
connector oligo (biosplint) (D) A standard curve of dilution series from 10nM to 0.01pM was doneafter 
decreasing the connector oligo to 40nM. The signal to noise between 1pM and 0pM was around 1 Ct 
difference. The 0.001 on the left was negative control. 

When the standard curves in the three steps were put together in Fig 13, the signal to noise 
between 1pM and 0pM was shown to increase from 0.5 to 1 Ct difference. 

 

Fig.12 Three steps were put together, showing that by decreasing the probe concentration and connector 
oligonucleotide concentration, the background decreased so that the signal to noise between 1pM and 
0pM increased from 0.5 to 1 Ct difference. 
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Aβ oligomers detection in biological samples 

Aβ oligomers detection in human CSF 

The optimization was done in buffer, where no other proteins complicate the assay. To 
apply this assay to detect the biological samples, it is necessary to make it work in samples 
like human CSF or serum.  

Aβ oligomers of dilution series from 100nM to 0.01pM, was spiked in 50%CSF, and was 
detected at the best conditions optimized in buffer, which is oligo:ab[1:1], probes 
[31.25pM], beads [1mg/ml], connector oligo[400nM], shown in Fig 13. The result showed 
that the two curves in buffer and 50%CSF overlapped well, indicating the assay was not 
affected in the human CSF.  

 

Fig.13 Aβ oligomers detection by solid phase PLA in buffer and 50% CSF. The assay worked nearly 
equally well in the two conditions. The limit of detection was around 0.1pM in 10%CSF. The first 
point on the left was negative control. 
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Fig.14 Aβ oligomers detection by solution phase PLA in buffer, 10% and 50%CSF. The limit of 
detection was around 1pM in 10%CSF. The first point on the left was negative control. 



Also, the best condition for solution phase PLA was applied in buffer 10% CSF and 50% 
CSF. And the same dilution series was done with the solution PLA at the optimized 
condition. Compared with solid phase PLA, the background increased higher when in 
50% than in buffer (around 4 times more). One possible explanation could be that the less 
recognization (2 in solution, while 3 in solid phase) could increase the chance of false 
positive. Another possibility is that in 50% CSF, antibodies tend to aggregate together, 
causing unspecific ligation events. 

Also the best PLA (both solid phase and solution phase) were compared with ELISA 
(done by the other group) which used m158 antibody as both capturing and detection 
probe. shown in Fig.15 and Fig.16. 

 

Fig.15 Comparison of solid phase PLA with ELISA for the detection of Aβ oligomers. The solid phase 
PLA showed a higher sensitivity (around 0.01pg for solid phase PLA and 1pg for ELISA) than ELISA. 
In addition, the dynamic range of solid phase PLA is from 0.01pg to more than 1000pg, while the 
dynamic range for ELISA is from around 1pg to around 100pg. 

 

Fig.16 Comparison of solution phase PLA with ELISA for the detection of Aβ oligomers. The 
solution phase PLA showed a higher sensitivity (around 1fg for solution phase PLA and 1000fg for 
ELISA) 
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Aβ oligomers detection in TG mouse and AD patients 

Transgenic mouseswe brain homogenates two times diluted and 50% CSF from four AD 
patients were detected with solution PLA together, shown together in Fig.15. The results 
showed that the AD patients did not show a detectable Aβ oligomers level, while the 
TG-mice showed a significantly higher Aβ oligomers level than the non-TG mice.  

 

Fig.15 50% Brain homogenesis from transgenetic mice and 50% CSF from AD patients were detected 
by solution PLA. TG-mice showed a significant higher signal (around 64 fold more) than the non-TG 
mice, while the no Aβ oligomers was detectable in CSF from AD patients compared with healthy 
people. 
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Discussion 
Optmization of 4 (3) parameters in solid (solution) phase PLA: 

1. The ratio of 1:1 of constructing the probes was always the best from the results. As 
we conjugate more oligos (more than 1) on the same antibody, the signal goes not as 
fast as the background, and then the signal to noise was decreased.  

2. The probe concentration seemed to be of the greatest importance in the process, both 
the optimizing steps concerned about it in solid phase PLA. It increased the signal to 
noise by decreasing the background, meaning that the background went faster than 
the signal as we increase the probe concentration. However, after we decreased the 
probe concentration, the signal of 0.01pM seemed to be shaky in solid phase PLA, so 
further experiments need to be done to find out whether the decreasing of the probe 
concentration gives rise to higher standard deviation at low concentration of antigens. 

3. For the concentration of connector oligo, 40nM or 400nM work both well in solid 
phase PLA. Only in the last titration, when the probe concentration was low, the 
result of 40nM was better than that of the 400nM. So next time, this connector oligo 
could be reduced to 40nM, as in the solution phase PLA. 

4. The bead amount in solid phase PLA does not affect the signal, because the 
antibodies immobilized on the beads are enough to capture all the antigens. However 
the background and deviation were affected by the bead amount, the less the beads, 
the lower the background, but the higher the deviation, so it seemed that there should 
be a point between 0.5mg/ml and 1mg/ml, being the optimal. 

In the detection of biological samples: 

Aβ oligomers detection by PLA work well in both solution phase and solid phase in the 
human CSF, the limit of detection is 0.1pM by solid PLA in 10%CSF, and 1pM by 
solution phase. One thing should be noticed is that the concentration is based on the 
concentration of Aβ monomers, so the limit of detection for the Aβ oligomers could be 
around 40fold less (if the average length of oligomers is 40 monomers).  

In 10%CSF, when comparing with the results of the ELISA, solid phase PLA showed 
both higher sensitivity and longer dynamic range than ELISA, while the solution phase 
PLA showed a much higher sensitivity than ELISA. 

In the real biological sample detection, the brain homogenates from TG mice showed a 
significant higher signal than the non-TG mice, so the assay worked well to prove the 
existence of Aβ oligomers from the TG mice brain homogenates. However, the assay 
could not detect Aβ oligomers from patients’ samples. One explanation could be that 
some proteins in CSF bind on the antigen we want to detect. If that is the case, 
pretreatment of the sample is needed to expose the epitopes. Another possibility could be 
that the Aβ oligomers are below the limit of detection of 0.1pM. If that is the reason, the 
assay needs further optimization. 



Materials & Methods 
Working Buffer: washing buffer contains 0.05% Tween20 in 1 PBS. STRECK buffer 
contains 0.1%BSA, 1mM biotin, 100μg/ml salmon sperm DNA, 0.05% Tween20, 5mM 
EDTA in 1  PBS. 

Antigen: Amyloid beta oligomers [50uM] was from Department of Public 
Health/Molecular Geriatrics, and stored at -20 .It was prepared by dissolving 
lyophilized synthetic A

C°
1-42wt (PolyPepide Laboratories) into 10mM NaOH, and diluting 

in 10 PBS to the concentration of 2mg/ml, then incubating overnight at 37 . C°

Cerebrospinal fluid (CSF): CSF was withdrawn directly from patients and healthy 
controls. 

Antibody: m158 was from Department of Public Health/Molecular Geriatrics. The 
generation of monoclonal antibody m158 is by immunizing Balb/c-mice with 30ug with 
30 μg Aβ1–42Arc protofibrils mixed with same volume of Freund's complete adjuvant 
followed by three boosts with antigen suspended in Freund's incomplete adjuvant. Spleen 
cells were collected and then fused with myeloma cells. The hybridomas were screened 
by direct ELISA. Positive clones were subcloned to make monoclines mAB158 (IgG2a) 
and mAB1C3(IgG1) [Englund,2007]. 

Proximity Probes: Biotinylated m158 antibody was coupled with STV-oligonucleotide 
conjugates (5’ or 3’ separately) through the Streptavidin-Biotin linkage in 100ul 1  PBS 
with 0.05%BSA, and with 50nM of each component at RT 1h or at 4 overnight. 5’ and 
3’ proximity probes were stored at 4 separately. Five minutes before use, the probes 
were diluted separately in STRECK buffer to block the free STV-oligonucleotide 
conjugates.  

C°
C°

Capturing magnetic beads: Dynabeads myone Streptavidin T1 beads (from invitrogen) 
[10mg/ml] of 100ul after 3 times of wash with 500ul washing buffer, were mixed with 
100ul biotinlated m158 antibody[100nM] (diluted in 1  PBS with 0.1%BSA). The final 
reaction was in a volume of 200ul containing 5mg/ml beads and 50nM m158 biotinylated 
m158 antibody, on a rotator at RT for 2h or in cold room (4 ) overnight. Then the beads, 
after 3 times of wash with 500ul washing buffer, were stored at a concentration of 5mg/ml 
in 1

C°

 PBS with 0.1% BSA at 4 . Five minutes before use, the beads were diluted in 
STRECK buffer to 1mg/ml. 

C°

Solid phase PLA:  Samples of 45ul were first incubated with 5ul, 1mg/ml capturing 
magnetic beads at RT for 1.5h or overnight in cold room on a rotator. After 2 times of 
washing with 100ul washing buffer on a magnetic plate, the beads were incubated at RT 
for 1.5h on a rotator with 50ul probes, containing 250pM of both 5’ and 3’ probes. After 
removing the free probes by washing 2 times, the probes (5’ and 3’) binding to the same 
target protein were ligated by an addition of a 50ul mix, containing 50mM KCL, 20mM 
Tris HCL (pH 8.4), 2.5mM MgCl2, 0.2 mM DNTPs(with U), 80uM ATP, 0.2uM  5’ 

18 

 



primer, 0.2uM 3’ primer, 400nM connector oligonucleotide, 0.2uM Taqman probe FAM, 
1.5 units of platinum TaqDNA polymerase, 0.4 units of T4 DNA ligase, 0.4 units of UNG. 
Considering the high efficiency of T4 ligase, the ligated product was transferred directly 
(the ligation time is approximately 5 min) to a real time PCR instrument (Stratagene's 
Mx3000) for DNA amplification and quantification, at 95  for 2 minutes, then 45 
repeated cycles of 15 sec at 95 , 60 sec at 60 . 

C°
C° C°

Solution phase PLA: A volume of 1ul sample was mixed with 1ul probes (60pM for both 
5’ and 3’), incubated at RT for 1.5h or in cold room overnight. Then the ligation and real 
time PCR was performed as in the solid phase PLA.  
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