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Abstract Alzheimer’s disease (AD) is a common neurode-
generative disease characterized by amyloid plaque and neu-
rofibrillary tangles (NFT). With the finding that soluble
nonfibrillar Aβ levels actually correlate strongly with the se-
verity of the disease, the initial focus on amyloid plaques
shifted to the contemporary concept that AD memory failure
is caused by soluble Aβ oligomers. The soluble Aβ are
known to be more neurotoxicthan fibrillar Aβ species. In this
paper, we summarize the essential role of soluble Aβ oligo-
mers in AD and discuss therapeutic strategies that target sol-
uble Aβ oligomers.
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Introduction

Alzheimer’s disease (AD) is a common neurodegenerative
disease characterized by language breakdown, memory loss,
and progressive cognitive impairment. The pathological fea-

tures of AD are extracellular neuritic plaque composed of
misfolded amyloid-beta (Aβ) peptides, intracellular neurofi-
brillary tangles (NFT) composed of hyperphosphorylated tau,
and severe synaptic and neuronal loss. With the finding that
soluble nonfibrillar Aβ levels actually correlate strongly with
the severity of the disease [1] and synaptic loss [2], re-
searchers’ attentions shifted away from the amyloid plaque,
which correlates poorly with cognitive impairment [3, 4], to
the soluble Aβ oligomers as possible culprits in the AD pa-
thology. Here, we review the essential role of soluble Aβ
oligomers in AD. Given the effects of soluble Aβ oligomers
on AD, more therapeutic strategies targeting soluble Aβ olig-
omers are proposed.

What Are Soluble Aβ Oligomers?

Soluble Aβ oligomers are distinct from fibrillar Aβ aggre-
gates. The term Bsoluble^ refers to any form of Aβ that is
soluble in aqueous buffer and remains in solution after high-
speed centrifugation. Based on current knowledge, soluble
Aβ oligomers include dimers, trimers, Aβ*56 (a putative
dodecameric Aβ assembly, 56 kDa), spices immunoreactive
to Aβ-derived diffusible ligands (ADDLs) (dodecamers, 35~
60 kDa)/globulomers (dodecamers, 38~48 kDa) antibodies,
and annular protofibrils (APFs) within the spectrum of endog-
enous assemblies. In both cases of ADDLs and globulomers,
there have been some confusion that these Bdodecamers^ cor-
respond to Aβ*56 [5]. However, several lines of evidence
indicate that Aβ*56 and ADDLs/globulomers are different
entities [6, 7]. In addition, APFs are pore-like structures that
are believed to derive from the circularization of nonfibrillar
Aβ assemblies, with a molecular size migrating at 100~
150 kDa.
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Production of Soluble Oligomeric Aβ Assemblies

Themonomeric Aβ (molecular weight ~4 kDa) is produced in
neurons by cleavage of the amyloid precursor protein (APP)
(molecular weight ~120 kDa) by β-secretase [(identified to be
β-site APP cleaving enzyme 1 (BACE 1))] and γ-secretase.
γ-Secretase cleaves the C-terminal of APP at different posi-
tions, which leads to C-terminal heterogeneity of the mono-
meric Aβ and a variety of peptides. Aβ is a heterogeneous
mixture of peptides that have different solubilities, stabilities,
and biological and toxic properties. To our knowledge, Aβ
monomers and trimers are produced and secreted by neurons.
Using a large panel of Aβ antibodies, a model for the endog-
enous production of oligomeric Aβ assemblies was proposed.
Aβ oligomers follow a trimer-based expansion in size under
physiological conditions. In pathological conditions, mono-
meric Aβ becomes misfolded into dimers, which can rapidly
expand to create dimer-based protofibrils, ultimately contrib-
uting to the formation of fibrillar Aβ as amyloid plaques [7].

The mechanism of formation of soluble Aβ oligomers
in vivo remains unclear [7] (Fig. 1). The mechanisms of for-
mation might be different for extracellular and intracellular
oligomers. The formation of extracellular soluble Aβ oligo-
mers can be induced by GM1 ganglioside, which is formed
via a pathway distinct from that of fibril formation [8–10].
Furthermore, nonfibrillar Aβ can be produced in the presence
of aB-crystallin [11] and clusterin (also known as ApoJ) [12].
With regard to intracellular soluble Aβ oligomers, Aβ can be
localized intracellularly by the uptake of extracellular Aβ or
by the cleavage of APP in endosomes generated from the
endoplasmic reticulum (ER) or the Golgi apparatus. The up-
take of extracellularly produced Aβ oligomers occurs via
endocytic pathways or various receptors and transporters such
as formyl peptide receptor-like protein 1 (FPRL1) or scaven-
ger receptor for advanced glycation end-products (RAGE).
Aβ in the lysosome can leak into the cytosol and form soluble
oligomers via the interaction with intracellular proteins such
as GM1 [10], prefoldin (PFD) [13] or other molecular chap-
erones. PFD was reported to prevent further aggregation of
Aβ oligomers and stabilize the oligomer structure.

It is important to point out that ADDLs/globulomer are
synthetic Aβmolecules and that the origins of the endogenous
Aβ species detected by ADDLs/globulomer antibodies are
completely unknown. Further studies are needed to determine
how these particular Aβ assemblies are produced as well as
how and when they form in AD.

The Oligomers Hypothesis

Due to poor correlation between amyloid plaque load and
cognitive function, the original amyloid cascade hypothesis
of AD has been substituted by the oligomer hypothesis. The

oligomer hypothesis attributes dementia to nerve cell death
caused by soluble Aβ oligomers, which are the disease-
initiating factor and the true culprits of AD [14]. Despite
strong evidence supporting the amyloid hypothesis, studies
still show that small oligomers can diffuse into synaptic clefts
and present much more Aβ surface area to neuronal mem-
branes than large fibrillar plaques [7]. Moreover, synapse loss
does not require the presence of amyloid deposits [15] and the
antibodies against Aβ can restore memory loss without the
removal of amyloid plaques [16]. More eloquent evidence
was obtained from the toxicology study associated with clus-
terin, a protein which prevents amyloid formation and pro-
motes oligomer formation. Surprisingly, clusterin-Aβ solu-
tions seemed to be more cytotoxic than amyloid-containing
controls [17]. Therefore, the researchers’ attention has shifted
away from amyloid plaque to small soluble oligomers of the
Aβ peptides as the initiating toxic agents of AD. It naturally
follows that the straightforward therapeutic methods of clear-
ing away fibrils have been changed to focus on blocking the
soluble Aβ oligomers.

The Essential Role of Soluble Aβ Oligomers in AD

The Role of Soluble Aβ Oligomers Associated with SPs

Amorphous deposits of soluble Aβ with an α-helix structure
can evolve into fibrillar forms with an insoluble β-pleated
sheet, and finally form dense amyloid cores placed centrally
in the senile plaque (SP) [18]. As the histologically pathologic
hallmark of AD, SPs may be a source of soluble oligomers in
the untreated AD brains [19, 20]. Consistent with this, a
mouse model showed that soluble oligomers are found in high
concentration adjacent to dense plaques, with a decline in the
concentration of oligomers as the distance from the plaques
increases [21]. Moreover, the fact that the volume of plaques
keeps stable rather than increases as the disease progresses
indicates the conversion of insoluble Aβ in dense plaques
back to a soluble form of Aβ and its release into the surround-
ing brain [22]. Also, the shift of insoluble Aβ in the plaque to
soluble Aβ in the extracellular space may be one explanation
of the fact that the so-called remnant plaques increase in num-
ber but contain a reduced amount of Aβ with the disease
duration [23]. These results support the view that there is a
dynamic balance between amyloid deposition and soluble Aβ
oligomers.

The Role of Soluble Aβ Oligomers Associated
with Pathologic Tau

Soluble Aβ oligomers have tight ties to pathologic tau. Re-
cently, the researchers proposed a novel actionmodel in which
Aβ is the trigger of the cellular events leading to dementia,
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with tau acting as a mediator for AD-related synaptic deficits
[24]. Soluble oligomers are a stimulus for pathologic tau for-
mation, with the latter leading to neuronal death.

A recent study showed that Aβ trimers and Aβ*56 levels
increased with age and were elevated in subjects with total tau
(T-tau)/Aβ1–42 ratios greater than a cutoff that distinguished
the cognitively intact group from subjects with AD. In the
cognitively intact group, T-tau and phospho-tau (p-tau) were

found to have a strong correlation with Aβ trimers and Aβ*56
and the strong correlations were found to be attenuated in the
AD group. These findings suggest that one or both of the Aβ
oligomers is coupled to tau, but this coupling is weakened or
broken when AD progesses [25]. However, another study ob-
served that Aβ*56, instead of dimers ortrimmers, correlated
with pathological tau proteins [26]. In addition, an in vivo
study evidenced that the soluble oligomeric forms of short

Fig. 1 Formation and toxicity mechanisms of intracellular and
extracellular Aβ oligomers. Aβ can be localized intracellularly by the
uptake of extracellular Aβ or by the cleavage of APP in endosomes
generated from the endoplasmic reticulum (ER) or the Golgi apparatus.
The uptake of extracellularly produced Aβ oligomers occurs via
endocytic pathways or various receptors. These receptor–Aβ complexes
are internalized into early endosomes. Although most Aβ in the
endosome is degraded, some Aβ in the lysosome can leak into the
cytosol and form soluble oligomers via the interaction with intracellular
proteins such as GM1, PFD, or other molecular chaperones. Extracellular

Aβ is released as a product of proteolytically cleaved, plasma membrane-
localized amyloid precursor protein (APP). The formation of extracellular
soluble Aβ oligomers can be induced by GM1 ganglioside. Soluble Aβ
oligomers may bind with high affinity and specificity to a single receptor
type, which then indirectly or directly initiates distinct aberrant
downstream signaling cascade leading to different cellular dysfunction.
Furthermore, the membrane pore is formed by Aβ oligomers. The pores
allow abnormal Ca2+ influx. Also, ER stress that caused by induces Ca2+

release from the ER. The dysregulation of Ca2+ homeostasiscan damage
mitochondria and cause oxidative stress
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fragments of Aβ, endogenously identified in AD patient
brains, may also directly contribute to the progressive increase
in amyloid load and tau pathology [27].

Tau is typically localized to the axons of neurons. The
research has demonstrated that soluble Aβ oligomers cause
mislocalization of tau to dendrites and that only neurons dem-
onstrating mislocalization display decreased spine density
[28]. Furthermore, this mislocalization is tau phosphorylation
dependent [29]. Recent findings also indicate that some phos-
phorylation sites are also necessary for soluble Aβ oligomers
to induce tau mislocalization to dendritic spines, impairing
synaptic function [30]. Soluble Aβ oligomers are able to
cause phosphorylation of tau in vivo [31–33] and in vitro
[34]. Using Western blotting and ELISA methods, oligomeric
Aβ attaches to tau protein to form a stable complex, which
enhances tau phosphorylation by glycogen synthase kinase-3
(GSK3), but the phosphorylation then promotes dissociation
of the complex interaction with tau. Therefore, a hypothesis
was proposed that in AD, an initial step in the pathogenesis
may be the intracellular binding of soluble Aβ to soluble
nonphosphorylated tau, thus promoting tau phosphorylation
and Aβ nucleation [35]. By some unknown but probably in-
terrelated mechanisms, soluble Aβ oligomers can activate
GSK3β and other kinases that are responsible for the
hyperphosphorylation of tau [36]. GSK3β activity is regulat-
ed by multiple mechanisms; thus, the researchers focused on
the major upstream regulatory systems of GSK3β. Cedazo-
Mínguez et al. showed that Aβ1–42 effects on GSK3β were
biphasic with a strong activation dependent partially on extra-
cellular Ca2+ followed by an inactivation. GSK3β is
inactivated by phosphorylation of serine 9 (Ser-9). Protein
kinase B (PKB) and protein kinase C (PKC) had been found
to mediate this event. Aβ1–42 induced an early and potent
activation of PKC-α and a late decrease of PKB activity
[36]. Jonathan Brouillette et al. gave evidences that the acti-
vation of the caspase-3 could be part of the molecular mech-
anism by which soluble Aβ1–42 oligomers induce tau
hyperphosphorylation in vivo and in vitro [31]. Tokutake
et al. also indicated that the mechanism underlying
hyperphosphorylation of tau induced by naturally secreted
Aβ at nanomolar concentrations was modulated by insulin-
dependent Akt-GSK3 signaling pathway because they dem-
onstrated that the phosphorylationof Akt and GSK3 upon in-
sulin stimulation was less activated under that condition [32].
Besides GSK3, exposure of cultured wild-type neurons to Aβ
oligomers could cause activation of the nonreceptor tyrosine
kinase (nRTK), fyn, the cAMP-regulated protein kinase A
(PKA), and calcium-calmodulin kinase II (CaMK II), which
respectively phosphorylated tau on Y18, S409, and S416 [37].
Also, the partitioning defective-1 (PAR-1)/microtubule
affinity-regulating kinase (MARK) family kinases act as crit-
ical mediators of Aβ toxicity, and overexpression of MARK4
leads to tau hyperphosphorylation [38]. Several steps in the

pathway between Aβ oligomers and tau mislocalization are
currently unknown. One possible mechanism is through a
signaling pathway whereby Aβ initiates dysfunction through
cell surface receptors on the axons of neurons. A probable
receptor for Aβ oligomers is cell prion protein (PrPC) [39]
(Fig. 1). Soluble Aβ binds to PrPC at neuronal dendritic spines
in vivo and in vitro where it forms a complex with fyn,
resulting in the activation of the kinases [40]. Additionally,
one recent study has shown a correlation between the
mislocalization of tau to dendritic spines and the necessity of
calcineurin for soluble Aβ oligomer-induced decreases in α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor signaling [30].

The Role of Soluble Aβ Oligomers in the Impairment
of Synapse Dysfunction Associated with Memory Loss

Soluble Aβ oligomers can influence the important neurotrans-
mitter glutamate in the synaptic cleft. Soluble Aβ oligomers
can also inhibit long-term potentiation (LTP) [41] and facili-
tate long-term depression (LTD) of excitatory synaptic trans-
mission [42], both of which engage synaptic plasticity mech-
anisms believed to underlie certain types of learning and
memory [43–45]. These findings indicate that soluble Aβ
oligomers acutely interfere with normal synaptic functions
and contribute significantly to the early memory loss and cog-
nitive dysfunction characteristic of AD.

Soluble Aβ Oligomers Influence Glutamate Concentrations
in the Synaptic Cleft

Glutamate is the major fast excitatory neurotransmitter in cor-
tical and hippocampal regions. Consistent with the involve-
ment of the glutamatergic system in learning and memory,
disturbances in glutamate neurotransmission have been linked
with the pathophysiological processes underlying AD. Gluta-
mate is removed from the extracellular space by transporters
in the plasma membrane of astrocytes and neurons. Soluble
Aβ oligomers may increase availability/residence of gluta-
mate in the synaptic cleft through inhibition, and even rever-
sal, of uptake mechanisms, or enhancement of release mech-
anisms; thus, they increase glutamate concentrations in the
synaptic cleft.

The possible mechanisms for inhibitory effect on glutamate
uptake are associated with oxidative damage induced by sol-
uble Aβ oligomers in AD. Firstly, glutamate transporters are
vulnerable to oxidants resulting in reduced uptake function.
For example, a major lipid peroxidation product, 4-
hydroxynonenal (HNE), which is formed upon incubation of
cultured hippocampal neurons with AD, binds to GLT-1, a
glial glutamate transporter, and inhibits glutamate uptake
[46, 47]. Secondly, because the high-affinity uptake of gluta-
mate by astrocytes depends on Na+ concentration gradients
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across the astrocytic plasma membrane, oxidative damage
from soluble Aβ oligomers impairs Na/K-ATPase activity
which precedes loss of calcium homeostasis and neuronal de-
generation, and ultimately disrupts glutamate uptake [48]. Dif-
ferent from the possible mechanisms for inhibitory effect on
glutamate uptake and less well established, a possible mecha-
nism for the enhancement of release is that soluble Aβ oligo-
mers promote abnormal release of glutamate from hippocam-
pal neurons, accompanied by an increase in postsynaptic ac-
tivity. This was supported by the result taken from Shi et al.
showing that the blockade of glutamate receptors prevents
glutamate release prompted by Aβ oligomers [49].

However, soluble Aβ oligomers can also have the opposite
effect on glutamate levels. It is reported that Aβ1–42 (20 mM)
incubated for 12~48 h increased glutamate uptake activity in
primary cultures of rat cortical astrocytes and neurons [50].
This effect was associated with an increase in cell surface
expression of GLT. However, it should be considered a possi-
bility that this increased uptake/expression was a secondary
protective mechanism of cells surviving toxicity [51].

Glutamate signal transduction at the postsynaptic terminal
is initiated by stimulation of glutamate receptors, especially of
the N-methyl-D-aspartate (NMDA) subtype. The binding of
glutamate to NMDA receptor initiates an influx of Ca2+,
which can cause neuronal intracellular Ca2+ overload due to
the prolonged stimulation of the NMDA receptor. The dys-
function of calcium hemostasis results in an activation of a
complex cascade of enzymes, messengers, and intracellular
reactive oxygen species (ROS) that lead to cell death. There-
fore, the different effects of toxic Aβ on glutamate transport
mechanisms are likely contributors to excitotoxicity and the
neuronal degeneration observed in AD.

Soluble Aβ Oligomers impair LTP

Soluble Aβ oligomers from different sources (cells, transgenic
mouse brains, human brains, or synthetic peptides) can rapidly
and potently impair glutamatergic synapses and LTP. As noted
previously, it was demonstrated in the rat hippocampus that
insoluble plaque cores from human brains did not impair LTP
unless the cores were first solubilized to release Aβ dimers
[52]. Moreover, Aβ oligomers (1~50 nM) concentration-
dependently blocked LTP, and so far, strong effects have been
observed at the lowest concentration of Aβ oligomers tested
(1 nM) [53]. Remarkably, at subnanomolar doses, the effect
on LTP is reversed, and Aβ oligomers markedly enhance LTP.

The precise soluble Aβ oligomer mechanisms underlying
synaptic toxicity and memory failure are complex and not
fully understood. It is clear that there is no agreement about
what mechanism, if any, is most relevant to AD. What can be
agreed upon is that soluble Aβ oligomers either directly or
indirectly (through the accumulation of extracellular gluta-
mate and excessive stimulation of extrasynaptic receptor) alter

extrasynaptic receptor-dependent cascades, thereby leading to
LTP impairment. The pathways that have been invoked in
different experimental paradigms to explain LTP impairment
induced by soluble Aβ oligomers are illustrated in Fig. 2 [60].
In addition, Arancio and colleagues discovered in a detailed
analysis that enhancement of LTP occurs over a narrow range
of Aβ oligomer concentrations and is associated with presyn-
aptic activation of alpha7 nicotinic acetylcholine receptors
(α7-nAchR) [61].

Soluble Aβ Oligomers Facilitate LTD

Disruption of functional plasticity includes LTD, which is
promoted, not inhibited. The mechanisms underlying Aβ-
facilitated LTD have not yet been fully elucidated. NMDAR
activation can induce either LTP or LTD, depending on the
extent of the resultant [Ca2+]i rise in the dendritic spines and
the downstream activation of specific intracellular cascades
[62]. Activation of synaptic NMDARs and large increases in
[Ca2+]i are required for LTP, whereas internalization of synap-
tic NMDARs, activation of perisynaptic NMDARs, and lower
increases in [Ca2+]i are necessary for LTD. As mentioned be-
low, soluble Aβ oligomers may indirectly cause a partial
block of NMDARs and shift the activation of NMDAR-
dependent signaling cascades toward pathways involved in
the induction of LTD, which is consistent with the observation
that soluble Aβ oligomers inhibit LTP and enhance LTD.
Soluble Aβ oligomers may also enhance LTD by blocking
glutamate uptake at synapses, leading to increased glutamate
levels at the synaptic cleft, which initially activate synaptic
NMDARs followed by desensitization of the receptors [63].
Another consequence of a rise in glutamate levels would be a
spillover and activation of perisynaptic NR2B-enriched
NMDARs [64]. In light of this, Aβ-induced LTD-like pro-
cesses may underlie Aβ-induced LTP deficits.

What Are the Receptors by Which Soluble Aβ Oligomers
Perturb Synapse Dysfunction Associated with Memory Loss?

Soluble Aβ oligomers may bind with high affinity and spec-
ificity to a single receptor type, which then indirectly (interacts
with other synaptic proteins) or directly initiates distinct aber-
rant downstream signaling cascade leading to synaptic mal-
function. There are various receptors proposed to act as olig-
omeric Aβ receptors [65], including AMPAR, NMDAR, me-
tabotropic glutamate receptors (mGluRs), ephrin type B re-
ceptor 2 (EphB2), RAGE, a7nAChR, PrPC, insulin receptor
(IR), TNF receptor, leukocyte immunoglobulin-like receptor
B2 (LilrB2) [58], and so on. We will summarize the main
receptors: AMPAR, NMDAR, and PrPC.

AMPAR Soluble Aβ oligomers can cause synaptic removal
of AMPAR [66–68]. The trafficking and activity of AMPAR
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are modulated by its phosphorylation. Phosphorylation of
GluA1 at Ser-845 contributes specifically to the recruitment
of new AMPAR into extrasynaptic sites from the synapsis.
Soluble Aβ oligomers can induce GluA1 dephosphorylation
and reduce receptor surface levels, which are mediated by an
increase in calcium influx into neurons through ionotropic
glutamate receptors and activation of the calcium-dependent
phosphatase calcineurin, which subsequently activate protein
phosphatase 1 (PP1). Overactivation of PP1 dephosphorylates
CaMKII ultimately causes the dephosphorylation of AMPAR
[69]. Correspondingly, AMPAR-mediated synaptic response
and ionic currents were inhibited in APP transgenic mice and
in cultures treated with Aβ oligomers. Also, the researchers
found that the synaptic pool of CaMKII was significantly
decreased in cortical neurons from APP transgenic mice, and
the density of CaMKII clusters at the synapses was

significantly reduced by Aβ oligomer treatment. Furthermore,
CaMKII synaptic translocation by Aβ relies on mechanisms
involving Ca2+/CaM [70] and F-actin [71] which perhaps al-
ters intracellular calcium signaling and actin.

NMDAR Synaptic plasticity is disturbed by soluble Aβ olig-
omers through Aβ-mediated internalization of NMDAR [72].
This internalization of NMDAR requires the activation of α7-
nAchR [73]. As mentioned previously, Aβ-induced synaptic
depression may result from an initial increase in synaptic ac-
tivation of NMDARs by glutamate, followed by synaptic
NMDAR desensitization, NMDAR internalization, and acti-
vation of extrasynaptic NMDARs. Soluble Aβ oligomers
were shown to inhibit NMDAR-dependent LTP as a result
of overactivation of extrasynaptic NR2B-containing recep-
tors. This effect could be mitigated by reducing extracellular

Fig. 2 The pathways that have been invoked in different experimental
paradigms to explain LTP impairment induced by soluble Aβ oligomers
are illustrated in the figure. Soluble Aβ oligomers directly or indirectly
alter glutamate-receptor-dependent cascades, thereby leading to LTP
impairment. Aberrant activation of calcineurin and NFATc4 leads to the
dystrophic changes in neuritis, and calcineurin-dependent
dephoshorylation of CaMKII impairs the induction of AMPAR-based
LTP in hippocampus. This Aβ oligomer-mediated LTP impairment
involves PP1-dependent mechanisms [54]. Abnormal calcineurin
hyperact ivi ty can oppose LTP and memory funct ion via
dephosphorylative inactivation of CREB. The p38MAPK activation,
which was followed by downregulation of CREB protein, was also
involved in the Aβ-mediated LTP impairment [55]. Soluble Aβ
oligomers also induce LTP impairment via reduced dynamin 1 and
PSD-95 protein mediated by the activation of caplain. mGluR5 is
involved in the blockage of LTP via activation of c-JNK, cdk5, and
p38MAPK [56]. Soluble Aβ oligomers cause the hyperactivation of
α7-nAchR, and then downregulation of the ERK2 (MAPK1) cascade
leading to an impairment of LTP through decreased phosphorylation of
CREB factor [57]. Fyn-dependent signals emanating from the Aβ

oligomers: PrPC receptor complex result in the phosphorylation NR2B
NMDA receptor subunit, resulting in altered cell surface NR2B
expression. LilrB2 may interact with soluble Aβ oligomers, then
enhanced cofilin signaling and cause LTP impairment [58]. Aβ-
dependent inactivation of the JAK2/STAT3 axis disrupts LTP through
cholinergic dysfunction [59]. The caspase-3-mediated pathway might
have a role in the Aβ-mediated LTP impairment upstream of GSK3β.
The inhibition of the insulin signaling is also related with LTP
impairment. mGluR5 metabotropic glutamate receptor 5, ERK2
extracellular signal-regulated kinase 2, MAPK mitogen-activated protein
kinase, JNK c-Jun N-terminal kinase, Cdk5 cyclin-dependent kinase 5,
GSK3β glycogen synthase kinase-3β, Akt1 serine-threonine protein
kinase 1, NMDAR N-methyl-D-aspartate receptor, AMPAR α-amino-3-
hydroxyl-5-methyl-4-isoxazolepropionate receptor, CaMKII calmodulin
kinase II, PKA protein kinase A, PP1 protein phosphatase 1, NFATc4
nuclear factor of activated T-cells, α7-nAChR α7 nicotinic
acetylcholine receptor, BDNF brain-derived neurotrophic factor, CREB
cAMP-regulatory element binding protein, LilrB2 leukocyte
immunoglobulin-like receptor B2, JAK2/STAT3 Janus kinase 2/signal
transducer and activator of transcription 3
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glutamate levels, and the action manner of extrasynaptic
NR2B receptor is similar to that of a glutamate reuptake in-
hibitor [60, 74]. Moreover, aberrant activation of calcineurin
and nuclear factor of activated T cells (NFATc4) lead to the
dystrophic changes in neurites, and calcineurin-dependent
dephoshorylation of CaMKII impairs the induction of
AMPAR-based LTP in the hippocampus. The p38 mitogen-
activated protein kinase (p38MAPK) activation, which was
followed by downregulation of cAMP response element-
binding (CREB) protein, was also involved in the Aβ-
mediated LTP impairment. Based on the findings about how
soluble Aβ oligomers work in synaptic failure and memory
impairment, it appears that upon binding with a putative mem-
brane receptor, Aβ activates a molecular cascade that leads to
calpain activation and degradation of important proteins in-
volved in synaptic plasticity as well as learning and memory.
The postsynaptic density protein 95 (PSD-95) is a postsynap-
tic scaffolding protein that stabilizes the AMPARs and
NMDARs at synapses to establish synaptic plasticity [67].
Reductions in the PSD-95 protein levels were even shown in
cultured cortical neurons [67] and in rat hippocampal neurons
[75] after exposure to soluble Aβ oligomers which involved
NMDAR activity and cyclin-dependent kinase 5 activity.
Moreover, dynamin 1, a protein essential for synaptic vesicle
recycling and the functioning of the synapse, was degraded by
soluble Aβ oligomers due to calpain activation induced by the
sustained calcium influx mediated by NMDA receptors in
hippocampal neurons [76].

Texidó and coworkers have shown that Aβ oligomers di-
rectly interact with and activate NMDARs [77]. Interestingly,
NMDARs do not appear to be sufficient for oligomer binding.
AβO-attacked and AβO-spared neurons exhibit similar levels
of surface NMDARs. This suggests that the process through
which Aβ oligomers bind to synapses may involve the
NMDAR-promoted assembly of a multiprotein receptor com-
plex that function as a receptor for oligomers. A strong candi-
date to integrate such a multiprotein receptor complex for Aβ
oligomers is PrPC [78].

PrPC In 2009, PrPC was identified in a genome-wide screen
as a high-affinity receptor for Aβ oligomers. The amino-
terminal half (aa 95–110) in PrPC is responsible for Aβ olig-
omer binding PrPC [79]. Of note, Chen et al. even identified a
cluster of basic residues at the extreme amino-terminus (aa
23–27) as critical for the interaction [80]. Moreover, PrPC

recognizes Aβ oligomers in a size- and conformation-
dependent manner.

Synthetic Aβ oligomer-mediated inhibition of LTP at hip-
pocampal synapses in vitro was reported to be dependent on
PrPC [81] (Fig. 1). Aβ oligomers, but not monomers or fibrils,
potently and selectively bind specific regions of PrPC, espe-
cially in the vicinity of amino acids 95–105 [80–82]. Antibod-
ies that bind PrPC within the region of 93–109 or 93–102

prevent the inhibition of hippocampal LTP by synthetic
Aβ1–42 oligomers in vitro. Consistent with these reports, the
in vivo synaptic plasticity disrupting actions of AD brain ex-
tracts containing water-soluble Aβ were dependent on PrPC

[83]. Therefore, pre-injection of D13, an antigen-recognizing
antibody fragment (Fab) that binds selectively to PrP96–104

C,
completely abolished oligomeric Aβ-induced inhibition of
LTP, indicating that Aβ oligomers can interact with PrPC to
alter LTP. Interestingly, an antibody to the alpha helix of PrPC,
which does not overlap with the putative binding site of Aβ
oligomers, also prevented the inhibition of LTP by AD brain
Aβ oligomers both in vitro and in vivo [82]. The researchers
speculated that the antibody to the alpha helix was interfering
with the interaction between PrPC. In addition, abnormal
cross-linking of PrPC by cell-derived low-n oligomers of Aβ
may contribute to synaptic damage in cultured neurons [84].
On the other hand, the property of the interaction between Aβ
oligomers and PrPC can be used for treatment. A recent study
showed that N1, the main physiological cleavage fragment of
PrPC, is necessary and sufficient for binding early oligomeric
intermediates during Aβ polymerization. The ability of N1 to
bind Aβ oligomers is influenced by positively charged resi-
dues in two sites (23–31 and 95–105). These data suggest that
N1, or small peptides derived from it, could be a potent inhib-
itor of Aβ oligomer toxicity and represents an entirely new
class of therapeutic agents for AD [85].

What are the main signal transduction responses triggered
by the binding of Aβ oligomers to PrPC in postsynaptic den-
sity of dendritic spine? Glutamate receptors are central to
learning and memory; thus, the potential role of glutamate
receptors in the context of PrPC and Aβ oligomer toxicity
has stirred researchers’ interest [81, 86–88]. Using Xenopus
laevisoocytes that overexpressed distinct ion channels, the re-
searchers observed that neither AMPA (GluR1–4) nor NMDA
(NR1+NR2B or NR1+NR2D) receptors are directly inhibited
by Aβ oligomers in the presence of PrPC, suggesting that any
functional connection between PrPC and glutamate receptors
may be indirect or require additional molecular components
that are not present in Xenopus oocytes [81]. Um et al. noted
that in certain cell lines and neuronal cultures, Fyn-dependent
signals emanated from the Aβ oligomer: PrPC receptor com-
plex resulted in the phosphorylation of tyrosine at position
1472 of the NR2B NMDA receptor subunit, and this occurred
along with altered cell surface NR2B expression and altered
calcium signaling [87]. Furthermore, mGluR5 was identified
as the linking PrPC to Fyn. Activation of neuronal Fyn re-
quires both mGluR5 and PrPC. Aβ oligomers-PrPC can drive
mGluR5-dependent calcium mobilization and eEF2 phos-
phorylation [89]. Notably, the ΔCR form of PrPC sensitizes
neurons to glutamate-induced excitotoxicity, and the binding
of Aβ oligomers to PrPC may functionally mimic the ΔCR
form of PrPC [90]. Conversely, there are some studies showing
contradictory findings that Aβ oligomers impaired LTP
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independently of PrPC [91]. The explanations for this contro-
versy require further studies.

Soluble Aβ Oligomers, Synaptic Dysfunction, and Memory
Loss Are Strongly Interrelated

LTP induction promotes recruitment of AMPARs and growth
of dendritic spines, whereas LTD induces spine shrinkage and
synaptic loss [62]. Hence, soluble Aβ oligomers impair syn-
aptic function and memory. Moreover, in a study of people
with AD, soluble Aβ1–40 correlated best with synaptic degen-
eration [2]. The amount of soluble Aβ was also a good mea-
sure of AD severity [92]. In a mouse model, there was a 60 %
loss of excitatory synapses in the immediate vicinity of olig-
omers and a steep decline in this loss as the concentration of
oligomers decreased [21]. Synaptic loss or dysfunction plays
an important role in cognitive decline that parallels the accu-
mulation of soluble Aβ oligomers [93]. In a transgenic mouse
model, diffuse and soluble deposits of Aβ resulted in signifi-
cant impairment of spatial memory [94]. The soluble Aβ from
human brains even disrupted memory in normal rats [52]. All
in all, soluble Aβ oligomers, synaptic dysfunction, and mem-
ory loss are strongly interrelated.

The Role of Soluble Aβ Oligomers in Oxidative Stress

Oxidative stress plays a significant role in the pathogenesis of
AD; the AD brain is closely linked to extensive oxidative
stress [95]. In the ATP generation, up to 2 % of electrons are
incompletely reduced to yield superoxide (O2

−•) instead of
H2O because oxidative phosphorylation (OxPhos) is not to-
tally efficient. O2

−• can also combine with nitric oxide (NO) to
yield peroxynitrite, a reactive nitrogen species (RNS). The
redox balance is highly regulated in the healthy human brain.
The molecules involved in antioxidant defense mechanisms
such as glutathione and superoxide dismutase (SOD) keep the
redox balance in the brain. Of note, there are also relatively
high-concentration redox-active metal ions such as iron (Fe)
and copper (Cu) which facilitate the conversion of H2O2 to
other potent ROS [65, 96]. In AD brains, the levels of the
antioxidants are significantly reduced, and the levels of lipid
peroxidation (e.g., 4-hydroxynonenal (HNE)) and products of
ox ida t ive damage to DNA (e .g . , 8 -hydroxy-2 -
deoxyguanosine), and of lipid peroxidation (e.g., HNE) are
elevated. Lipid peroxidation is correlated with brain degener-
ation [97]. Soluble Aβ oligomers are able to induce oxidative
stress in AD [98, 99], and the possible mechanisms are
reviewed as follows. Accordingly, some antioxidants are be-
ing considered as possible candidates for the treatment of AD
[100–103].

Aβ was demonstrated to be a pro-oxidant in in vitro [104].
The ability of Aβ in aqueous solution to generate free radicals
has even been shown in cell-free media. The capacity of Aβ to

enhance generation of reactive oxygen species in isolated cells
of neural origin has also been reported [105–107]. The mech-
anism by which such free radicals are produced by Aβ acting
on neural tissues may be mediated by the generation of NO
[108]. Moreover, as a pro-oxidant, free radical transfer reac-
tions via oxidation of the sulfur atom of methionine residue 35
in Aβ1–42 or shorter fragments are critical to the free radical
toxicity of Aβ [109]. Considering that transition metals in-
cluding Fe and Cu in excess may be involved in chemical
reactions that form ROS, the researchers reported that Aβ,
in combination with the redox-active metals Fe and Cu, facil-
itated their reduction and the consequent pro-oxidant activity
of these Aβmetal ion complexes [110]. In contrast, an in vitro
study showed that Zn2+ quenchedAβ-Cu2+ complexes, which
generated an antioxidant function [111].

Aβ can also induce oxidative stress through other indirect
mechanisms. It has been reported that soluble Aβ induces
mitochondrial dysfunction and oxidative damage. In APP
transgenic mice, hydrogen peroxide levels were found to be
significantly increased and directly correlated with levels of
soluble Aβ, and cytochrome-c oxidase (also known as COX
IV) activity was found to be decreased [112]. Aβ seems to aim
at COX IV in the oxidative phosphorylation system
(OXPHOS) and even the deregulation of COX IV was Aβ-
dependent [113]. Aβ produced by APP processing in mito-
chondria or uptaken out of mitochondria can dysregulate the
COX IV function and then injure the electron transport chain
(ETC). Injured ETC produces ROS pathologically [114].
Aside from directly acting as a mitochondrial toxin, Aβ can
damage mitochondria indirectly via excessive intraneuronal
Ca2+ levels. Aβ oligomers are postulated to disrupt NMDA
receptor activity, causing an excessive Ca2+ influx
intoadjacent neurons, which makes ETC inefficient and in-
creases ROS production. Moreover, neuronal nitric oxide syn-
thetase (nNOS), which can produce NO, is also activated by
NMDAR-mediated Ca2+ influx [115].

In addition, intracellular cysteine is rate-limiting for the
synthesis of the antioxidant glutathione (GSH), and soluble
Aβ oligomers could inhibit the excitatory amino acid trans-
porter 3 (EAAT3)-mediated cysteine uptake, causing a de-
crease in redox regulation as well as intracellular cysteine
and GSH levels [99]. Furthermore, aging makes synapses
more vulnerable to soluble Aβ oligomers’ toxicity. Age is also
related to decline in mitochondrial activity, reduced antioxi-
dant contents, and increased oxidative stress markers in rest-
ing and depolarized synaptic terminals [116].

The Role of Soluble Aβ Oligomers in Neuroinflammation
in AD

The brain inflammatory process has a fundamental role in the
pathogenesis of AD. Aβ deposition activates a potentially
pathological innate immune response in AD. Inflammation
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is a response to eliminate the initial cause of cell injury as the
necrotic cells and tissues resulting from the original insult. If
tissue health is not restored within a short time frame, inflam-
mation becomes chronic and continues to damage surround-
ing tissues. Aβ plaques and tangles stimulate a chronic in-
flammatory reaction to clear this debris [117]. Actually, solu-
ble Aβ oligomers are demonstrated to be the most effective
pro-inflammatory mediator [118].

Aβ fibrils are not the only species responsible for
microglial activation, as soluble Aβ oligomers are also able
to trigger microglial activation. Aβ oligomers as abnormal,
misfolded proteins present themselves to microglial cells,
which are armed with a vast array of pattern recognition re-
ceptors (PRR) that can specifically recognize Aβ, including
Toll-like receptors 2 (TLR2) and 4, formyl peptide receptors
(FPRL1) and receptor for RAGE [119]. Upon interaction with
PRR, Aβ oligomers can activate microglia [120]. Soluble Aβ
oligomers have been shown to stimulate microglial secretion
of pro-inflammatory cytokines and free radicals, which may
all cause neurotoxicity in AD. A nuclear factor-kappaB
(NFκB)-dependent pathway is required for soluble Aβ oligo-
mers to produce cytokine [121]. Compared to fibrillar Aβ,
soluble Aβ oligomers exert more potent effects on the expres-
sions of inflammatory factors TLR4 and TNF-α and activa-
tion of NF-κB signaling, indicating that soluble Aβ oligomers
are more neurotoxic than fibrillar Aβ [122]. Additionally, sol-
uble Aβ oligomers also induce the activation of astrocytes,
which are responsible for the reaction activating inflammatory
mediators [123–125]. Recently, a polyphenol compound rutin
that could inhibit Aβ aggregation was shown to significantly
decrease oligomeric Aβ level, downregulate microgliosis and
astrocytosis, decrease interleukin (IL)-1 and IL-6 levels in the
brain, and attenuated memory deficits in AD transgenic mice
[103].

In turn, inflammatory mediators and stress conditions en-
hance APP production and its amyloidogenic processing to
generate Aβ [126]. Astrocytes are known to be important
for Aβ clearance and degradation. Under certain conditions
related to chronic stress, however, the role of astrocytes may
not be beneficial. A report suggests that activated astrocytes
can also be a source for Aβ, because they overexpress β-
secretase of APP (BACE1) in response to chronic stress
[127]. Thus, Aβ induces expression of pro-inflammatory cy-
tokines in glia cells in a vicious cycle. In particular, activated
glial cells in AD brains may produce excessive superoxide
through NADPH oxidase [128].

The Role of Soluble Aβ Oligomers in Cholinergic
Dysfunction

Acholinergic hypothesis of AD was proposed nearly 30 years
ago [129], and there is general consensus that dysregulated
cholinergic signaling is an early hallmark of AD [130, 131].

Soluble Aβ oligomers have been found to be involved in the
cholinergic dysfunction.

Soluble Aβ oligomers can induce a major reduction in
choline acetyltransferase (ChAT) activity in the absence of
changes in neuronal viability or in total ChAT expression,
whereas other elements of the cholinergic synapse remain un-
affected. This ChAT inhibition was determined to be clearly
dependent on glutamate receptors, particularly of the NMDA
subtype. Oxidative damage to the enzyme instigated by Aβ
oligomers though NMDA receptors can possibly explain this
effect. Moreover, antioxidant polyunsaturated fatty acids can
fully block ChAT inhibition [132].

There is considerable evidence to support the hypothesis
that the interaction of soluble Aβ oligomers with different
subtypes of nAchRs has a significant role in AD pathogenesis
(Fig. 1). Moreover, soluble Aβ oligomers are reported to cre-
ate a variety of effects on nAchRs, indicating that there are
complex mechanisms involved in the Aβ modulation of
nAchR function. Some studied were able to confirm the
high-affinity binding of Aβ to α7-nAchRs [133–135], which
might result in Aβ internalization [136]. Picomolar concen-
trations of Aβ have been observed to act as an agonist at α7-
nAchRs [137, 138] and mediate activation of the ERK2-
mitogen-activated protein kinase (MAPK) signaling cascade
[137, 139]. However, nanomolar concentrations of Aβ cause
functional antagonism of both human and rathomomeric α7-
nAchRs, which might be due to inhibition of presynaptic
nAchRs, resulting in changes in presynaptic Ca2+ levels
[140–142]. Soluble Aβ42 is also capable of modulating post-
synaptic transmission by activating presynaptic α4β2
nAchRs in septohippocampal neurons of the basal forebrain,
an important pathway for learning and memory [143]. In ad-
dition, selective high-affinity interactions between pathologi-
cally relevant concentrations of soluble Aβ oligomers and
α7β2-nAchRs, a novel subtype, could contribute to deficits
in cholinergic signaling that could occur early in the
etiopathogenesis of AD [144]. These different findings might
depend on a number of important factors, such as the nAchR
subtype being activated, and these receptors could serve as
potentially useful therapeutic targets in this condition. How-
ever, the precise nature of such interplay requires further
study.

The Role of Soluble Aβ Oligomers in ER Stress in AD

The endoplasmic reticulum (ER) serves many crucial cellular
functions. However, when misfolded or unfolded proteins ac-
cumulate in the ER, the stress of ERwill be induced. ER stress
is characterized by the overexpression of ER molecular chap-
erones and unfolded protein response (UPR) in order to pro-
mote normal protein folding and degrade the abnormal. When
activation of the UPR is severe or prolonged enough, the final
cellular outcome is pathologic apoptotic cell death.
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Perturbations in the function of ER are emerging as relevant
factors of AD [145].

Because Aβ is synthesized and accumulates in the ER,
soluble Aβ1–42 oligomers can directly induce ER stress and
mediate apoptosis in cortical neurons in culture, as reflected
by that Aβ1–42 oligomers increased GRP78 levels and activat-
ed caspase-12, which are two ER stress markers. In addition,
ER Ca2+ release which occurs during oligomer-induced
GSK3β activation and tau phosphorylation could cause AD
[146] (Fig. 1).

The Role of Soluble Aβ Oligomers in Calcium
Dyshemostasis

The neurotoxic effects of AD-associated soluble Aβ oligo-
mers are considered a result of the dysregulation of Ca2+ ho-
meostasis (Fig. 1). A mounting body of evidence shows that
the fluxes of Ca2+ across the plasma membrane and its release
from intracellular stores are induced by cell exposure to solu-
ble Aβ oligomers [147–150]. A number of mechanisms by
which Aβ elicits its effects on intracellular Ca2+ homeostasis
have been put forward. Firstly, extracellular Aβ oligomers
directly disrupt the integrity of the plasma membrane through
three different ways; the oligomers destabilize the plasma
membrane’s structure [151, 152], induce a generalized in-
crease in membrane permeability, and insert themselves into
the membrane to form cation-conducting pores [153, 154].
Secondly, the dysregulation of Ca2+ homeostasis induced by
Aβ is alsomediated by plasmamembrane receptors, including
NMDA receptors coupled with Ca2+ influx, to alter neuronal
excitability. This, in turn, influences the extent of Ca2+ influx
and induces dysregulation of ER Ca2+ homeostasis [155].
Thirdly, in addition to the effects of the extracellular Aβ,
intracellular Aβ has been shown to target the ER and the
mitochondria, inducing a stress response. ER stress induces
Ca2+ release from the ER and causes excessive entry of Ca2+

into mitochondria [156]. Lately, a new study found that inosi-
tol 1,4,5-trisphosphate (InsP3) signaling contributed to solu-
ble oligomeric Aβ42-stimulated Ca2+ release from ER stores.
However, when using DT40 cells deficient in InsP3R recep-
tors that were permeabilized to allow direct access of Aβ42 to
the ER, the same Ca2+ mobilizing effect of Aβ42 was also
observed, revealing an additional direct effect of Aβ42 upon
the ER, and a mechanism for induction of toxicity by intracel-
lular Aβ42 [157]. Globally, calcium serves as the central
pieces of multiple parallel signaling pathways for Aβ-
mediated neurodegeneration and synaptic deficits [24]. More-
over, calcium chelator BAPTA could prevent inhibition of
signaling by Aβ, whereas Aβ-induced inhibition of signaling
was not prevented by application of MK-801 or nimodipine
(antagonists of the NMDA receptor and L-type voltage-sensi-
tive calcium channel, respectively). This suggests that soluble
Aβ ligomers may induce influx by either channel, or

additional channels, or that the neurons contained sufficient
calcium to mediate the impact of Aβ [158].

The Soluble Aβ Oligomers Inhibit IIS

AD is also referred to as Btype 3 diabetes^ because epidemi-
ological, clinical, and experimental evidence suggest a link
between AD and insulin resistance [159–163]. The concentra-
tions of insulin and insulin-like growth factors (IGFs), as well
as their receptor-mediated signaling, are markedly reduced
[164, 165]. Insulin/IGF-1-like signaling (IIS) are the major
regulators of longevity and protein homoeostasis with direct
relevance to AD [166–168].

Extracellular soluble Aβ oligomers were shown to inhibit
insulin signaling by way of decreasing the expressions of cell
surface IRs [169, 170]. Felice et al. suggest that extracellular
ADDLs bind at specific synaptic sites on neuron dendrites
[171], causing oxidative stress and decreasing the abundance
of cell surface IRs through internalization and thus leading to a
concomitant decrease in insulin signaling. However, ADDLs
do not bind directly to the IRs and do not compete with insulin
for receptor binding. It is possible that ADDLs bind with low
affinity to protein complexes containing NMDA receptors,
leading to internalization through an unknown mechanism.
In addition, soluble Aβ oligomers also significantly decreased
the expressions of insulin receptor substrate (IRS) [170].

Intracellular soluble Aβ oligomers also interfere with the
IIS. The activation of IIS mediated by the IR/IGF-1R mainly
occurs via activation of phosphoinositide 3-kinase (PI3K) and
thereby the serine threonine kinase Akt (also known as PKB)
[172] (Fig. 1). Akt in turn phosphorylates a plethora of target
protein, including GSK3β, the mammalian target of
rapamycin (mTOR), p70/S6 kinase, and inactivates the
forkhead box O (FOXO) forkhead transcription factors. The
primary negative regulator of this pathway is the lipid and
p r o t e i n pho s pha t a s e PTEN (pho sph a t a s e a nd
tensinhomologue deleted on chromosome 10). In the nervous
system, the downstream protein networks were targeted by
Akt regulate survival, migration, neuronal polarity, inflamma-
tory responses/stress resistance, protein translation, synaptic
plasticity, learning and memory, autophagy, cell cycle, protein
transport/trafficking, metabolism, myelination, and so on. The
IIS pathway becomes overactive with age in people at risk of
developing AD [173], and some findings lead to the hypoth-
esis that an excessive and inappropriate hyperactivation of Akt
in AD neurons contribute to overactivate the IIS pathway
[174, 175]. Also, soluble Aβ oligomers were shown to cause
the dysfunction of Akt. This initiates the increased production
of Aβ and a decreased ability to clear Aβ. These excessive
soluble Aβ oligomers in turn induce a progressive sustained
activation of the PI3K/Akt/mTOR [176–178] pathway in neu-
rons, which serves to turn off both FOXO-induced stress re-
sistance machinery and mTOR-driven autophagy pathways,
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and to increase cap-independent protein translation. In a par-
allel manner, the sustained activation of IIS causes feedback
inhibition and desensitization of IGF-1R and IR through inac-
tivation of the key adaptor IRS proteins and disables normal
activation of IIS by insulin, IGF-1, and other growth factors
[171, 174, 179]. In brief, soluble Aβ oligomers may derail
and/or compete for the IGF-1R/IR signaling system in AD
neurons through inappropriately increased activation of the
IIS pathway and feedback shut-off of normal IIS activation.
The mechanism by which Aβ causes sustained activation of
the PI3K/Akt pathway is unknown but may occur via Aβ-
induced inactivation of PTEN [180] or other major brakes
on the IIS pathway.

All in all, soluble Aβ oligomers inhibit IIS. A number of
studies have shown toxic action induced by soluble Aβ olig-
omers through this pathway. Soluble Aβ oligomers showed
significant effects leading to increased gene expression and
protein amount of GSK3β as well as to decreased levels of
gene and protein expression of INSR [181]. Moreover, the
researchers reported that natural and synthetic Aβ oligomers,
acting through growth factor receptors, inhibit the prosurvival
signaling PI3K/Akt/GSK3, and that synthetic Aβ oligomers
blocked the effect mediated by different neurotrophins includ-
ing insulin and IGF-1 [182]. Heras-Sandoval et al. also found
similar results showing that pretreatment withAβ antagonized
insulin’s effect on the hippocampal synaptosomes, but not
vice versa [179]. In addition, the mechanism underlying the
Aβ-induced tau hyperphosphorylation was found to be medi-
ated by the impaired insulin signal transduction because the
researchers demonstrated that the phosphorylation of Akt and
GSK3 upon insulin stimulation is less activated under this
condition [32]. Also, soluble Aβ oligomers inhibited
EAAT3-mediated cysteine uptake through IGF-1 signaling,
causing a decrease in intracellular GSH levels. These meta-
bolic effects of soluble Aβ oligomers coincided with changes
in the expression of redox and methylation pathway genes
which may contribute to the pathology of AD [99]. Specifi-
cally, controlled on/off signals through the PI3K/Akt/GSK3β/
mTOR axis regulate key elements of LTD/LTP [183–186];
thus, the IIS mechanism is closely related to cognitive
function.

Soluble Aβ Oligomers Disrupt Axonal Transport in AD

Soluble Aβ oligomers were also demonstrated to disrupt ax-
onal transport (AT). Perfusion of soluble Aβ oligomers into
isolated giant squid axoplasm inhibited bidirectional trans-
ports of vesicles by the activation of endogenous CK2 and
further phosphorylation of motor protein kinesin light chains
(KLCs) [187], leading to the release of kinesin from its
cargoes. In cultured hippocampal neurons, soluble Aβ oligo-
mers negatively impacted AT by a mechanism that was initi-
ated by NMDARs and mediated by GSK3β without the

changes in microtubule stability [188]. Phosphorylation of
KLCs by GSK3β [189] promotes the detachment of kinesin
from cargo membranes. However, Aβ oligomers induced ear-
ly and selective diminutions in velocities of synaptic cargoes
but had no effect on mitochondrial motility, contrary to previ-
ous reports. Soluble Aβ oligomers may lead to decreased
cargo-motor engagement. One possible explanation for a lack
of inhibition of mitochondrial transport is that such Aβ-
induced transport defects are most pronounced for synaptic
(and possibly other) cargoes that have a greater rate of cargo
attachment/detachment, but more continuously engaged
cargoes such as mitochondria are relatively less affected
[190]. Additionally, a recent study showed that extracellular
Aβ can bind to a so far unknown receptor causing localized
Ca2+ elevation, activation of several kinases including
MARK, CDK5, and JNK (but not GSK3β), and tau phos-
phorylation, leading to traffic defects and mitochondria deple-
tion [28].

Tau protein, a typical microtubule-associated protein
(MAP), can bind to microtubules that act as the track in AT
and plays a key role in the stabilization and spacing of micro-
tubules. Hyperphosphorylation can lower tau’s affinity for the
microtubules, which most likely leads to destabilization and
disruption of AT. Therefore, soluble Aβ oligomers can cause
rapid dissociation of tau frommicrotubules and the collapse of
axonal structure, leading first to defects in AT and ultimately
to the death of neurons [191].

Development of Therapeutic Strategies
Which Target Soluble Aβ Oligomers

It is hypothesized that early soluble oligomeric forms of Aβ
may precede plaque formation and are responsible for neuro-
nal death and the development of AD. Thus, removal of such
oligomeric species of Aβ would be beneficial for the disease
process. Naturally, researchers have two research directions:
preventing the production of soluble Aβ oligomers and elim-
inating soluble Aβ oligomers.

The first possible action to take is to inhibit the accumula-
tion of Aβ obtained by APP proteolysis. Compounds capable
of interfering with the proteases that generate the Aβ peptide
fromAPP have been actively researched. However, the results
of those studies are not satisfying. For example, the β-
secretase was found to be particularly difficult to achieve,
and only a few compounds have reached clinical testing so
far [192]. Among inhibitors of γ-secretase, the clinical devel-
opment of LY450139 (semagacestat) has been halted [193].
Aside from weak points found in the promising drugs, other
possible reasons for the failure are that some treatments that
initially reduced the concentration of soluble oligomers en-
couraged release of soluble Aβ from plaques to restore the
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equilibrium between Aβ in the plaques and the extracellular
environment.

Preventing the formation of cytotoxic oligomers should
also be an important goal for treating AD. Soluble Aβ oligo-
mers form during the early aggregation process. Monomers
are the building block for Aβ assemblies, hence natural re-
moval of the Aβ monomer by the action of degradative en-
zymes in the brain, or stabilizing the Aβ monomer through
binding with small molecules should prevent oligomerization.
Some molecules capable of disrupting preformed oligomers
have been identified, but there is still a long way to go before
they reach the clinical trial stage [194–197]. Oxidative stress is
a key factor of the oligomerization induced by Aβ overpro-
duction in vivo, thus the antioxidants that stabilize Aβ mono-
mer(s) can effectively prevent any further aggregation [100,
101, 198].

On the other hand, strategies to eliminate excessive brain
Aβ by immunization have become more important in therapy.
The most innovative of the pharmacological approaches was
the stimulation of Aβ clearance from the brain of AD patients
via the administration of Aβ antigens (active vaccination) or
anti-Aβ antibodies (passive vaccination). The mechanism by
which anti-Aβ antibodies stimulate Aβ clearance from the
brains includes direct disassembly of Aβ deposits [199], inhi-
bition of Aβ aggregation [199], and activation of microglia by
eliciting Fc-mediated phagocytosis [200]. Unfortunately, the
first active vaccine (AN1792, consisting of preaggregate Aβ
and an immune adjuvant, QS-21) was abandoned because it
caused meningoencephalitis in approximately 6 % of treated
patients. Later, several other active and passive anti-Aβ im-
munization preparations were developed with the aim of
abolishing or reducing the inflammatory adverse events ob-
served with AN1792. However, vasogenic edema or amyloid-
related imaging abnormalities (ARIA) were observed to be a
complication in some passive immunization trials [201, 202].
Anti-Aβ monoclonal antibodies (bapineuzumab and
solanezumab) are now being developed. Major safety chal-
lenges of this immune therapeutic approach are brain
microhemorrhage, off-target cross-reactivity, and loss of the
antibody to a peripheral sink phenomenon [203]. The clinical
results of the initial studies with bapineuzumab were equivo-
cal in terms of cognitive benefit. Solanezumab is the closest
competitor of the humanized anti-Aβ monoclonal antibody
bapineuzumaba and is able to directly interact with the mid-
region of the Aβ peptide. It has been shown to be able to
neutralize soluble Aβ species. Solanezumab may change the
equilibrium of Aβ levels between brain interstitial fluids and
blood, thereby accelerating Aβ efflux [16, 204]; therefore, this
antibody drives an efflux of Aβ from the brain to the blood
plasma, providing a peripheral sink for Aβ clearance. Never-
theless, there are some problems which can lead to unsuccess-
ful treatment. For instance, directly removing soluble oligo-
mers from extracellular space (ECS) could encourage release

of soluble oligomers from their reservoir in SPs. Plaque-
removing trials have also failed [205], suggesting the possi-
bility that during plaque removal, soluble Aβ may have been
released from the affected plaques [206]. Hence, eliminating
soluble Aβ oligomers before the formation of SPs may be a
more effective treatment.

Dysfunction of the autophagy-lysosome system also con-
tributes to Aβ accumulation and insoluble aggregates. Induc-
tion of autophagy might enhance the clearance of both soluble
and aggregated forms of Aβ. The mTOR pathway plays a
central role in controlling protein homeostasis and negatively
regulates autophagy, therefore, inhibition of mTOR by
rapamycin rescues Aβ pathology [207]. Recently, a study
showed that somatostatin receptor subtype-4 agonist NNC
26-9100 mitigated the effect of soluble Aβ42 oligomers via a
metalloproteinase-dependent mechanism [208].

According to the role of soluble Aβ oligomers in AD pa-
thology, a number of targets were exploited toward the devel-
opment of effective therapeutics for AD, including acetylcho-
linesterase inhibitors (AChEI), various receptor antagonists,
nonsteroidal anti-inflammatory drugs (NSAID), antioxidants,
insulin sensitizers, estrogen [209], and so on. Throughout the
soluble Aβ oligomers’ induced signal pathways, some mole-
cules such as GSK act in overlapping, synergistic, and circu-
lating ways. Therapeutic interventions can be aimed at the
important molecules in the Aβ-induced pathways.

Concluding Remarks

Soluble Aβ oligomers are implicated in the early memory
impairment seen in Alzheimer’s disease before the onset of
discernable neurodegeneration. In this review, we summarized
ten essential roles of soluble Aβ oligomers in AD and their
possible acting pathways. Although Aβ oligomers have vari-
ous acting pathways, all pathways ultimately converge to the
neuron loss and death that underpin the dementia of AD. Sol-
uble Aβ oligomers are more toxic than fibrillar Aβ aggre-
gates. However, more studies should be done regarding the
detailed mechanisms in order to make a better foundation for
effective therapies. More research, for example, is required to
investigate which mechanisms takes place under which con-
dition and which mechanisms play a pivotal role. Many re-
search groups have demonstrated that soluble Aβ oligomers
can mediate various types of neuronal damage when applied
to rodent neurons in culture, yet what happens when this sit-
uation is recapitulated in vivo? Due to the different roles of
soluble Aβ oligomers, any singular kind of therapy might
mitigate parts of the defects in AD, but cannot cover all de-
fects as a cohesive whole; thus, the combined therapies are a
new trend. All in all, we sincerely hope researchers will devote
more effort to study the precise mechanism of soluble Aβ
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oligomers in AD for the sake of new treatments that will
surely contribute to the protection of AD patients.
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