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Abstract

Over the past several years, experiments with synthetic amyloid-beta peptide (A�) and animal models have strongly suggested that patho-
genesis of Alzheimer’s disease (AD) involves soluble assemblies of A� peptides (Trends Neurosci. 24 (2001) 219). These soluble neuro-
toxins (known asADDLsandprotofibrils) seem likely to account for the imperfect correlation between insoluble fibrillar amyloid deposits
and AD progression. Recent experiments have detected the presence of ADDLs in AD-afflicted brain tissue and in transgenic-mice models
of AD. The presence of high affinity ADDL binding proteins in hippocampus and frontal cortex but not cerebellum parallels the regional
specificity of AD pathology and suggests involvement of a toxin receptor-mediated mechanism. The properties of ADDLs and their presence
in AD-afflicted brain are consistent with their putative role even in the earliest stages of AD, including forms of mild cognitive impairment.
© 2002 Elsevier Science Ltd. All rights reserved.

Keywords:Amyloid; Protein misfolding; Degenerative disease

1. Introduction

No one knows for certain what causes Alzheimer’s dis-
ease (AD). Many factors are involved, including inflam-
mation, oxidative damage, and cytoskeletal abnormalities.
The dominant hypothesis of the past 10 years, however,
has been the “amyloid cascade” (Klein, 2000). In this hy-
pothesis, dementia in AD depends on neuron death caused
by amyloid fibrils; these fibrils, which are found in senile
plaques, are large insoluble polymers generated from the 42
amino-acid, self-aggregating amyloid-beta peptide (A�).

The amyloid cascade hypothesis, despite its many
strengths, has significant flaws, and it has not been fully
accepted. This article reviews recent evidence that fibrillar
amyloid is not the only toxic form of A�, perhaps not even
the most relevant form. Evidence now points to a pathogenic
role for small toxins that comprise globular A� oligomers
(Klein et al., 2001). These soluble oligomers, which have
been called “ADDLs,” present novel opportunities to de-
velop AD vaccines and therapeutic drugs.

This article will discuss five issues: (i) the ADDL hy-
pothesis, and how it solves the major problem with the
amyloid cascade hypothesis; (ii) the experimental basis for
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the ADDL hypothesis, from toxin structure to experimental
nerve cell biology; (iii) preliminary attempts at validation,
comprising recent efforts to measure and characterize AD-
DLs in AD patients and in transgenic-mice models of AD;
(iv) the mechanism of toxicity, with links to particular signal
transduction pathways and toxin receptors; (v) use of AD-
DLs for development of therapeutic drugs and AD vaccines.

2. The ADDL hypothesis: missing links in A� toxicity

Over the past 10 years, there has been a profound interest
in the possibility that toxins made from the small A� cause
neuronal dysfunction and death in AD. In the early 1990s,
two landmark findings from experimental nerve cell biology
provided a direct link between A� and neurodegeneration.
First, Yankner and Cotman and their groups at Harvard and
UC-Irvine showed that solutions containing synthetic A�
peptide can be toxic to CNS neurons (Busciglio et al., 1992;
Pike et al., 1993). Second, these groups found that toxicity
requires peptide reorganization, as fresh solutions contain-
ing only A� monomer were innocuous, but stored solutions
developed neurotoxicity (Loo et al., 1993; Lorenzo and
Yankner, 1994). The most obvious constituents to emerge
in typical stored solutions were large amyloid fibrils, analo-
gous in structure to the fibrils found in senile plaques of AD.
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These findings provided a strong rationale for the hypoth-
esis that build-up of amyloid fibrils in the brain is the pri-
mary step in AD pathogenesis. Illustrating the enthusiasm
of the AD research community for this concept, a search of
PubMed on the subject “A�” will generate over 8000 ci-
tations, with studies ranging from biophysics and cellular
biology to transgenic-mice models and human pathology.

Given a decade of strong genetic, molecular and cellular
support for the amyloid cascade hypothesis, why is it nec-
essary to suggest a new hypothesis for A� toxicity? In fact,
despite the strong evidence, there is no consensus in support
of the amyloid hypothesis, largely because brain cell damage
and dementia do not correlate well with plaque location and
quantity (Terry, 1999). It is not uncommon for pathologists to
find abundant insoluble amyloid deposits in individuals with
normal cognition. Reciprocally, many APP-transgenic-mice
that have no insoluble amyloid deposits show significant
brain dysfunction and damage (Table 1) (Klein et al., 2001).

The central question can be put as follows: if dementia
correlates so poorly with amyloid plaque deposits, why is
A� the apparent key to AD pathogenesis?

A clue can be found in recent studies of multiple strains
of APP-transgenic-mice that show synapse loss, an impor-
tant aspect of AD pathology. Mucke et al. at the Gladstone
Institute and the University of California, San Francisco,
have observed that synapse loss, while independent of
amyloid deposits, nonetheless correlates with levels of A�
immunoreactivity insolubleextracts (Mucke et al., 2000).
Similar results have been obtained for humans by Lue et al.
at Sun City (Lue et al., 1999).

The significance of the correlation between synapse loss
and soluble A� can be explained by the ADDL hypothesis
(Lambert et al., 1998). ADDLs are potent A� 1–42 neuro-
toxins that are non-fibrillar. Instead of fibrils, their structure
comprises relatively small globular oligomers.

Table 1
Amyloid plaque-independent brain damage in APP-transgenic-mice

Description References

Loss of synaptic terminals Mucke et al. (2000)
Recognition memory deficits Dodart et al. (2000)
Apoptotic neurons, behavioral deficiencies Kumar-Singh et al.

(2000)
Loss of synaptic terminals, neurons Hsia et al. (1999)
Faster decay of LTP Larson et al. (1999)
Deficits in Y-maze performance Holcomb et al. (1999)
Dysregulation of hypothalamic-pituitary-

adrenal function
Pedersen et al. (1999)

Accelerated neurodegeneration Chui et al. (1999)
Aggression, neophobia, deficits in LTP

maintenance
Moechars (1999)

Reduced alternation performance in Y-mazeHolcomb et al. (1998)
Hypoactivity, spatial learning deficits D’Hooge et al. (1996)
Neophobia, impaired spatial alternation,

diminished glucose use
Hsia (1995)

Spatial navigation deficits Czech et al. (1994)
Difficulties in water maze learning Yamaguchi et al. (1991)

Synthetic ADDLs are soluble, in vitro, and as discussed
later, these nonfibrillar assemblies of A� 1–42 recently
have been found in soluble brain extracts from APP-trans-
genic-mice and AD patients.

The ADDL hypothesis says that a major factor in
Alzheimer’s dementia is the neurological impact of soluble,
globular oligomers of A� 1–42 (“ADDLs”). By causing
specific aberrations in synaptic signaling, ADDLs first
cause early-stage memory loss, with broader-scale effects
of ADDLs subsequently leading to synapse degeneration
and nerve cell death. The ADDL hypothesis includes three
distinguishing features: (1) involvement of small globular
neurotoxins, which would be missing links that account for
the imperfect correlation between dementia and the large
insoluble fibrils of amyloid plaques; (2) a role for ADDLs
at very early stages in the disease, given that ADDLs form
at low concentrations and would precede plaque forma-
tion; and (3) a mechanism in which early stage memory
impairment stems not from neuron death but rather from
malfunctions in memory-specific signal transduction.

3. Experimental origin of the ADDL hypothesis

The first indication that A� neurotoxicity might not re-
quire large fibrillar aggregates came from studies by Caleb
Finch’s group at University of Southern California (Oda
et al., 1994, 1995). They found that a glia-secreted protein
called ApoJ blocks formation of large A� aggregates. This
appears to be a chaperone-like activity, as inhibition requires
only 5% molar amounts of ApoJ relative to A�. Most impor-
tantly, blocking formation of sedimentable aggregates does
not block toxicity; in fact, ApoJ-treated solutions actually
show enhanced toxicity.

These and related A� preparations formed in the absence
of ApoJ subsequently have undergone extensive structural
and functional analysis. Atomic force microscopy (AFM;
see Stine et al., 1996) has been a particularly valuable
tool in verifying the absence of fibrils or rod-like subfib-
rillar molecules in these preparations (Fig. 1, right panel).
The toxic preparations contain exclusively small globular
proteins, which we have named ADDLs, for “A�-derived
diffusible ligands.”

Toxicity of ADDL preparations is readily detected using
the commercially available MTT assay, which monitors vesi-
cle trafficking and oxidative metabolism (Liu and Schubert,
1997). The widely-used PC12 cell line shows sensitivity to
micromolar ADDLs within 4 h. Not all cell lines, however,
respond to ADDLs. The most sensitive cells found so far
have been differentiated cortical neurons, which, after 24 h
exposure, have maximum responses to oligomerized A� at
doses under 50 nM (total A� peptide).

In terms of biological responses, it is the neurological
impact of ADDLs that is of most significant interest. In
experiments with rat and mouse CNS tissue, ADDLs have
been found to impair synaptic plasticity in the short-term



W.L. Klein / Neurochemistry International 41 (2002) 345–352 347

Fig. 1.

and cause selective neuron death in the longer-term. In ad-
dition, indirect evidence suggests ADDLs may cause loss of
synaptic terminals.

In the short-term, ADDLs inhibit hippocampal LTP,
a form of synaptic plasticity that is widely studied as a
paradigm for learning and memory. Inhibition occurs within
45 min, the shortest time tested, and it is complete at sub-
micromolar doses. Inhibition by ADDLs has been observed
in brain slices and in vivo and can be elicited by stereotaxic
delivery to synapses (Klein, 2000).

The impact on LTP is highly specific. Short-term plastic-
ity is not lost, although somewhat reduced, and no impact is
evident on evoked action potentials (EPSPs), or induction of
long-term depression (LTD), another form of synaptic plas-
ticity (Wang et al., 2001). Interestingly, ADDLs do inhibit
recovery from LTD, which like LTP is brought about by a
short rapid burst of spikes. ADDLs thus shift synaptic plas-
ticity in a negative direction, blocking LTP while reinforc-
ing LTD. This negative shift ultimately may be related to a
destabilization of synapses.

Overall, inhibition of synaptic plasticity by ADDLs is
consistent with a fast, localized effect at synapses. It is not
due to broad disruption of neuronal function or wide-spread
neuronal degeneration. Instead, the mechanism appears to be
highly selective for particular aspects of synaptic plasticity.

Degenerative effects, however, are evident over longer
time-frames. The second neurological consequence of
ADDLs appears to be synapse loss, suggested by the indi-
rect evidence from transgenic-mice discussed above. Hypo-
thetical alternatives for synapse loss are ADDL-induced

synaptosis (whereby synapses are destabilized and re-
moved) or ADDL-inhibited synapse replacement (whereby
synaptogenesis required to replace synapses during normal
turnover is blocked). Such effects, like the impact of ADDLs
on LTP, could be caused by localized action of ADDLs at
synaptic terminals. Because of known links between func-
tional and structural synaptic plasticity (Mattson and Duan,
1999; McEachern and Shaw, 1999; Steward and Schuman,
2001; Yuste and Bonhoeffer, 2001), it is plausible that
ADDL-disrupted signaling mechanisms that inhibit LTP
also could cause synapse loss.

The third neurological consequence of ADDLs is selective
neuron death. Death occurs within several days and can oc-
cur at low ADDLs doses. Unlike the synaptically-localized
impact of ADDLs on LTP, however, it may be necessary for
ADDLs to cover larger areas of neuronal cell surfaces for
death to occur. Death due to ADDLs is routinely observed
in differentiated organotypic cultures prepared from mature
hippocampi, but younger tissue may be less vulnerable, sug-
gested by preliminary results with cell lines and acute brain
slice cultures.

An especially significant aspect of ADDL-induced neuron
death is its regional specificity. In parallel to Alzheimer’s
pathology, ADDLs kill hippocampal but not cerebellar neu-
rons (Klein et al., 2001). Regional specificity has not been
observed for fibril preparations, suggesting differences in
their toxic properties. ADDLs but not fibrils appear to be
cell-specific.

Structurally, ADDLs have been found to comprise a het-
erogeneous population of oligomers. Characterization has
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Table 2
Preparation of ADDLs

Monomerization by HFIP and storage of A� peptide
(1) Solid A� peptide (1–42) is stored as a solid at−80◦C. Remove and place on ice when ready to prepare stock peptide films.
(2) Place 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Sigma H-8508) on ice in the hood and allow to cool. HFIP is highly corrosive and very volatile.

Add enough HFIP to solid A� peptide such that the final peptide concentration is 1 mM (e.g. 2.217 ml cold HFIP to 10 mg A� 1–42). Rinse vial
thoroughly.

(3) Incubate at room temperature for 60 min, keeping vial closed. Solution should be clear and colorless. Any traces of yellow color or cloudy
suspension indicates poor peptide quality and should not be used.

(4) Place peptide—HFIP solution back on ice for 5–10 min.
(5) Aliquot solution into non-siliconized microcentrifuge tubes (e.g. 100�l = 0.45 mg for A� 1–42). Do not close tubes.
(6) Allow HFIP to evaporate overnight in the hood at room temperature.
(7) Transfer tubes to a speedvac and dry down for 10 min. All traces of HFIP must be removed. The resulting peptide should be a thin clear film at

the bottom of the tubes. The peptide should not be white or chunky.
(8) Store dried peptide films over desiccant at−80◦C. These stocks should be stable for several months.

ADDL preparation
(9) Remove peptide film from−80◦C freezer and put on ice.

(10) Make 5 mM A� stock in 100% DMSO by adding 20�l fresh anhydrous DMSO (Sigma Hybri-Max D-2650) to 0.45 mg peptide. Pipette
thoroughly, washing down the sides of the tube to ensure complete resuspension of peptide film. DMSO stock should be clear and colorless. Note:
DMSO is very hygroscopic and fresh ampoules should be used for each preparation.

(11) Dilute 5 mM peptide stock into F12 medium without phenol red (BioSource Inc., custom preparation). For the best yield, the ADDL solution
should be no greater than 100�M (e.g. 20�l DMSO stock to 980�l F12). A volume of 5 mM peptide stocks should be prepared fresh. Do not
store peptide as a DMSO stock as protofibrils will form!

(12) Incubate at 5◦C for 24 h.
(13) Following incubation, centrifuge at 14,000× g for 10 min in the cold.
(14) Transfer supernatant to a new tube. This supernatant is the ADDL preparation.

relied on atomic force microscopy and immunoblot analyses
(Chromy et al., 2001; Lambert et al., 1998). Other methods
such as light scattering, NMR, or analytical centrifugation
present multiple difficulties, including the fact that they re-
quire concentrations of A� that are too high and cause for-
mation of larger structures.

By AFM, ADDLs are globular molecules, and they are
heterodisperse. Size and heterogeneity of molecules seen
in AFM images are consistent with the analysis obtained
SDS-PAGE immunoblots. By gel analysis, ADDL prepara-
tions contain oligomers that range from trimer to 24 mer
(approximately 108 kDa) (Fig. 1, left panel).

The A�-derived neurotoxins in ApoJ-chaperoned solu-
tions have provennot to be ApoJ–A� complexes. Confirm-
ing this, it has been found that fibril-free populations of
toxic, globular oligomers will form under certain circum-
stances without addition of ApoJ (Lambert et al., 1998). A
simple and reliable procedure to form ADDLs without ApoJ
is included inTable 2.

Consistent with their putative role in pathogenesis,
ADDLs do not form from A� 1–40 but require A� 1–42,
the form of A� linked to AD (Younkin, 1998). While A�
1–40 apparently can form oligomers (Bitan et al., 2001),
these are unstable, and their formation appears to require
high peptide concentrations.

A critical question is whether ADDLs are transient or rel-
atively stable structures. The answer is important because of
the existence of a second type of sub-fibrillar A� neurotoxin
known as the protofibril (PF). PFs initially were regarded
as inert intermediates en route to assembly of toxic fibrils
(Lansbury, 1997; Walsh et al., 1997), but more recently they

have been found to be neuroactive (Hartley et al., 1999;
Walsh et al., 1999).

Protofibrils are large rod-shaped molecules different in
structure from ADDLs. Theoretically, the smaller ADDLs,
which are globular molecules, might serve as precursors to
the rod-shaped PFs. Electron microscopy experiments have
suggested, moreover, that a typical PF preparation might
also contain ADDLs (see, e.g.Fig. 1cin the publication by
Walsh et al., 1999).

Typical ADDL solutions, however, held at 1�M and
37◦C for 24 h do not shown any accumulation of protofib-
rils by AFM, nor is there any build-up of fibrillar material
incapable of entering the separating gels of SDS-PAGE.
(Fig. 1, middle and right panels, kindly provided by R. No-
vak and B.A. Chromy.) ADDLs thus are relatively stable
entities, and they can exist free of PFs. The proportion of
particular oligomers found within an ADDL population can
shift, however, and it is common for the abundant tetramer
fraction typically present at the outset to be replaced by
12–24 mers.

The extent to which ADDLs exist in dynamic equilibrium
with PFs and whether conditions exist that favor ADDL–PF
interconversions remain unknown.

Another distinguishing feature of ADDLs is that they form
readily at low concentrations that could be attainable in vivo.
The lower limit has not been determined, but even in low nM
solutions of A� held at 4◦C ADDLs form within min (Chang
et al., 2001). Significantly higher levels of A� monomer
are required to foster PF formation, suggesting that of the
various neurotoxic forms of A�, the ADDLs would be first
to appear.
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4. Validation: are ADDLs the missing links in AD
pathogenesis?

An important question now under study is whether
ADDLs, which form readily in vitro, actually accumulate in
brains of APP-transgenic-mice and AD patients. Detection
of endogenous ADDLs would provide strong prima facie
evidence for the ADDL hypothesis.

As mentioned, analyses of aqueous extracts from brains
of TG mice models and AD autopsies suggest a correlation
between synapse loss and the levels of soluble amyloid pep-
tides. Correlations in these ELISA studies were imprecise,
however, probably due in part to use of antibodies that detect
physiological monomer as well as higher order pathogenic
species.

To overcome poor signal-to-noise ratios, we have de-
veloped a dot-blot assay using antibodies that discrimi-
nate oligomers from monomers (Lambert et al., 2001).
This assay reveals major differences in soluble oligomer
levels between strains of mice even when no differences
are detected by the commonly used monoclonal antibody
4G8.

ADDLs now have been detected in soluble extracts of hu-
man brain tissue (Lambert et al., 2001). Preliminary molec-
ular analyses indicate that endogenous forms of human
ADDLs are equivalent to the synthetic species used for toxic-
ity experiments in vitro. Immunoblots after two-dimensional
gel separations show isoelectric points near 5.6 for syn-
thetic ADDLs and for the endogenous ADDLs found in
soluble extracts of AD brain tissue. A common oligomer in
AD brain is a 12-mer, although smaller and bigger species
have been found. The size of endogenous ADDLs is con-
sistent with the spectrum of oligomers found with synthetic
ADDLs. Conformations of synthetic and endogenous
ADDLs also are equivalent since they cross-react with the
same quaternary structure-sensitive antibodies. Regional
analysis suggests that oligomers are more abundant in AD
cerebral cortex than in cerebellum.

Evidence for endogenous PFs also has been found, as
A�-immunoreactive material can be observed that enters
stacking but not separating gels in one-dimensional analy-
sis, consistent with the larger PF mass.

In a limited comparison of tissue from human subjects
(five AD brains versus five aged normals), we have found
robust oligomer-immunoreactivity in dot-blots from all
AD-afflicted brains, but essentially background immunore-
activity in all controls. The molar levels of oligomers are
difficult to quantify at this time because of uncertainty re-
garding the size of the species present, but the ratio of AD
versus control brains is greater than 20–1. Replicates for a
given brain sample are uniform. Regional analysis suggests
that oligomers are more abundant in AD cerebral cortex
than in cerebellum. Despite the small sample size, the con-
clusion is compelling—unlike normal elderly patients, AD
patients have significant levels of soluble oligomers, as pre-
dicted by the ADDL hypothesis.

5. Mechanism: toxin receptors and signal transduction

ADDLs are neurotoxic molecules that accumulate in
AD brains. It clearly is important, therefore, to establish
the molecular basis for their toxicity. Our current model
is that ADDLs cause neuronal dysfunction and degenera-
tion by specific disruption of neuronal signal transduction
(Klein, 2000). We propose that these specific signaling
effects depend on interaction between ADDLs and dif-
ferentially-expressed toxin receptors.

The specificity implied by the model is consistent with
the differential vulnerability of particular CNS neurons to
AD. Hippocampal and cortical neurons, e.g. are at risk in
AD but cerebellar neurons are not. In parallel with AD
pathology, cultures of differentiated hippocampal or cortical
neurons exposed to low doses of ADDL exhibit impaired
MTT reduction and eventually undergo cell death, but cere-
bellar neurons do not. Within the hippocampus, neurons
from CA1 appear particularly susceptible to ADDLs. Al-
though preliminary results indicate low endogenous levels
of cerebellar ADDLs also may be a factor, insensitivity to
ADDLs may be a major reason why cerebellar neurons are
largely unscathed in AD.

A biochemical basis for differential sensitivity to ADDLs
lies in differential expression of putative ADDL toxin recep-
tors (Gong et al., 2001). The size and solubility of ADDLs,
along with the specificity imparted by their hydrophilic sur-
face domains, indicate a capacity to act as highly specific
ligands. To search for binding proteins, a ligand blot assay
has been developed that uses oligomer-selective antibodies
to detect bound ADDLs. In this assay, membranes from
rat cortex and hippocampus show two binding proteins,
p140 and p260, that readily bind low doses of ADDLs
(∼10−9 M).These two high-affinity ADDL binding proteins
are absent from cerebellum.

Differential expression of ADDL binding proteins has
been confirmed by immunofluorescence microscopy. As
with the ligand blot assay, microscopy shows ADDL binding
sites on neurons from hippocampus and cortex but not cere-
bellum. Binding sites are small puncta (Lambert et al., 2001)
reminiscent of receptor clusters. Such clusters are known
to occur at synaptic receptor hot-spots, focal contacts, and
membrane rafts or caveolae. The hot spots show greatest
density on neurites, and they can be detected on unperme-
abilized cells, verifying that binding is to cell surface sites.

Besides occurring in lower mammals (rat, mouse, pig),
the ADDL binding proteins p140 and p260 also are present
in humans (Gong et al., 2001). Comparisons of ligand blots
with silver-stained gels shows these proteins are not abun-
dant. Both p140 and p260 are sensitive to low amounts of
trypsin, and p260 disassembles in beta mercaptoethonol.
Both proteins are difficult to extract with nonionic deter-
gents suggesting a possible association with rafts or the
cytoskeleton.

We currently are investigating further the hypothesis
that the p140 and p260 binding proteins actually are toxin
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receptors. Our expectation is that such receptors should
decrease in abundance in proportion to neuron loss in AD.
Very preliminary results indicate a trend consistent with
this prediction.

Efforts also are underway to discover down-stream sig-
naling events that may be triggered by ADDL toxin re-
ceptor. Data indicate ADDLs have an impact on signaling
pathways linked to Fyn, a Src-family protein tyrosine ki-
nase (Lambert et al., 1998). Fyn not only is important
physiologically to synaptic sculpting and memory mech-
anisms, but previous evidence strongly suggests it is rel-
evant to AD. In AD brains, Fyn is over-expressed 400%
in tangle-containing neurons (Shirazi and Wood, 1993).
Consistent with this observation, tau phosphorylation in
cultured cells, via GSK-3�, can be stimulated by Fyn acti-
vation (Lesort et al., 1999). A connection between GSK-3�
and the importantwnt signaling pathway, which has been
linked to amyloid toxicity (De Ferrari and Inestrosa, 2000),
is well-established, but no direct evidence has yet coupled
Fyn to wnt pathways. Fyn also may be upstream in signal-
ing pathways leading to reactive oxygen species (ROS), and
ADDLs have been found to elicit ROS formation in neuronal
cell lines (Longo et al., 2000). Finally, amyloid prepara-
tions, which stimulate tau phosphorylation (Lambert et al.,
1994), also activate fyn, which can be detected by its in-
creased association with focal adhesion kinase (Zhang et al.,
1996).

In healthy neurons, Fyn is tethered to postsynaptic densi-
ties via association with PSD-95 and is found in the signaling
scaffolds of focal contacts, rafts and caveolae. Functionally,
Fyn has been linked to synaptic sculpting, tetanus-induced
LTP, and spatial memory (reviewed inKlein, 2000). When
organotypic brain slice cultures from fyn knockout mice are
tested for their response to ADDLs, the answer is very clear:
no Fyn, no death (Lambert et al., 1998).

6. Use of ADDLs in vaccines and drug development

Great interest is now focused on vaccine development
as a therapeutic approach to AD thanks to the pioneering
work of Dale Schenk and his colleagues at Elan Phar-
maceuticals (Schenk et al., 1999). Schenk’s group found
that vaccinating transgenic APP-mice with typical fibrillar
preparations of A� (which are mixtures of large fibril-
lar aggregates, protofibrils, ADDLs, and monomers) can
reduce plaque-burden and help maintain healthy neurite
structure.

We have begun to investigate the possibility that signifi-
cant improvements in therapeutic efficacy might be achieved
by using ADDLs for vaccines. Initial results have shown
that vaccinating rabbits with very low doses of ADDLs can
generate a robust immune response (Lambert et al., 2001).
A key feature of the vaccination protocol has been to ver-
ify the structure and bioactivity of the preparations used to
vaccinate. Preparations in these experiments are fibril and

protofibril-free and have maximal impact on PC12 cells at
under 5�M (total A�).

Although the specificity of the Elan antisera has not yet
been reported, we have found that ADDL vaccines generate
antisera that are extremely selective for assembled forms
of A� (roughly 1000-fold higher affinity for oligomers
compared to monomers). Specificity for assembled A�,
i.e. for the toxic species, presumably is generated because
ADDLs are “foreign” to the rabbits, whereas monomers are
recognized as “self.” Rabbits and humans have the same
amino-acid sequence for A� 1–42.

The significance of this specificity is two-fold (1) autoim-
mune responses may be low, and, (2) the antisera can tar-
get traces of the toxic species within a milieu of abundant,
physiological monomer.

The specificity of ADDL-generated antisera has practical
use on several fronts, including receptor and ADDL-blocker
assays (Lambert et al., 2001). The dot-blot assay used detect
ADDLs in AD brains, e.g. has been used to screen combi-
natorial libraries for their ability to block ADDL formation
in vitro. Rapid structural screening can be used in tandem
with neuroprotection assays to discover lead compounds
for ADDL-directed therapeutics. In early screening trials,
we have found that certain cyclodextrin-based libraries
identified for the presence of structural blockers also give
neuroprotection in the MTT assay (Chang et al., 2001). We
also have used the dot-blot assay to verify the recent report
that neuroprotective Ginkgo biloba extracts block ADDL
formation (Yao et al., 2001).

The most significant property of the antisera generated by
the ADDL vaccine is its ability to neutralize ADDL toxic-
ity (Lambert et al., 2001). In dose-response experiments, the
toxic impact of ADDL preparations is completely neutral-
ized by pretreatment with antisera. It is noteworthy that the
ADDL preparations contain excess monomer, but that within
this milieu the antisera target the toxic species. Results have
been obtained so far using cell biological assays. We pre-
dict that antibodies generated in vivo after vaccination with
ADDLs would analogously target endogenous toxic species
with high specificity and sensitivity.

The predicted immuno-targeting of soluble toxic species
is in harmony with results reported by Morgan et al.
(Morgan et al., 2000). In a remarkable finding, Morgan’s
group observed that vaccination with an amyloidogenic
A� preparation strongly protects against cognitive decline
in APP-transgenic-mice. Most significantly, the beneficial
effects of vaccination do not correlate with removal of
amyloid deposits, or “plaque-burden.” The implication is
that the cognitive deficit in these mice models is due to
soluble A�-derived neurotoxins, and that vaccination has
neutralized these soluble neurotoxins.

Experiments are underway between our group and that of
Lennart Mucke at the Gladstone Institute and UCSF to deter-
mine if ADDL vaccines, enriched in the putative pathogenic
target, might provide the most effective means to eliminate
cognitive impairment in transgenic-mice models.



W.L. Klein / Neurochemistry International 41 (2002) 345–352 351

In summary, work over the past several years has given
us a new view of A� toxicity in AD in which soluble,
subfibrillar neurotoxins have an important role in patho-
genesis, perhaps even more so than the familiar insoluble
amyloid deposits of plaques. The relative impact of soluble
toxins may be particularly significant at the earliest stages
of AD, including the transition to AD from mild cognitive
impairment. Early-stage involvement of ADDLs is consis-
tent with their potent bioactivity and their ability to form at
extremely low peptide concentrations. Only small amounts
of A� would be needed to generate endogenous toxic AD-
DLs, which we anticipate would precede protofibrils and
the insoluble amyloid deposits of plaques. ADDLs now
have been detected in AD-afflicted brains and in transgenic
APP-mice models of AD.

Given the presence and properties of ADDLs, exciting
new outcomes for early-stage AD therapeutics can be en-
visioned. Cognitive impairment once was believed to be
caused solely by the physical degeneration of neurons and
their death. Putative involvement of ADDLs, however, sug-
gests that early-stages of the disease might be due to a
specific impact on the signaling biochemistry required for
synaptic plasticity, not neuron death. If so, new treatments
such as ADDL vaccines or ADDL-targeting drugs may not
only stop AD’s inexorable course, but may actually reverse
the dysfunction in mild cognitive impairment and early-stage
AD.
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