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Abstract
It now appears likely that soluble oligomers of amyloid-β1-42 peptide, rather than insoluble fibrils,
act as the primary neurotoxin in Alzheimer’s disease (AD). Consequently, compounds capable of
altering the assembly state of these oligomers (referred to as ADDLs) may have potential for AD
therapeutics. Phenolic compounds are of particular interest for their ability to disrupt Aβ
oligomerization and reduce pathogenicity. This study has focused on oleocanthal (OC), a naturally-
occurring phenolic compound found in extra-virgin olive oil. OC increased the immunoreactivity of
soluble Aβ species, when assayed with both sequence- and conformation-specific Aβ antibodies,
indicating changes in oligomer structure. Analysis of oligomers in the presence of OC showed an
upward shift in MW and a ladder-like distribution of SDS-stable ADDL subspecies. In comparison
with control ADDLs, oligomers formed in the presence of OC (Aβ-OC) showed equivalent
colocalization at synapses but exhibited greater immunofluorescence as a result of increased antibody
recognition. The enhanced signal at synapses was not due to increased synaptic binding, as direct
detection of fluorescently-labeled ADDLs showed an overall reduction in ADDL signal in the
presence of OC. Decreased binding to synapses was accompanied by significantly less synaptic
deterioration assayed by drebrin loss. Additionally, treatment with OC improved antibody clearance
of ADDLs. These results indicate oleocanthal is capable of altering the oligomerization state of
ADDLs while protecting neurons from the synaptopathological effects of ADDLs and suggest OC
as a lead compound for development in AD therapeutics.
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Introduction
Alzheimer’s disease (AD) is a dementia that generally manifests spontaneously in later
adulthood as a result of synaptic and neuronal loss, putatively due to beta-amyloid (Aβ)
oligomers (oAβs) binding to postsynaptic sites (Terry et al., 1991; Lacor et al., 2007). Aβ was
suggested to be the initiating factor in AD by Hardy and Higgins in 1992 in their “amyloid
cascade hypothesis” in which they proposed that Aβ plaques were the toxins responsible for
the neurodegeneration and dementia observed in AD (Hardy & Higgins, 1992). Subsequent
experiments have implicated soluble Aβ oligomers (also referred to as ADDLs) as the toxic
species responsible for the development of AD-associated pathology: abnormal dendritic spine
morphology, synaptic receptor composition, and spine loss (Lacor et al., 2007); formation of
reactive oxygen species (De Felice et al., 2007); tau hyperphosphorylation (De Felice et al.,
2008), prolonged long-term depression (Wang et al., 2002); inhibition of long-term
potentiation and cell death (Lambert et al., 1998). Oligomers from different sources have been
shown to produce AD-consistent alterations in cell functioning. These sources include various
synthetic preparations, naturally-secreted oAβs, transgenic mouse AD models, and human AD
brain-derived extracts (Deshpande et al., 2006; Walsh et al., 2002; Oddo et al., 2003; Jacobsen
et al., 2006; Knobloch et al., 2007; Lacor et al., 2004). These soluble oligomers have replaced
insoluble plaques as the putative cause of AD in the new amyloid cascade hypothesis (Small,
1998; Hardy & Selkoe, 2002).

As the interaction of Aβ oligomers with neurons appears to be a critical step in the initiation
of AD pathology, considerable research has focused on preventing the formation of toxic
oligomeric species. Many natural compounds have been found to suppress pathology
associated with oAβs (Yang et al., 2005; Wu et al., 2006). Studies using several phenolic
compounds have shown their ability to prevent prefibrillar oligomerization, fibril formation,
cytotoxicity in PC12 cells and in Tg2576 mice as well as cognitive decline typically seen in
Tg2576 mice (De Felice et al., 2004; Yu et al., 2002; Wang et al., 2004; Wang et al., 2008;
Ono et al., 2008). Salvianolic acid B, a polyphenolic compound derived from the root of Salvia
miltiorrhiza, disrupts the aggregation of Aβ into fibrils and protects against the cytotoxic effects
of high Aβ doses (Durairajan et al., 2008). Oleuropein, a chemical compound extracted from
olive leaves, has exhibited non-covalent interaction with the Aβ1-40 peptide, although the
structural or functional consequences of this interaction were not reported (Bazoti et al.,
2006; Bazoti et al., 2008).

Oleocanthal (OC) is an olive oil-derived compound with several potentially neuroprotective
properties: it is an amphipathic chemical compound similar to oleuropein, suggesting its ability
to interact with Aβ and possibly alter oligomer structure or function; it exhibits non-selective
COX inhibition, and it is an antioxidant (Beauchamp et al., 2005; Smith et al., 2005). Ibuprofen,
another non-selective COX inhibitor, has been shown to reduce Aβ1-42 production in vitro and
intraneuronal Aβ, cognitive deficits, and hyperphosphorylated tau in a transgenic mouse model
of AD (Blasko et al., 2001; McKee et al., 2008). Additionally, due to the putative role of
oxidative insult in the onset and perpetuation of AD, studies have indicated that diets rich in
antioxidants can reduce risk of AD generation, while the traditional Mediterranean diet, rich
in olive oil and monounsaturated fats, protects against age-related cognitive decline (Engelhart
et al., 2002; Solfrizzi et al., 2006; Abdul et al., 2008). All of these properties make OC a
candidate as a structural modifier of oAβs, and thus a possible AD therapeutic.
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The current study explores the ability of OC to alter the structure of forming or pre-formed
ADDLs and assesses the functional changes in ADDLs produced by these modifications using
primary hippocampal neuron cultures. The results show that with OC, oAβs show altered
structure, increased immunoreactivity, and lowered binding and synaptic toxicity. These
changes have been found to facilitate the clearance of oAβs from synapses using oligomer-
specific antibodies. OC appears to be a candidate for a lead compound in developing AD
therapeutics.

Methods
Preparation of Aβ-Derived Diffusible Ligands (ADDLs)

Aβ1-42 peptides (American Peptide) were solubilized at room temperature in DMSO at a
concentration of 5 mM. Cold Ham’s F12 media (Caisson, HF12-02), containing various
concentrations of OC (100 μM to make Aβ-OC) or an equivalent volume of DMSO (to make
ADDLs), was added to make a 100 μM solution of Aβ. After 24 h incubation at 4°C, the Aβ
prep was centrifuged at 14,000 × g for 10 minutes to remove any large insoluble Aβ aggregates.
The supernatant was kept and used as the ADDL preparation.

Preparation of Fluorescently-Labeled ADDLs
Lyopholized Aβ1-42 peptides with and without carboxyfluorescein (FAM) conjugated were
solubilized at room temperature in DMSO and mixed at a 1:4 ratio, respectively, to a final
concentration of 5 mM. Cold Ham’s F12 was added to make a 100 μM solution of Aβ. After
24 h incubation at 4°C, the Aβ prep was centrifuged at 14,000 × g for 10 minutes to remove
any large insoluble Aβ aggregates. The supernatant was kept and used as the ADDL
preparation. 50 μl aliquots were then dried using the low setting of a DNA Speed Vac and
stored in dark at room temperature for future use. Aliquots were reconstituted in sterile water
prior to use.

Dot Immunoblot Assay
0.5 mg lyophilized aliquots of OC were solubilized in DMSO to a concentration of 11 mM.
The OC stock was then diluted in F12 10-fold, and dilutions in F12 containing 10% DMSO
were performed to create the appropriate stocks for each molar concentration of OC used. Once
all OC solutions were made with the appropriate concentrations, different Aβ solutions - either
monomeric (lyophilized Aβ1-42 solubilized in DMSO and used immediately), oligomeric
(ADDLs formed as described above), or fibrillar (lyophilized Aβ1-42 solubilized in water and
incubated at 37°C for 5 days) - were added to a concentration at which the Aβ1-42 monomer
would be present at 100 nM. After 15 minutes at 37°C, solutions were serially diluted and 1
μl samples were spotted in triplicate onto a nitrocellulose membrane. Immunoblotting was
carried out as described below.

SDS-PAGE
Protein samples were run on 4-20% Tris-Glycine gels (Invitrogen, EC60285) using a running
buffer containing 25 mM Tris, pH 8.3, 192 mM glycine, and 0.1% SDS. Silver staining was
performed using the SilverXpress Silver Staining Kit (Invitrogen). For western blots, transfers
were carried out using a transfer buffer containing 25 mM Tris, pH 8.3, and 192 mM glycine.
5% nonfat dry milk in 20 mM Tris-HCl, pH 7.4, 0.8% NaCl, 0.1% Tween-20 was used as
blocking solution for dot and western blot analyses. Anti-oAβ conformation-specific antibodies
NU1 (1.5 μg/ml; Lambert et al., 2007) and M89 (1:500; generated similar to Lambert et al.,
2001) and anti-Aβ sequence-specific antibodies 6E10 (1:500; Signet, SIG-39320) and 4G8
(0.5 μg/ml; Signet, SIG-39220) were used in western and dot blots. Secondary labeling was
carried out with HRP-conjugated antibodies (CGE), which were then developed with
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SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific). Blots were
visualized on a Kodak Image Station 440CF and analyzed with ImageJ (NIH).

Cell Treatments
Primary hippocampal cultures aged 18 days in vitro (DIV) were pretreated with 0, 0.1, 1, 10,
or 100 μM OC or an equivalent DMSO control for 5 minutes before addition of ADDLs, Aβ-
OC, or an equivalent DMSO control under the following conditions: hotspot assay - 500 nM
for 3 h; drebrin loss - 500 nM for 24 h; tau phosphorylation - 500 nM for 4 h. Treated cells
were washed twice with 1 ml warm neurobasal media. The third wash was left on and 1 ml of
3.7% formaldehyde was added for 10 minutes. This first fixing solution was removed and an
additional ml of 3.7% formaldehyde was added for 10 minutes. Cells were then washed 5x
with 1 ml PBS and stored at 4°C for no more than 2 weeks before immunocytochemical assays
were performed.

Immunocytochemistry
For all immunocytochemical assays, the blocking solution contained 10% normal goat serum
(NGS) diluted in PBS. To visualize intracellular epitopes, 0.1% triton X-100 was added to the
blocking solution. Antibodies against the following were used: oAβs (conformation-specific)
[NU1 (1.5 μg/ml) & M89 (1:500)], drebrin (1:100; MBL, D029-3), and PSD-95 (1:500;
Affinity BioReagents, MA1-046). All Alexa-conjugated secondary antibodies were used at
1:500 in 10x diluted block for 1.5 h at RT. Coverslips were mounted in ProLong Gold antifade
reagent with DAPI (Invitrogen), allowed to dry, and imaged with one of the following: Nikon
Eclipse TE2000-U epifluorescent microscope, Leica DMRXE confocal microscope, or Leica
IRE2 confocal microscopes. Images were then analyzed using either ImageJ, MetaMorph
(Molecular Devices), Volocity (Improvision), or ImageSurfer (www.imagesurfer.org).
Colocalization analysis was performed using the JaCoP plug-in in ImageJ (Bolte &
Cordelieres, 2006).

Results
OC alters the immunoreactivity and structure of Aβ1-42 oligomers

Our first goal was to determine if OC could block the oligomerization of monomeric Aβ1-42
into ADDLs, as the soluble oligomers of Aβ appear to be the toxic agents responsible for the
initiation of AD. We assessed oligomerization by dot blot immunoassay after adding Aβ1-42
to solutions containing increasing amounts of OC. Oligomers were detected by the previously
characterized conformation-specific antibody NU1 (Lambert et al., 2007). Contrary to our
expectations, Aβ1-42 immunoreactivity increased in the presence of OC at doses as low as 10
nM (Figure 1). Similar results on Aβ1-42 oligomerization were observed in dot blots using the
antibodies M89, 4G8, and 6E10 (Figure 2). Antibody reactivity increased for both
conformation- and sequence-specific antibodies, indicating an alteration in Aβ
oligomerization.

The next experiment tested the interaction of OC with ADDLs rather than monomeric
Aβ1-42. Results from dot blot analysis on preformed ADDLs were similar to that of Aβ1-42.
However, to produce the increased immunoreactivity, higher OC concentrations were required
(Figure 1). OC thus seemed less able to interact productively with Aβ1-42 as the aggregation
state increased. To further investigate this idea, we carried out dot blot analysis using fibrillar
Aβ1-42, the most aggregated form of Aβ1-42, in place of ADDLs. Fibrillar Aβ1-42 showed
minimal to no change in immunoreactivity (Figure 1). The marginal changes observed in some
experiments are most likely attributed to OC interactions with the limited pool of soluble
oligomers present in the fibrillar preparation. These results indicate that OC is capable of
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changing the oligomer structure of soluble Aβ1-42 species during and after monomeric
Aβ1-42 oligomerization.

This OC-induced change in immunoreactivity potentially could be associated with
modifications in the size of Aβ oligomers (oAβs). To address this possibility, SDS-PAGE
analysis was carried out on oAβ preparations with OC added during or after oligomerization.
When added during oligomerization, OC was present at equimolar ratios. However, as OC
appeared to be less able to interact with oAβ compared to monomer, preformed ADDLs were
incubated with a 10-fold molar excess of OC (100 nM Aβ, 1 μM OC). In samples containing
OC, silver stain analysis revealed a striking ladder-like distribution of oligomers (Figure 3A).
Laddering occurred when OC was present during the 24 h oligomerization period (Aβ-OC) or
following a 1 h incubation with preformed ADDLs (Figure 3A). At 2 h, ADDLs incubated
with OC showed a shift toward high MW species, with a reduction of smaller species. OC
could have produced this change in SDS-PAGE profile by generating larger oligomers from
small species (<18 kDa) or by enhancing SDS-stability of detergent-generated fragments of
larger oligomers. Previous work has shown it is possible to separate large from small oligomers
using ultrafiltration (Lacor et al., 2007). We therefore used a 50 kDa filter to separate ADDLs
incubated with OC into large and small oligomers and compared the SDS-PAGE profile of the
filtrate and retentate. As shown in Figure 3B, the SDS-stable bands seen in the presence of OC
originate from oligomers >50 kDa. Additionally, the filtrate fractions had no Coomassie-
detectable proteins and were nearly absent of oAβ bands. This, along with the an enlarged
pellet in the Aβ-OC preparation indicated that OC generated larger oAβs, possibly to the point
of insolubility (data not shown). The reduced solubility may lead to a decrease in toxicity.
When assayed after a 1 h incubation, we see a greater shift toward high MW species and a
reduction of smaller species within the oAβ ladder (Figure 3B), raising the possibility that
SDS-stability of the native oligomers may increase over time. Our results indicate that OC
changes the oligomeric state of ADDLs, with a time- and concentration-dependent trend toward
higher MW species and increased SDS stability of fragments generated from larger oAβs.

OC reduces initial ADDL binding and subsequent pathology
After observing altered oligomer structures in the presence of OC, we tested the ability of
Aβ-OC to act as pathogenic ligands. It has previously been established that oligomers of
particular sizes are able to bind at synapses, an action thought to be a crucial first step in the
initiation of AD (Lacor et al., 2007; for review, see Viola et al., 2008). Our first goal was to
determine whether the altered structure of Aβ-OC resulted in altered binding. Primary
hippocampal cultures were treated with ADDLs or Aβ-OC and the degree to which oAβs
colocalized with the postsynaptic marker PSD-95 was assessed. Consistent with previously
published data, ADDLs showed strong colocalization with PSD-95 (87 ± 3%; Lacor et al.,
2004). Aβ-OC showed a statistically equivalent degree of colocalization (89 ± 2%; Figure 4),
indicating a binding pattern indistinguishable from that of ADDLs.

Although the binding patterns were indistinguishable, levels of oAβ immunofluorescence
showed striking differences between ADDLs and Aβ-OC. We observed a marked increase in
immunofluorescence in Aβ-OC (Figure 4). The enhanced antibody reactivity of oAβs formed
in the presence OC observed in dot blot assays thus remained after synaptic binding and was
observed at all time points assayed (data not shown).

Enhanced immunofluorescence could have resulted from either increased synaptic binding of
oAβs or alterations in oligomer structure that facilitate antibody recognition. To distinguish
these possibilities, we assayed binding using direct detection of fluorescently-conjugated
oAβs with OC present either during or after oligomer formation. Interestingly, the increased
binding of Aβ-OC observed using immunofluorescence was not found with direct detection,
indicating bound Aβ-OC molecules were more accessible to antibody than control ADDLs.
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Synaptic binding of Aβ-OCs in fact appeared slightly reduced compared to ADDLs, although
the difference was not statistically significant (Figure 5).

Effects of OC on oAβ binding were particularly obvious when we treated neurons with OC
before adding ADDLs (Figure 5B). In cells given 10 μM OC followed by fluorescently-labeled
ADDLs (500 nM), ADDL puncta were significantly reduced in number and brightness (Figure
5A). When assessed by immunofluorescence, ADDL binding following OC pretreatment also
showed striking reduction (Figure 6). Decreased ADDL binding was evident with OC
treatments as low as 1 μM. Thus maintaining neurons in OC for even a short period before
exposure to ADDLs can result in effective lowering of ADDL binding.

Our next experiment was designed to determine if the reduced binding protected hippocampal
neurons from downstream effects of preformed ADDLs. The effect of OC on ADDL-induced
dendritic spine deterioration was assayed by drebrin loss. Drebrin, a spine-associated actin
binding protein involved in spinogenesis and the regulation of dendritic spine morphology
(Takahashi et al., 2003; Aoki et al., 2005), is depleted in hippocampal neurons following ADDL
binding (Lacor et al., 2007). Using confocal microscopy, we measured the 3-dimensional
intensity and volume of drebrin immunofluorescence. At 24 hours, 10 μM OC pretreatment
protected against the oAβ-induced reduction in drebrin signal (Figure 7A&B). At this
concentration, OC reduced the drebrin volume loss observed in control ADDLs by 80 ± 8%.
Drebrin intensity in the presence of 10 μM OC was indistinguishable from control. To
determine if the volume differences were due to a reduction in all spines or spines of specific
sizes, we further examined the distribution of volumes for each oAβ treatment. ADDLs caused
an increase in smaller spines as well as a reduction in larger spines, with both showing a 38-42%
difference compared to vehicle (Figure 7C). Significantly, this altered distribution was blocked
by OC treatment. Statistically, there were no differences in the proportion of either larger or
smaller spines in the presence of OC (Figure 7C). These results indicate that OC is capable of
protecting spines from ADDL-induced synaptic deterioration.

Enhanced antibody sensitivity allows greater clearance of ADDLs from synapses
Immunotherapies are currently being investigated for the treatment of AD, and it would be of
value to increase the efficacy of antibody action (for review, see Jicha, 2009). The increased
immunoreactivity of oAβs in the presence of OC raises the possibility that OC could enhance
immunotherapy by making synapse-bound ADDLs more accessible to antibody. We treated
primary hippocampal cultures for 30′ with 500 nM OC or vehicle, followed by a 30′ ADDL
incubation (250 nM as calculated by Aβ monomer), followed by a 24 h incubation with the
oligomer-specific antibody NU1 or vehicle. As seen in Figure 8, the reduction in ADDLs
observed bound to neurons following NU1 treatment was greater in the presence of OC. The
data thus indicate the potential for the use of OC to facilitate AD immunotherapeutics.

Discussion
Using a combination of dot immunoblot, SDS-PAGE, and confocal immunofluorescence
microscopy, we have shown OC to alter oAβ structure in such a way that increases
immunoreactivity and SDS stability. Additionally, we have found that OC treatments reduce
the binding of ADDLs and the subsequent deterioration of dendritic spines while enhancing
the clearance of ADDLs from synapses using oligomer-specific antibodies.

OC was found to interact with soluble Aβ species and alter oAβ structure at doses as low as
10 nM. Such an interaction was likely based on the phenolic properties of OC (Yu et al.,
2002; Smith et al., 2005), although no prior studies have investigated this possibility. The
structural changes that occurred permitted better antibody detection by both conformation- and
sequence-specific Aβ antibodies (Figures 1 & 2). Antibodies with different epitopes all showed
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enhanced immunoreactivity. As yet, the underlying structural basis responsible for changes in
immunoreactivity have not been determined.

Structural changes following OC incubation were also evident in the ladder-like distribution
of oAβs visible in SDS-PAGE. Fractionation experiments showed the oAβ ladder comprised
SDS-stable fragments derived from native oAβs > 50 kDa (Figure 3B). OC alters oAβ structure
quickly, as laddering was apparent even when OC was added immediately prior to fractionation
and gel loading (Figure 3B). Within the laddered region, distinct bands are observed for each
oAβ n-mer up to 10 (Figure 3). One possible explanation is that the oAβ ladder is the result of
substoichiometic associations of OC with oAβs, which stochastically stabilize peptide
interactions within native oligomers. These interactions could generate the integer-multiple of
SDS-stable fragments that appear in SDS-PAGE. OC stabilization of adjacent peptide
interactions would then stabilize larger oligomers, explaining the concentration-dependent
shift toward higher MW species. The more stable Aβ-Aβ interactions would most likely come
about through better alignment of the β-sheets, the proposed interfaces through which oligomer
subunits interact with one another and confer their toxicity (Yu et al., 2009; Cerf et al.,
2009). Observations of a more pronounced pellet during Aβ-OC preparation compared to
ADDLs combined with preliminary size exclusion chromatography data indicate that OC
produces a shift to high MW oAβs (data not shown). Consistent with this notion, higher
concentrations of OC replace the oAβ ladder, and even the monomer band, with strictly high
MW oAβs (data not shown). Further analysis of changes in oligomeric structure occurring in
the presence of OC can be approached with a newly developed tool combining high-resolution
localized surface plasmon resonance (HR-LSPR) combined with matrix assisted laser
desorption ionization mass spectroscopy (MALDI-MS; Anker et al., 2009).

The disruptive effect of oleocanthal on oligomer structure, which results in an increased size,
is somewhat surprising given that studies with other polyphenolic compounds have shown
prevention of oligomer formation. Most groups show only a reduction in MW in the presence
of polyphenols (Wang et al., 2008; Ho et al., 2009). Ono et al. (2008) used SDS-PAGE
following PICUP (photo-induced cross-linking of unmodified proteins) to analyze the effects
of the grape seed polyphenolic extract MegaNatural-AZ (MN) on Aβ oligomerization. While
they came to the same conclusion that MW was reduced, a noticeable band at ~60 kDa was
present in oligomer samples formed with 250 μM MN, but not 25 μM MN or in its absence.
This is consistent with our observation of higher MW bands in the presence of OC. The use of
different oligomerization protocols may account for the differing alterations in
oligomerization, although it is likely that additional chemical groups on the phenolic
compounds can produce different outcomes.

A striking observation was the increased antibody detection of Aβ-OC compared to ADDLs.
As seen in Figure 4, antibody-detection showed a marked increase in oAβ signal for Aβ-OC
compared to ADDLs, although we found no difference when using direct-detection of
fluorescently-conjugated oAβs (Figure 5). Oligomers formed in the presence of OC thus do
not exhibit increased synaptic binding or downstream pathology, only immunoreactivity. This
may provide a way to enhance immunotherapy, as ADDLs will be more easily detected and
removed by the antibodies.

When OC interacted with preformed ADDLs, the results were similar to that of Aβ-OC,
although with a much greater reduction in ADDL initial binding and subsequent pathology
(Figures 5-7). These changes are likely due to prevention of binding by altered oligomer
structure or changes in binding sites. It is known that oAβs of different structure have different
binding patterns and pathogenic capabilities: ADDLs >50 kDa bind to hippocampal neurons
in much greater abundance than ADDLs <50 kDa (Lacor et al., 2007); Aβ*56 has been
identified as the major toxic species in Tg2576 mice (Lesne et al., 2006), although there is
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evidence that smaller oAβs are capable of producing functional alterations in neuronal
functioning (Walsh et al., 2002). Changes in ADDL binding sites have also been recently
reported (De Felice et al., 2009).

OC concentrations that reduced binding to synapses also protected hippocampal neurons from
ADDL-induced synaptic deterioration assessed by drebrin loss at 24 h (Figure 7). The level of
drebrin is reported to be correlated with both spine maturity and the amount of spine
transmission, particularly at glutamatergic synapses, making it a good indicator of spine
functionality (Ivanov et al., 2009). It is unknown whether the protective effect observed in the
drebrin assay is the result of lowered synaptic binding or an alteration of ADDLs that reduces
their pathological potency. Observations from long-term binding studies show that effects of
OC on ADDL binding are relatively short-lived and no longer observed at 24 h (Figure 8),
suggesting that reduced ADDL-binding alone may not explain the reduction in drebrin loss. It
is likely that in addition to the modifications in oligomer structure observed in the presence of
OC, ADDL binding sites and/or their downstream effectors are altered by OC to prevent ADDL
pathology.

Immunotherapy is currently being developed for the treatment of AD. Active immunization
trials of aggregated Aβ have been shown to boost the titer of Aβ antibodies leading to decreased
Aβ burden and reduced cognitive deterioration (Hock et al., 2003; Nicoll et al., 2003).
However, aseptic meningoencephalitis in a subset of patients forced early termination of the
trials (Orgogozo et al., 2003). Passive immunization, in which Aβ-recognizing antibodies are
given to augment patient titers, shows promise in mouse models and is currently in Phase III
human trials (Bard et al., 2000; Grundman & Black, 2008). Methods to boost antibody
recognition of oAβs would be advantageous in passive immunization. The enhanced
immunoreactivity and removal of ADDLs by the oligomer-specific antibody NU1 imply that
OC could be a potential enhancer of AD immunotherapy. Additionally, OC-increased antibody
sensitivity could be of value for diagnostics using antibody detection of oAβ levels to assess
AD risk (Georganopoulou et al., 2005).

Results presented here indicate oleocanthal is capable of altering the oligomerization state of
ADDLs while protecting neurons from the synaptopathological effects of ADDLs. Beneficial
effects were indicated directly by the blocking of synaptic deterioration, as well as indirectly
by enhanced antibody clearance of ADDLs. In addition to reducing the effects of oAβs, OC
has been shown to have antioxidant and anti-inflammatory properties that further implicate a
benefit in AD prevention (Beauchamp et al., 2005; Smith et al., 2005). Overall, these results
are consistent with findings suggesting potential benefits of phenolic compounds capable of
altering Aβ aggregation states and providing neuroprotective benefits, and suggest that
optimized derivatives of OC may show potential as therapeutic drugs.
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AD Alzheimer’s disease

ADDLs Aβ-derived diffusible ligands

oAβs oligomeric Aβ
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OC oleocanthal

Aβ-OC ADDLs formed in the presence of OC

ADDL+OC preformed ADDLs treated with OC
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Figure 1. Oleocanthal increases immunoreactivity of soluble, but not fibrillar Aβ
Monomeric, oligomeric, or fibrillar Aβ were added at 100 nM to increasing concentrations of
OC solutions. Immunoreactivity was then assayed in a dot immunoblot assay. A significant
increase in NU1 reactivity for both monomeric and oligomeric Aβ was observed after a 15
minute incubation. All OC incubations were significantly different than control except
oligomeric Aβ with 0.1 μM OC. (A) Representative dot blot. (B) Mean ± SEM for five separate
experiments.
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Figure 2. Increased immunoreactivity of soluble Aβ brought on by OC is evident with multiple
Aβ antibodies
Monomeric and oligomeric Aβ were added at a concentration of 100 nM to solutions containing
different OC concentrations. Immunoreactivity was assayed by dot blot using three Aβ
antibodies with different epitope specificity. (A) Representative dot blot for 6E10 staining. (B)
Box plots show the average integrated optical density ± SEM (arbitrary units) for ADDLs or
monomeric Aβ incubated with oleocanthal for 15′ with 6E10. As observed with NU1, 6E10
immunoreactivity was increased with the addition of oleocanthal. Other antibodies (4G8 and
NU2) were also tested and found to produce the same trend toward higher immunoreactivity.
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Figure 3. OC shifts the oligomeric distribution of ADDLs to higher MW species in SDS-PAGE
(A) ADDLs (4°C -) were heated at 37°C for 1 or 2 hours with a DMSO control (-) or OC (+).
At 1 h, OC produces a ladder-like distribution of oAβs (1 h +) similar to Aβ-OC (4°C +) that
moves toward higher MW species at 2 h (2 h +), while ADDLs heated in the absence of OC
show only a marginal shift toward high MW species and no laddering (1 h - & 2 h -). (B) The
Aβ ladder is the breakdown product of SDS-unstable higher MW species. The 50 kDa filtrate
(F) shows little to no oAβs after 0, 1, and 2 h incubation with a 10-fold molar excess with OC.
The >50 kDa retentate (R) contains the ladder-like oAβ SDS-PAGE distribution initially and
after 1 h that disappears after a 2 h incubation. These results indicate that OC initially enhances
the SDS stability of ADDL subspecies and later ADDLs as a whole.
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Figure 4. Specific binding of Aβ-OC to synapses shows greatly enhanced immunoreactivity
compared to ADDLs
PSD-95 (magenta) was used as a synaptic marker to determine if the pattern of binding was
similar between ADDLs or Aβ-OC (both in green) added at 500 nM for 3 h before fixation.
When comparing the levels of ADDLs and Aβ-OC detected by M89, we observe much brighter
puncta with Aβ-OC that, as a result, appear larger and more abundant than ADDL puncta.
Lower panels show a 2x zoomed image of a process bound with ADDLs or Aβ-OC. In 50 fields
taken for each condition in 3 separate experiments, no statistical difference was found in the
degree of colocalization with PSD-95 between ADDLs (87 ± 3%) and Aβ-OC (89 ± 2%).
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Figure 5. All oligomers show reduced binding to hippocampal neurons in the presence OC when
detected directly with FAM-conjugated Aβ
oAβs (either ADDLs or Aβ-OC) were added at 500 nM, and OC was present at 700 nM (ADDL
+OClow and Aβ-OC) or 10 μM (ADDL+OChigh). oAβs were detected directly using FAM-
conjugated Aβ. (A) oAβ positive puncta are pictured in pseudocolor (purple to yellow from
dim to bright) for one branch in each condition. (B) Intensity of an entire field is plotted along
the z-axis using a height and color scale. ADDLs show the most intense puncta, while increased
concentrations of OC show a decrease in ADDL puncta number and brightness. (C) The
average number of oAβ-positive pixels per length (25 μm per region analyzed) plus 1 SEM
were calculated from max projections. While Aβ-OC shows a trend in reduced ADDL-positive
pixels, ADDL+OClow and ADDL+OChigh both show significantly less Aβ load compared to
the OC-free ADDL treatment. [*p < 0.05]
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Figure 6. OC preincubation with primary hippocampal cultures precludes accumulation of ADDLs
at synapses
Cells received a 5 minute OC preincubation at 100 (A), 10 (B), 1 (C), and 0 (D) μM. We
observed a dose-dependent decrease in 500 nM ADDL binding after 3 h. ADDLs were detected
with NU1 and show a 2-3-fold reduction in Aβ load with 10 & 100 μM OC preincubation,
despite the OC-induced increased immunoreactivity expected from previous experiments.
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Figure 7. OC protects against synaptic deterioration as measured by drebrin loss
The average drebrin object volume (A) and intensity (B) for each condition is shown
normalized to the vehicle. OC at high concentrations (10 μM) showed a protective effect against
the ADDL-induced reductions in drebrin following 24 h treatments with 500 nM oAβs. Low
levels of OC (700 nM) showed an intermediate protective effect. (C) The distribution of spine
sizes is similar to vehicle for OC-treated conditions. The proportion of large (>1.30 μm3) and
small (<0.2 μm3) drebrin objects show that only in the absence of OC does the proportion of
drebrin volumes change significantly from vehicle. (D) Representative images of the drebrin
staining for each condition are shown. At least 5000 drebrin objects were analyzed for each
condition. [*p < 0.05; **p < 0.001]
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Figure 8. OC promotes the clearance of ADDLs by oligomer-specific antibodies
Hippocampal cultures were treated with fluorescently-conjugated ADDLs following a
pretreatment with OC or vehicle. After 30 minutes, the oligomer-specific antibody NU1 was
added to reverse and prevent further binding. (A) NU1 reduction in detectable ADDLs is much
greater in the presence of OC. (B) Quantification of the ADDL puncta per 50 microns plotted
as the mean of 60 branches ± 1 SEM. The reduction in synaptic binding by OC is transient, as
at 24 h the presence of OC has no effect on the binding of ADDLs. However, the removal of
ADDLs by NU1 was enhanced by OC compared to the OC-free condition [p < 5×10-7].
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