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Worldwide, Alzheimer's disease (AD) is the most common age-related neurodegenerative disease and is characterized by

unique pathological hallmarks in the brain, including plaques composed of amyloid β-protein (Aβ) and neurofibrillary

tangles of tau protein. Genetic studies, biochemical data, and animal models have suggested that Aβ is responsible for

the pathogenesis of AD (i.e., the amyloid hypothesis). Indeed, Aβ molecules tend to aggregate, forming oligomers,

protofibrils, and mature fibrils. However, while these Aβ species form amyloid plaques of the type implicated in AD

neurodegeneration, recent clinical trials designed to reduce the production of Aβ and/or the plaque burden have not

demonstrated clinical efficacy. In addition, recent studies using synthetic Aβ peptides, cell culture models, Arctic

transgenic mice, and human samples of AD brain tissues have suggested that the pre-fibrillar forms of Aβ, particularly Aβ

protofibrils, may be the most critical species, compared with extracellular fibrillar forms. We recently reported that

protofibrils of Aβ  disturbed membrane integrity by inducing reactive oxygen species generation and lipid peroxidation,

resulting in decreased membrane fluidity, intracellular calcium dysregulation, depolarization, and synaptic toxicity.

Therefore, the therapeutic reduction of protofibrils may prevent the progression of AD by ameliorating neuronal damage

and cognitive dysfunction through multiple mechanisms.
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1. The Discovery of PFs and Their Role in AD Pathogenesis

PFs were first described by Teplow and colleagues in 1997 . Using a size exclusion chromatography (SEC) system and

the synthetic Aβ  peptide, they found a peak representing a large (> 100 kDa) soluble species before the peak of the

LMW-Aβ (mainly monomer) . Using electron microscopy (EM), they further revealed that this peak contained

predominantly curved fibrils, with a diameter of ~5 nm and a length of up to 200 nm, which they termed PFs .

Subsequently, the authors elucidated that the PFs were composed primarily of β-sheets and partially random coils and α-

helices in a secondary structure . In the same year, using atomic force microscopy (AFM), Lansbury’s group found the

existence of a metastable intermediate species, which was termed Aβ PF . Many data have shown that LMW-Aβ

oligomers are on-pathway to fibril formation, while HMW-Aβ oligomers such as PFs are off-pathway . Although the

PF-to-fibril transition, characterized by PF elongation, was very slow, preformed fibrillar seeds greatly accelerated this

conversion . Recently, using a combination of high-speed AFM with thioflavin T assay, EM, and re-injection assays by

SEC, we demonstrated that fibril formation from PFs is more difficult than that from LMW-Aβ, suggesting that mature

fibrils of Aβ are primarily formed from LMW-Aβ  and not from PFs . Furthermore, we determined that PFs instead

supplied precursors to LMW-Aβ  by their dissociation, suggesting that PFs may not always represent the “on-pathway”

of Aβ aggregation from the monomer to the mature fibrils . Kodali and Wetzel mentioned that, although Aβ PFs

can grow by monomer addition, their rate of growth is lower than that of mature fibrils. Additionally, while Aβ monomer

was able to support the extension of mature fibrils at low concentrations of, Aβ  PFs exhibited no extension . They

suggested another terminology, “curvilinear fibrils”, for the description of off-pathway PFs instead of PFs as on-pathway

precursors of fibrils . It was recently revealed that curvilinear fibrils inhibit fibril formation not only by slowing fibril

nucleation and elongation, but also by actively disrupting either process based on combined thioflavin kinetics and AFM

imaging data . On the other hand, Iwatsubo’s group showed that Aβ  PF injection induced Aβ deposition in the brains

of A7 mice overexpressing human APP695 and harboring the K670N, M671L, and T714I familial AD neuronal mutations,

suggesting that Aβ PFs may act as a seed for Aβ aggregation in vivo . The injection of Aβ PFs mixed with apoE3

significantly attenuated Aβ deposition, whereas apoE4 did not, suggesting that the suppressive effect of apoE3 on the

structural conversion of Aβ PFs to fibrils is stronger than that of apoE4, thereby impeding Aβ deposition in vivo .
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2. PFs Are Primary Toxins in AD

The solubility and diffusible nature of soluble oligomers may render them more effective in terms of intra- and extra-

cellular interactions and engaging microglial receptors compared with mature insoluble fibrils. Indeed, it has been

demonstrated that astrocytes engulf large amounts of accumulated, rather than digested, Aβ PFs. This intracellular

storage of Aβ  results in severe astrocytic endosomal/lysosomal defects and the secretion of extracellular vesicles

containing N-truncated, neurotoxic Aβ . Aβ  PFs have also been shown to induce an inflammatory process through

microglial activation  and initiate Toll‐like receptor (TLR) signaling (Figure 1) . In addition, these PFs are preferentially

internalized by microglia . Furthermore, it has been reported that Aβ  PFs are more effective at inducing microglial

tumor necrosis factor α (TNFα) production in BV-2 and primary murine microglia in vitro than monomers and mature fibrils.

Moreover, PFs of Aβ  exhibit significantly less activity than concentration-matched Aβ . Aβ  PFs also have been

shown to trigger a time- and myeloid differentiation protein (MyD) 88-dependent process that generates TNFα and

interleukin-1β (IL-1β) mRNA, along with pro and mature forms of the intracellular IL-1β protein . The accumulation of

both IL-1β forms has indicated that Aβ  PFs are able to prime and activate the Nod-like receptor (NLR) P3

inflammasome. In this process, Aβ has been shown to elicit a quantized burst of secreted IL-1β which occurs prior to the

Aβ priming of the microglia. The IL-1β secretion burst appears to be rapid and not sustained, yet it may be re-initiated with

additional Aβ stimulation. These findings indicate multiple modes of IL-1β regulation by Aβ  PFs, including TLR/MyD88-

mediated priming, NLRP3 inflammasome activation, and modulation of the IL-1β secretory process, suggesting wide-

ranging effects of Aβ on the innate immune response .

Figure 1. Illustration summarizing amyloid β-protein (Aβ) neurotoxicity. Aβ aggregates induce disruption of cellular

homeostasis, which may be the result of inducing or exacerbating membrane disruption, oxidative stress, calcium

dysregulation, synaptic plasticity dysfunction, and inflammation. APP: amyloid precursor protein; Aβ: amyloid β-protein;

ROS: reactive oxygen species; NMDAR, N-methyl-d-aspartate receptor. AMPAR, α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor; nAChR, nicotinic acetylcholine receptor; TLR: toll-like receptor; RAGE: receptor for

advanced glycation endproducts; NF-κB, nuclear factor κB; NLRP3: NOD-, LRR- and pyrin domain-containing protein 3;

IL-1β: interleukin-1β.

Recent evidence has suggested that the neuronal cell membrane is the chief site of oligomer-mediated neuronal damage.

We recently studied the cellular response to short exposures to PFs using multiple indices of membrane integrity,

cytolysis, oxidative stress, and synaptic function. We found that cellular membrane and metabolic integrity were more

severely disrupted by PFs of Aβ  than LMW-Aβ , as evidenced by various experimental systems, including cell

viability and leakage assays, fluorometric measures of ROS generation, lipid peroxidation assays, and

electrophysiological recordings . While our results for lactate dehydrogenase (LDH) and calcein and ethidium

homodimer-1 assays reflected cellular membrane damage by PFs of Aβ  to a greater extent than LMW-Aβ , 3-[4,5-

dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide metabolism (MTT) and water soluble tetrazolium (WST) assays

reflecting mitochondrial enzyme activity, they demonstrated only small differences between the Aβs in different cellular

models, including SH-SY5Y cells and a healthy, human-induced pluripotent stem line . From these results, in terms of

short-term Aβ  PF treatment, Aβ  PFs may first attack the cell membrane, followed by subsequent damage to the

mitochondria, although Aβ dimers might not be removed clearly in LMW-Aβ preparation using the above-mentioned

SEC method  [6]. Next, we found that exposure to PFs of Aβ  in SH-SY5Y cells induces more severe oxidative stress,

including greater levels of ROS production and membrane lipid peroxidation, than LMW-Aβ . Indeed, many studies

have reported that oxidative stress, which occurs in the presence of a physiological imbalance between ROS generation

and antioxidant capacity, is a critical pathogenic mechanism in AD progression . Along with the direct

destruction/modification of lipids, DNA, and proteins, the byproducts of lipid peroxidation produced during oxidative stress
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cause damage to the mitochondria and upregulate tau phosphorylation, which appears essential for NFT formation . In

addition, the generation of superoxide by Aβ aggregates may lead to mitochondrial impairment and further induce ROS

generation, thereby establishing a positive feedback pathway that ultimately results in cell death . Moreover, Aβ

aggregates may directly interact with the mitochondrial respiratory chain, causing metabolic dysfunction and increased

ROS production . In our study, the PFs of Aβ  also reduced neuronal membrane fluidity to a significantly greater

extent than LMW-Aβ . Thus, we consider the possibility that the effects on membrane fluidity, and the resulting neuronal

damage, depend on the specific Aβ conformation .

We further demonstrated that short exposures to Aβ  PFs induces higher concentrations of [Ca ]  than LMW-Aβ ,

whereas a reduced depolarization-induced [Ca ]  influx through voltage-dependent Ca  channels was observed

following longer exposures to Aβ  PFs . These results suggested that PFs may not only directly damage voltage-

gated calcium channels for a short time, but also alter the cell membrane environment required for proper channel

insertion or gating for longer periods, as evidenced by lipid peroxidation and membrane fluidity measurements .

Consistent with the changes observed in [Ca ]  and the loss of membrane integrity, the application of PFs of Aβ , but

not those of LMW-Aβ , also has been shown to depolarize SH-SY5Y cells and significantly reduce membrane input

resistance . Bode et al. monitored transmembrane currents during Aβ exposure at the extracellular face of excised

membranes from HEK293 cells, and found that annular Aβ  oligomers formed ion channels, whereas Aβ  oligomers

and mature fibrils and monomers did not . Drolle et al. used multi-component lipid models to mimic healthy and AD

states of neuronal membranes and posited that Aβ  increases lipid membrane roughness and membrane conductance,

possibly through pore formation . Taken together, the [Ca ]  increase evoked by PFs may be due to pore formation and

oxidative damage, as well as the suppression of calcium egress and sequestration pathways secondary to metabolic

disruption.

We also demonstrated that Aβ  PFs significantly inhibit LTP formation in the mouse hippocampal CA1 subfield .

Similarly, it has been reported that PFs induce electrophysiological changes, including rapid increases in the excitatory

post synaptic and action potentials, membrane depolarizations in rat cortical neurons , and the inhibition of LTP in the

rat hippocampus . Excessive ROS accumulation and decreased membrane fluidity are associated with effects on LTP

and learning  . Furthermore, membrane pore formation may also impair cellular and synaptic functions (Figure 1)

.

The small (35kDa) and highly dispersible protein, secreted-frizzled-related protein 1 (SFRP1), regulates transmembrane

metalloprotease ADAM10 activity and is essential for the development  of tissue homeostasis and constitutive levels of α-

secretase in the brain . As a novel player in AD pathogenesis, SFRP1 has been shown to be significantly increased in

the brain and cerebrospinal fluid of patients with AD. In addition, SFRP1 has been demonstrated in human AD cases and

mouse models to prevent Aβ PF formation by binding to Aβ, suggesting it may be a promising AD therapeutic target .

3. Arctic Mutation Causes Aβ PF Formation

Arctic mutation is a pathogenic APP mutation located within the Aβ sequence at codon 693, at which point glutamic acid is

substituted for glycine (E693G). In 2001, Lannfelt’s group named the mutation the ‘Arctic’ mutation because the family in

which it was detected was from northern Sweden . Affected subjects have clinical features of early AD and plasma

levels of both Aβ  and Aβ  are lower in mutation carriers compared with healthy family members. In addition,

concentrations of Aβ  were found to be reduced in media from cells transfected with APP . Furthermore, the

authors reported that the Arctic Aβ mutation (Aβ  Arc) causes enhanced the formation of Aβ  PFs in vitro .

Subsequently, Lannfelt’s group found that the Arctic mutation significantly accelerated Aβ  PF formation, as well as PF

fibrillization .

It has been reported that Aβ  Arc inhibits LTP ~100-fold more potently than wild-type Aβ  when wild-type and Aβ

Arc peptides are injected into the CA1 area in rats intracerebroventricularly. In this study, the isolated soluble fraction that

included the PFs of Aβ  Arc after high-speed centrifugation was shown to still retain full LTP inhibitory activity . In a

later study, Lord et al. demonstrated that the Arc mutation accelerates early intraneuronal Aβ aggregation and PF

formation, followed by plaque formation, in APP transgenic mice with both the Arctic (E693G) and Swedish (K670N,

M671L) mutations (tg-APP ) . In addition, cognitive deficits have been shown to occur concomitantly with the

formation of intracellular Aβ deposits, but before plaque formation, in transgenic mice . In addition, the levels of PFs in

the brain, but not those of total Aβ, have been correlated with spatial learning, which adds further evidence to the theory

that soluble PFs are the toxic species . The pool of toxic Aβ species reportedly consists of molecules in the size range

of 80 to 500 kDa .
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