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Summary
Oligomeric assemblies of Amyloid-β (Aβ) are suggested to be central in the pathogenesis of
Alzheimer’s disease, since levels of soluble Aβ much better correlate with the extent of cognitive
dysfunctions than senile plaque counts do. Moreover, such Aβ species have been shown to be
neurotoxic, to interfere with learned behavior and to inhibit maintenance of hippocampal long term
potentiation. The tg-ArcSwe model, transgenic mice with the Arctic and Swedish Alzheimer
mutations, expresses elevated levels of Aβ protofibrils in the brain, making tg-ArcSwe a highly
suitable model to investigate the pathogenic role of these Aβ assemblies. In the present study, we
estimated Aβ protofibril levels in the brain and cerebrospinal fluid of tg-ArcSwe mice, and also
assessed their role with respect to cognitive functions. Protofibril levels, specifically measured with
a sandwich ELISA, were found to be elevated in young tg-ArcSwe mice, as compared to several
transgenic models lacking the Arctic mutation. In aged tg-ArcSwe mice with considerable plaque
deposition, Aβ protofibrils were approximately 50 percent higher than in younger mice, whereas
levels of total Aβ were exponentially increased. Young tg-ArcSwe mice showed deficits in spatial
learning and individual performance in Morris water maze correlated inversely with levels of Aβ
protofibrils, but not with total Aβ levels. We conclude that Aβ protofibrils accumulate in an age-
dependent manner in tg-ArcSwe mice, although to a far less extent than total Aβ. Our findings suggest
that increased levels of Aβ protofibrils could result in spatial learning impairment.
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Introduction
Alzheimer’s disease (AD), the most common form of dementia, is characterized by progressive
neurodegeneration and presence of two major histopathological lesions in the brain;
neurofibrillary tangles and senile plaques. Accumulation of amyloid-β (Aβ), the main
constituent of senile plaques, is believed to be central in AD pathogenesis [1]. Even though
the Aβ peptide was identified more than two decades ago, there is still a lack of understanding
on how Aβ confers cognitive dysfunctions and neurodegeneration. Although the amount of
senile plaques is critical to the neuropathological diagnosis it does not relate to the degree of
dementia [2]. Instead, soluble Aβ correlates with the density of neurofibrillary tangles [3] and
loss of synapses [4], i.e. with measures that are known to better reflect disease severity.

Many types of oligomeric assemblies of Aβ, with different structural characteristics, have been
described and suggested to contribute to the pathogenesis of AD [5]. These include Aβ
oligomers like dimers, trimers and dodecamers (Aβ*56), but also various large Aβ aggregates,
such as Aβ protofibrils. The latter, which are intermediates in the assembly of Aβ fibrils, are
neurotoxic and interfere with electrophysiological mechanisms associated with memory [6–
8]. Smaller oligomeric species, like Aβ-derived diffusible ligands (ADDLs) have been
demonstrated to induce synaptic dysfunction e.g. by binding to dendritic spines. Moreover,
AD brain-derived Aβ dimers induce loss of synapses accompanied by reduced synaptic
plasticity and disruption of cognitive functions in vivo [9–12]. The mechanism of synaptic
dysfunctions might possibly be mediated through direct interaction on α7 nicotinic receptors
or NMDA (N-methyl-D-aspartate), AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole) or
other glutamate receptors [13–16]. Interestingly the Arctic APP mutation increases Aβ
protofibril formation in vitro and leads to Alzheimer’s disease [17,18], suggesting that these,
and possibly also other soluble Aβ aggregates, are causative in AD pathogenesis. In an effort
to examine the pathogenic role of Aβ protofibrils in vivo we have recently developed a sandwich
ELISA specific for protofibrils [19] and a new transgenic mouse model, tg-ArcSwe [20,21],
with elevated levels of soluble Aβ aggregates early in life [19,20,22]. The aim of the present
study was to compare Aβ protofibril levels with established biochemical and histological
measures of Aβ accumulation over the life span of tg-ArcSwe mice. We also wanted to begin
to assess the role of Aβ protofibrils with respect to cognitive functions by relating their
abundance to measures of spatial learning and memory. Aβ protofibrils were present in animals
before plaque onset, and the levels of protofibrils were stable with age in young tg-ArcSwe
mice, but were approximately 50 percent higher in animals with substantial plaque deposition.
In contrast, total Aβ in the brain increased exponentially with age. Behavioral deficits and
elevated levels of Aβ protofibrils were apparent already at four months of age in tg-ArcSwe
mice. Animals with high levels of protofibrils were less able to improve their performance in
the Morris water maze i.e. the abundance of Aβ protofibrils related to spatial learning at an
early age.

Results
Age-dependent changes of Aβ protofibril levels in tg-ArcSwe mice

The development of amyloidosis and Alzheimer’s disease is highly age-dependent and a
dramatic increase in Aβ accumulation occurs with aging. We therefore considered it of interest
to quantify Aβ protofibril concentrations in tg-ArcSwe mice at different ages. Levels were
elevated already in 2 months old tg-ArcSwe mice (3.5±0.1 pg/mg tissue) as compared to
nontransgenic mice (0.1±0.01 pg/mg, P<0.001; Fig 1A). The levels did not differ significantly
between 2, 4 and 10 months of age (mean concentration of 3.4±0.2 pg/mg tissue), but were
increased at 14 (5.4±0.2 pg/mg tissue, P<0.001) and 17 (4.7±0.1 pg/mg tissue, P<0.01; Fig
1A) months of age. Total Aβ levels increased dramatically once plaque deposition began (Fig
1B), and Aβ protofibrils constituted only a small fraction of total Aβ in plaque-depositing tg-
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ArcSwe mice (Fig 1C). Thus, the absolute concentration of protofibrils increased ~50% when
plaque deposition was present, while its relative proportion of the total Aβ pool markedly
decreased. Aβ protofibrils were also present in cerebrospinal fluid (CSF) of tg-ArcSwe mice
(230±34 pg/ml; n=3), but not in nontransgenic mice. This corresponds to approximately 7%
of the Aβ protofibril concentration in brain tissue (~0.23 pg/mg), if one assumes that CSF has
a density ~1.0 g/ml. The analysis of cerebrospinal fluid was limited to a few 12 months old
mice.

Aβ protofibrils increase in early but not late stages of amyloid pathology
Progression of Aβ pathology in the brain is traditionally measured as Aβ burden by
immunohistochemical staining with an Aβ antibody, or as amyloid burden by Congo red
staining. Tissue sections of brains from tg-ArcSwe mice of different ages were analyzed for
both Aβ and amyloid burden in order to compare these well established markers of Aβ
deposition to the concentration of Aβ protofibrils. In this model, essentially all Aβ deposits
have an amyloid core, and the presence of Aβ1–40 immunopositive diffuse deposits is
negligible [20]. Since Aβ1–40 is the predominant Aβ peptide in the tg-ArcSwe model [21],
and to avoid any possible cross-reactivity to APP, an Aβ40-specific polyclonal antibody was
used to assess Aβ burden. However, the same immunostaining pattern of an N-terminal Aβ
antibody (mAb1C3, described in [19]), indicates that all Aβ deposits were indeed detected with
the Aβ40-specific antibody (Supplementary figure 1). In brain sections from 10 and 14 months
old mice there was a close to linear relationship between Aβ protofibril levels and Aβ burden,
but not at a more advanced age (17 months) when only a marked increase in Aβ burden was
apparent (Fig 2A). In contrast, when Congo red positive deposition was compared with Aβ
protofibril levels, there was a significant correlation among all animals (Fig 2C). This
observation could be explained by a rapid increase in Aβ burden (from 2.5 to 8.4%) between
14 and 17 months of age, while Congo burden remained more stable (from 1.2 to 1.4%; Fig
2E). The data suggest that, apart from an increase in number, Aβ deposits were also increased
in size with the accelerated plaque pathology. Indeed, when the mean size of immunostained
Aβ plaques was estimated, there was an almost 2-fold increase between the 14 and 17 months
old tg-ArcSwe mice, whereas the size of Congo red positive deposits did not increase (Fig 2F).
Thus, with age and accelerated Aβ pathology, soluble and diffuse Aβ species are to a large
extent added to existing congophilic cores resulting in bigger plaques. The density of the
congophilic cores of these plaques more closely relates to Aβ protofibril levels.

Aβ protofibril formation occurs in several APP transgenic models and depends on human
Aβ

Formation of Aβ protofibrils in vivo is not a phenomenon exclusive for transgenic models
carrying the protofibrillogenic Arctic mutation, since tg-Swe mice also form protofibrils [19].
Here we expanded upon these findings by analyzing Aβ protofibrils in brains of young (2
months old) and aged (22–27 months old) tg2576 and PSAPP mice with the mAb158 protofibril
ELISA. Aβ protofibrils were found in cortical brain extracts both in young (Fig 3A) and aged
(Fig 3B) mice, but the levels were lower than in tg-ArcSwe mice (Fig 3A). The PSAPP mice,
which express human presenilin-1 (PS1) at a high level and show accelerated Aβ plaque
pathology [23], did not have higher levels of Aβ protofibrils than tg2576 mice (Fig 3A, 3B).
The presence of Aβ protofibrils in these two models was essentially restricted to brain regions
later affected by amyloid pathology, with only very low levels in the cerebellum (Fig 3B).
Aβ protofibrils could not be found in brain homogenates of nontransgenic mice or APP
knockout mice (data not shown), suggesting that murine Aβ peptides were unable to form
protofibrils, at least not at picomolar concentrations of Aβ.
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Spatial learning performance inversely correlates to Aβ protofibril levels in young tg-ArcSwe
mice

To investigate how Aβ protofibril concentration in the brain relates to spatial learning and
memory, 4 and 8 months old tg-ArcSwe mice were tested in Morris water maze. Tg-ArcSwe
mice demonstrated longer escape latencies as compared to nontransgenic littermates (Fig 4A),
suggesting impaired acquisition of spatial learning. Initial single variance analysis showed no
effect of age (F1,146=0.107, P=0.74). When pooling the 4 and 8 months groups and analyzing
with two-way factorial ANOVA with time and genotype as categorical variables, there was a
significant effect of both genotype (F1,140=6.45, P<0.05) and time (F3,140=32.2, P<0.01).
Subsequent analyses with Fischer LSD post-hoc revealed a significant increased escape latency
of tg-ArcSwe mice (23.4±3.3, n=20) at day 3 as compared to nontransgenic littermates (14.3
±2.3, n=17, P<0.05). Swim speed did not differ between the nontransgenic (20.6±1.0 cm/s,
n=20) and transgenic (21.3±0.8, n=17) animals, as there was no effect of genotype with a three-
way ANOVA (F1,132=3.58, P=0.061). This implies that the inferior learning performance of
tg-ArcSwe mice was not due to sensorimotor dysfunctions or motivational shortage. In
addition, at day 3 of learning, distances to reach the platform of nontransgenic mice were shorter
as compared to tg-ArcSwe mice (data not shown), consistent with the observed difference in
escape latency. Representative swim paths of nontransgenic and transgenic mice are presented
in Figure 4B. Nontransgenic mice clearly developed a spatial bias to the target area, since the
time spent in goal area (10.5±1.1%; n=17) by far exceeded chance performance (2.5%, see
materials and methods). They spent more time in the goal area and crossed the platform area
more often in the probe trial than tg-ArcSwe mice did (Fig 4C), but the differences did not
reach significance. Both these measures inversely correlated to escape latency at the last day
of training (Supplementary figure 2), suggesting that spatial search strategies were used by
most of the animals. Four individuals (two 4 months old nontransgenic mice, one 8 months
old transgenic mouse and one 8 months old nontransgenic mouse) were excluded from the
study due to floating, thigmotaxis (wallhugging) or circling behaviors.

Brains from 4 months old tg-ArcSwe mice, devoid of senile plaques, were harvested shortly
after cognitive testing and Aβ protofibrils were measured with the mAb158 protofibril specific
ELISA. Aβ protofibrils correlated inversely with spatial learning, measured as improvement
in escape latency (Fig 5A). The escape latency at the last learning trial was subtracted from
the mean escape latency at the first training session. Little ability to improve was then
associated with high levels of protofibrils. In contrast, total Aβ levels in formic acid-extracts
from the same set of mice did not correlate to improved escape latency (Fig 5B).

Discussion
Here, Aβ protofibril levels in young and aged animals were assessed in three different AD
mouse models. Aβ protofibrils were present in both brain and cerebrospinal fluid of tg-ArcSwe
mice, and levels in the brain were stable in young animals but higher in aged animals with
elevated Aβ burden. In a microdialysis study it was reported that soluble Aβ levels, analyzed
in the interstitial fluid of PDAPP mice, did not differ between 3 months and 12–15 months of
age [24]. Moreover, soluble Aβ*56 levels in tg2576 mice remained stable after 6 months of
age, while total Aβ levels increased [25]. Thus Aβ protofibrils appear, like other soluble Aβ
species, not to accumulate until advanced age and significant senile plaque deposition. Steady
state levels of Aβ protofibrils in brains of young animals were increased by the Arctic mutation,
but not by mutant presenilin-1, most likely because Arctic Aβ is more prone to form Aβ
protofibrils than wild type Aβ [17,18]. Absolute concentrations of Aβ protofibrils in tg-ArcSwe
mice increased modestly (~50%) in association with accelerated Aβ fibrillization and senile
plaque formation (14 months old mice), but remained stable thereafter. It is well-known that
Aβ burden rapidly increases once plaque deposition has begun, and that the raise in total Aβ
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is even more marked with biochemical analysis compared to histological analysis [26,27]. In
accordance, the proportion of Aβ protofibrils of total Aβ was markedly reduced with age in
tg-ArcSwe mice. Soluble Aβ also seemed to be rapidly added to existing congophilic cores
resulting in bigger plaques, as the mice grew old. We therefore speculate that protofibrils are
not predominantly formed by detachment from the surface of Aβ deposits, since one would
then expect to find greatly elevated Aβ protofibril concentrations in aged animals with very
high Aβ burden. Detection of Aβ protofibrils in cerebrospinal fluid of transgenic mice, but not
nontransgenic controls, further suggests that the mAb158 protofibril ELISA indeed measures
biological metabolites.

Tg-ArcSwe mice show prominent early pathology with enhanced formation of Aβ protofibrils
and intraneuronal Aβ accumulation beginning months before plaque onset [19,20]. Given this
we found it of particular interest and relevance to examine cognitive functions before plaques
emerged. We showed that young tg-ArcSwe mice devoid of plaque deposition, but with
substantial amounts of Aβ protofibrils, displayed learning deficits. A Morris water maze setting
was chosen to measure spatial learning and memory, since it depends upon hippocampal
functions [28], and hippocampus is a brain region severely affected early on in AD pathogenesis
[29,30]. Tg-ArcSwe mice were poor learners, as compared to nontransgenic mice, and needed
more time to find the hidden platform. In contrast, memory impairment could not be
demonstrated in the probe trial. It is possible that the lack of significance in memory retention
was due to large variability within the experimental groups, and that larger cohorts of animals
would have revealed a subtle memory retention deficit in young tg-ArcSwe mice. Here memory
retention was investigated at 72 hours post training, instead of 24 hours which is more
commonly used. The genotype differences might have been more pronounced with a probe
trial at 24 hours. Interestingly, high levels of protofibrils, but not total Aβ, were associated with
inferior spatial learning, at least in young mice. This implies that Aβ protofibril levels in the
brain of tg-ArcSwe mice could better reflect cognitive dysfunctions than the total pool of
Aβ. Escape latencies of 4 and 8 months old tg-ArcSwe mice were similar and one might
therefore hypothesize that these relate to the stable levels of Aβ protofibrils observed between
4 and 10 months of age. If spatial learning is affected by protofibril levels, as our results in
young tg-ArcSwe mice suggest, it would be of great interest to examine aged mice (14 months
or older) with enhanced Aβ protofibril levels in the Morris water maze. Conclusions from such
future studies, in aged tg-ArcSwe mice, would of course not be straight forward since Aβ
burden and insoluble Aβ are also increased. The present studies only suggest that Aβ
protofibrils have an impact on spatial learning in tg-ArcSwe mice. If Aβ protofibril levels are
of general importance to cognitive deficits and also help explain functional deficits in other
models, like PSAPP and tg2576 mice is however unclear. In fact, since lower Aβ protofibril
levels were found in these models than in tg-ArcSwe mice, one would predict to observe lesser
deficits in spatial learning. Cognition in young PSAPP is only modestly impaired, but aged
PSAPP mice do exhibit robust and progressive deficits in learning and memory tests [31,32],
and some data imply a correlation of deposited Aβ and memory dysfunction [33], whereas
other data in younger mice do not [34]. Smaller aggregates/oligomers of soluble Aβ, which
are probably not efficiently detected by the mAb158 protofibril ELISA, are likely also present
in tg-ArcSwe mice and could of course contribute to the spatial learning deficits observed. For
example in tg2576 mice, Aβ56* has been shown to impair memory functions before the
appearance of plaque pathology [25]. Aβ derived diffusible ligands (ADDLs) cause synaptic
dysfunction by down-regulation of memory-related receptors such as NMDA [10] and Aβ
dimers were recently extracted from AD brain and demonstrated to inhibit LTP [12].

In spite of similarities and obvious differences between animal models and human disease, it
is still interesting and important to reflect upon these observations and to try to find
explanations. A comparison between APP transgenic models and the human disease is of course
complicated by the lack of key features of AD neuropathology, such as neurofibrillary tangles,
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neuronal loss and macroscopic atrophy, in the animal models. However, in AD brains, plaque
pathology is widespread and well developed when symptoms begin to appear, but disease
severity does not relate to the density of Aβ deposits. On the contrary, in transgenic mice
functional deficits and loss of synapses are, at least in some models, observed in young
transgenic animals devoid of plaque deposits suggesting that soluble Aβ species are deleterious
[34–36]. In aged APP transgenic mice learning deficits often correlate to Aβ burden, suggesting
that insoluble Aβ also is detrimental [33,37,38]. However, with active vaccination the
development of age-related memory deficits can be significantly prevented although the
accumulation of amyloid deposits is only partly inhibited [39]. An interpretation of these
findings is that soluble Aβ aggregates, cleared by the treatment, contribute to cognitive
dysfunctions in aged animals. In contrast, the human brain remains cognitively functional until
late in life, perhaps due to additional reserve capacity associated with its more evolved
structure. Thus, much longer time would be needed for soluble Aβ to exert enough neuronal
damage to cause symptoms in humans. Another difference is the artificially high APP
expression in APP transgenic mice, as compared to sporadic Alzheimer’s disease. The high
expression of APP is needed to enable onset of amyloid pathology within the lifespan of a
mouse, but it might also result in a higher turnover of deleterious soluble Aβ species than in
human brain.

Here we show that the levels of soluble Aβ protofibrils accumulate in an age-dependent manner
in tg-ArcSwe mice, although to a far less extent than levels of total Aβ. As Morris water maze
performances of young tg-ArcSwe mice correlated inversely with Aβ protofibril levels, we
suggest that Aβ protofibrils could affect spatial learning. If so, stimulating the clearance or
inhibiting the formation of this Aβ species could be feasible and efficient ways to mitigate
cognitive dysfunctions of patients with Alzheimer’s disease.

Materials and methods
Transgenic mice

APP transgenic mice with the Swedish (K670N, M671L) and Arctic (E693G) mutations (tg-
ArcSwe mice) [20], nontransgenic littermates and APP knockout mice (APP-KO) (#004133,
Jackson laboratory) were kept at the animal facility at Uppsala University. Tg2576 mice [40]
and PSAPP mice [23] were obtained from University of South Florida, where PSAPP mice
had been generated by breeding tg2576 mice with line 5.1 M146L PS1 [41]. All mice in this
study, regardless of animal facility, were housed under standard conditions with a 12 h light/
dark cycle and provided food and water ad libitum. The experiments were approved by ethical
committees and performed in compliance with national and local animal care and use
guidelines (protocols #C258/6 and #C242/5 at Uppsala University and #M2804 and #M2814
at University of South Florida).

Morris water maze
Mice were transported to the animal facility at Uppsala University Hospital, allowed to
habituate for one week, handled daily for yet another week and then tested in a water maze
(1.4 m in diameter) located in a laboratory exclusively used for behavioural studies. Water was
filled and drained daily and maintained at 22 ± 1°C. The platform (11 cm in diameter) was
submerged 1 ± 0.5 cm beneath the surface and located at a fixed position, while the starting
positions were randomized and counterbalanced. Mice were allowed to swim for up to 60 s to
find the platform, where they were let to remain for 15 s. Animals unable to locate the platform
were guided to it and the maximal 60 s time was recorded. Tg-ArcSwe and nontransgenic
littermates, either 4 months old (n=9 and 8) or 8 months old (n=12 and 12), were trained five
trials per day during four consecutive days. 72 h after the last learning trial, as previously
described [42], mice were tested for memory retention in a probe trial without the platform.
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The mice were monitored using a video camera and an automated tracking system (HVS Image,
Hampton, England). Parameters recorded were escape latency (time to find platform), swim
path (distance to find platform), swim speed, time spent in goal area (defined as a circle area
with 2× the diameter of the platform representing 2.5% of the total pool area) and platform
crossings. The escape latency at the last trial of training was subtracted from mean escape
latency at the first day of training, to measure improvement in spatial learning. Thigmotaxis,
circling and floating activities, as defined by the HSV Image software, were recorded and
animals (n=4) displaying such behaviours were excluded.

Histology and image analyses
Mice were anesthetized with 0.4 ml Avertin (25 mg/ml) and intracardially perfused with 0.9%
saline solution. Their brains were divided in two hemispheres; cerebellum was prepared and
treated separately. One brain half was frozen on dry ice for biochemical analysis (described
below), and the other half was immersed for 24 h in 4% paraformaldehyde and used for
histology. Fixed brains were cryoprotected through sequential immersion in 10, 20 and 30%
(w/v) sucrose for 24 h. Coronal sections of 25 µm thickness were collected with a sledge
microtome and stored at +4°C in PBS with 10 mM NaN3. Five sections per individual,
approximately 500 µm apart (Bregma −1.0 mm to −3.0 mm), were selected for each
immunostaining and mounted on slides. Sections were treated for antigen retrieval and
immunostained for Aβ, as previously described [20]. An Aβ40-specific antibody (gift from
Dr. J. Näslund) was used to visualize Aβ burden (1 µg/ml). Sections were also stained with
Congo red (86,095-6; Sigma-Aldrich) to detect amyloid deposits. Aβ burden in the cerebral
cortex and hippocampus was measured in two image fields of each section at 20×
magnification. Images were captured in bright field at a defined setting with a Nikon
microscope (DXM1200F; Nikon Instruments Inc., Melville, NY, USA) equipped with a digital
camera, converted to greyscale and processed with an auto threshold command (Image Pro-
Plus, Cybernetics, Silver Spring, MD, USA). Custom-made macros were used to measure the
stained area of interest as percentage of total tissue area.

Biochemical Aβ analyses
Cortical and cerebellar brain tissues from perfused animals were extracted at a ratio of 1:10
(tissue weight : extraction volume) in TBS (tris buffered saline, 20 mM tris, 137 mM NaCl,
pH 7.6) with Complete protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim,
Germany) using a tissue grinder with teflon pestle (2×10 strokes on ice). The homogenates
were centrifuged at 100 000×g at +4°C for 60 min, and the supernatants were used to obtain a
preparation of TBS-soluble extracellular and cytosolic proteins. To measure total Aβ, brain
tissue was directly extracted in 70% formic acid at a ratio of 1:10, sonicated for 30 s at a defined
setting and thereafter centrifuged at 100 000×g at +4°C for 60 min. All supernatants were stored
in aliquots at −80°C prior to analyses. Cerebrospinal fluid (CSF) was isolated from the cisterna
magna of mice based on the method of DeMattos et al. 2002 [43]. The animals were
anesthetized with 100 mg/kg ketamin and 10 mg/kg xylazine i.p. and placed in a stereotaxic
frame under an operating microscope and the meninges overlying the cisterna magna were
surgically exposed. The arachnoid membrane was punctured with a thin needle connected to
a rubber tube and CSF was withdrawn using a syringe connected to the tube. The CSF was
placed on dry ice and stored at −80°C until the time of analysis. On average 10 µl CSF was
collected from each mouse with minimal blood contamination.

mAb158 protofibril ELISA—The assay was performed as previously described [19]. In
short, 96-well plates were coated at +4°C over night with 200 ng/well of mAb158 before being
blocked with 1% BSA in PBS. To assure that all samples were devoid of insoluble Aβ fibrils
they were centrifuged at 17 900×g for 5 min at 16°C immediately before analysis. Samples
were then added to the plate in duplicates and incubated for 2 h at room temperature (RT).
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Biotinylated mAb158 (1 µg/ml) was added and incubated for 1 h at RT, followed by
streptavidin-coupled HRP (Mabtech AB, Nacka Strand, Sweden) for 1 h at RT. K-blue
enhanced (ANL-Produkter AB, Älvsjö, Sweden), was used as HRP-substrate and the reaction
was stopped with 1 M H2SO4. Wells were washed three times between each step after blocking
the plates and antibodies and samples were diluted in ELISA incubation buffer (PBS with 0.1%
BSA, 0.05% Tween-20).

Total Aβ ELISA—A 96-well plate was coated at +4°C over night with 100 ng/well of the N-
terminal Aβ antibody 82E1 (IBL-Hamburg, Hamburg, Germany) in PBS, and then blocked
with 1% BSA in PBS. Formic acid-extracted mouse brains were neutralized in 1 M Tris (pH
10) and diluted in ELISA incubation buffer (PBS with 0.1% BSA, 0.05% Tween-20). Samples
and a standard series of Aβ monomers were then added to the plate in duplicates and incubated
for 2 h at RT. Biotinylated mAb27 (1 µg/ml), with an epitope in the mid-domain of the Arctic
Aβ peptide (generated at our laboratory, for specificity see Supplementary figure 3), was added
and incubated for 1 h at RT. Subsequent steps were performed in the same way as for the
mAb158 protofibril ELISA.

Statistical analyses
The Morris water maze data were analyzed by three-way factorial ANOVA with genotype,
age and time as categorical factors. After analyzing the effect of age on escape latencies with
single variance analysis, age groups were pooled and escape latencies were analyzed with two-
way ANOVA and later with post hoc Fisher LSD test (STATISTICA, OK, USA). Biochemical
data were analyzed with one-way ANOVA and Tukey’s multiple comparison post hoc test
(GraphPad Software, CA, USA) and presented as scattergrams with lines representing the
mean. Significance were reported as * P<0.05, ** P<0.01 and *** P<0.001. Correlations were
examined by linear regression analysis (GraphPad Software, CA, USA) with P and r values
and 95% confidence intervals included in the graphs. P values less than 0.05 were regarded as
statistically significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Aβ, Amyloid-β; AD, Alzheimer’s disease; APP, Amyloid precursor protein; ELISA, enzyme-
linked immunosorbent assay.
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Figure 1. Age-dependent changes in Aβ protofibril levels and total Aβ levels in tg-ArcSwe mice
(A) Levels of protofibrils in nontransgenic (non-tg) and tg-ArcSwe mice at 2 (n=6), 4 (n=9),
10 (n=11), 14 (n=10) and 17 (n=6) months (mo) of age. Aβ protofibrils remained rather stable
with age but increased approximately 50% from 10 to 14 months of age. (B) Total Aβ levels
in the same set of mice increased dramatically after plaque onset, here represented by age
groups of 10 months and older. (C) Aβ protofibrils as a fraction out of total Aβ (in %) was
highest in young (4 mo) tg-ArcSwe mice and markedly decreased with age. (** P<0.01 and
*** P<0.001, by one-way ANOVA and Tukey’s multiple comparison post hoc test).
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Figure 2. Aβ protofibril levels in tg-ArcSwe mice and their relation to plaque pathology
(A) Increased immunohistochemical Aβ burden was accompanied by raised Aβ protofibril
levels in 10 (n=7) and 14 (n=10) months (mo) old animal. With a further increase in Aβ burden,
at 17 mo (n=6), protofibril concentrations remained relatively stable. (C) When protofibril
levels were compared to the extent of Congo red positive deposition, there was a significant
correlation with linear regression when all animals were analyzed as a single group. (B, D)
Representative pictures of immunohistochemical staining of Aβ burden and Congo red positive
deposits converted to grayscale. The scale bars measure 200 µm. (E) Increased Congo red
burden was paralleled by elevated Aβ burden at early stages of plaque accumulation (10 and
14 mo) but at the stage of advanced amyloid pathology (17 mo), the Congo red burden remained
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stable. (F) Relative mean plaque size of age groups 10, 14 and 17 mo was investigated. Plaque
size at 10 months of age was set to 1. The average size of Aβ deposits increased drastically
with age whereas the size of Congo red positive material remained relatively stable. (* P<0.05
and *** P<0.001, by one-way ANOVA and Tukey’s multiple comparison post hoc test).
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Figure 3. Aβ protofibril levels in different APP transgenic models
Aβ protofibrils in TBS-soluble cortical extracts from several APP transgenic mouse lines were
measured with mAb158 protofibril ELISA. (A) Aβ protofibril levels were elevated in 2 months
old tg2576 (n=7) and PSAPP (n=5) mice as compared to nontransgenic (non-tg) littermates
(n=4), but were significantly lower than in age-matched tg-ArcSwe (n=6) mice. Aβ protofibril
levels did not differ between young tg2576 and PSAPP mice. (B) Aβ protofibril levels were
increased by more than 3-fold in cortical extracts (ctx) of 22–27 months old tg2576 (n=8) and
PSAPP (n=5) mice. Cerebellar extracts (cer) from the same set of transgenic mice were
essentially devoid of Aβ protofibrils, although a few tg2576 mice had measurable levels in the
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cerebellum. (** P<0.01 and *** P<0.001, by one-way ANOVA and Tukey’s multiple
comparison post hoc test).
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Figure 4. Spatial learning and memory in tg-ArcSwe mice
Transgenic (tg-ArcSwe) and nontransgenic (non-tg) mice were tested in the Morris water maze
at 4 months (4 mo) and 8 months (8 mo) of age, n=17 (non-tg) and 20 (tg-ArcSwe) in total.
(A) Escape latency in seconds (s.) was used as a measure of spatial learning. Each point in the
figure represents average performance at each day ± standard error of the mean. Different age
groups (4 and 8 mo) were offset in the figure for the sake of clarity. Learning was modestly
impaired in tg-ArcSwe mice as compared to non-tg littermates with a significant effect of both
genotype and time in a two-way factorial ANOVA. Fischer LSD pos-hoc showed longer escape
latencies of tg-ArcSwe mice at day 3 (* P<0.05). There was no evidence that age affected
performance in an initial single variance analysis (P=0.74). (B) Representative swim paths of

Lord et al. Page 17

FEBS J. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



two non-tg mice (upper panels) and two tg-ArcSwe mice (lower panels). Arrowheads (▷)
illustrate the start position of each mouse. (C) In the probe trial, 72 h after last training session,
non-tg mice crossed the platform more often than tg-ArcSwe mice and also spent more time
in the goal area, but these differences did not reach significance.
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Figure 5. Aβ levels in tg-ArcSwe mice without plaque pathology and their relation to spatial
learning
Aβ protofibril levels in TBS-extracts and total Aβ levels in formic acid extracted brains of 4
months old tg-ArcSwe mice were investigated and related to spatial learning (n=9). (A) Aβ
protofibrils inversely correlated with improvement in escape latency, measured as performance
in the last trial subtracted from performance at the first acquisition session. (B) Levels of total
Aβ, in the same set of mice, were not associated with improved escape latency and spatial
learning.
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