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Central to Alzheimer’s disease pathology are prefibrillar oligomer assemblies of amyloid-3
(Ap) peptide. A widely discussed hypothesis proposes that amyloid-} oligomers insert
into neuronal lipid membranes, disrupting their integrity and causing a loss of cellu-
lar homeostasis in Alzheimer’s disease. This membrane disruption is believed to be a
major source of AB-induced neurotoxicity. Cryo electron tomography (cryo-ET) has
facilitated 3D nanoscale imaging of Ap-membrane interactions under near-native con-
ditions. Analyses of small extracellular vesicles (sEVs) reveals that Ap oligomers includ-
ing annular and curvilinear extended oligomers (CLEOs) exhibit extensive binding to
cell-derived lipid membranes, including insertion into and carpeting of the lipid bilayer.
Notably, these oligomeric assemblies were also internalized and concentrated within the
cell-derived exosomes and other small sEVs. Enrichment of AP oligomers within the
vesicles typically ranged between 5 to 20 times the external Af levels depending on the
vesicle size and curvature. In contrast, monomeric and fibrillar forms of Af displayed
minimal membrane interaction. Once internalized CLEOs appear to be trapped in an
oligomeric form and do not readily go on to form fibrils. Studies with vesicles of brain
lipid extract indicate the AP internalization does not require the presence of a mem-
brane protein. Our in vitro studies underscore the membrane-disruptive capacity of
oligomeric Ap species and suggest a role of sEVs in concentrating toxic Ap oligomers
and transporting oligomers across the brain interstitium.

Alzheimer's | annular | protofibril | membrane | cryo-EM

Alzheimer’s disease (AD) is the most common form of dementia (1). There is a large body
of evidence that links the overproduction, increased aggregation, or reduced clearance of
the amyloid-p (AP) peptide with AD pathology (2, 3). However, the precise mechanism
by which AP exerts neurotoxicity is still hotly debated, although it is established prefibrillar
assemblies, loosely described as A oligomers, 9-200 kDa in weight, are responsible for
neurotoxicity (4-8). One hypothesis involves the direct interaction of AP oligomers with
cellular membranes (9-12). AP prefibrillar assemblies have been shown to compromise
membrane integrity, leading to disrupted Ca®* homeostasis and eventual cell death (13—
16). In particular, AP oligomers cause Ca” influx in cellular models (12, 17-19) and dye
release in synthetic vesicles (20, 21). It is believed the membrane permeability is caused
by the insertion of oligomers and curvilinear extended oligomers (CLEOs) in the lipid
bilayer (9-11, 22-24). In addition, ring-shaped annular AP oligomers are believed to
form ion-channel pores across the membrane that also disrupt cell homeostasis (25-27).
Alternatively, AP may disrupt cellular function by binding to membrane receptors (28-31).

Although much of A is observed extracellularly, intracellular accumulation of Af is
linked with synaptic and neuronal dysfunction in AD pathology (32-34). Af aggregation
is linked to cellular uptake and AP cytotoxicity (35). The mechanism of AP uptake (36)
might be via glutamate receptors (37) or acetylcholine receptors (38) or via an endocytic
pathway (39—41). Protein independent diffusion of AP across the membrane has also been
suggested (42).

Nano-scale imaging of AP interactions with the lipid bilayer have been restricted to
synthetic lipids. In particular, there have been studies using atomic force microscopy
(AFM) of supported lipid bilayers and our cryo electron tomography (cryo-ET) study of
a simple synthetic lipid vesicles model (9-11, 22, 27, 43). Cryo-ET imaging of amyloid
fibrils postmortem has been reported; however, oligomers were not identified (44). We
wanted to extend these studies to cell-derived lipid bilayers. To achieve this, we have
isolated small extracellular vesicles (sEVs) from the cellular medium. The relatively small
size of the cell derived vesicles makes them amenable to nano-scale imaging using cryo
electron tomography (cryo-ET), without the need of focused ion beam (FIB) milling,
which is typically required for whole-cell studies (44). Vesicles are secreted by most cell
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types, including those in the central nervous system (45). Small
EVs lipid composition largely reflects that of a typical lipid bilayer
from the plasma membrane and so also contains membrane asso-
ciated proteins (46-48). These properties make the sEVs, which
include exosomes, a good model to study AP interactions with
cell membranes.

In vivo, sEVs, including exosomes, traffic both extracellular Ap
and also facilitate intercellular trafficking of AP in Alzheimer’s dis-
ease (AD) (49-54) and are associated with AD pathology (55, 56).
Additionally, in vitro sEVs, including exosomes, have been shown
to accelerate the rate of AP assembly (57).

Here we aim to visualize, at the nanoscale, the interaction of
AP42 in various assembly forms with cell derived sEV’s. We show
that only A as oligomers insert into the lipid-bilayer. In contrast
to previous studies with synthetic vesicle models, there is a pro-
found internalization and concentrating of Af oligomers and
annular assemblies within the vesicles. It is now clear A, in oli-
gomeric forms, are able to cross the cell membrane and thus be
incorporated and transported by sEVs.

Results and Discussion

Characterizing Cell Derived Vesicles and Af} Assemblies. To
investigate AP42 membrane interactions, sEVs were isolated
from HEK-293 cells using a centrifugation protocol (58). HEK
cells were chosen because they mimic neuronal properties and
we have previously used HEK cells to monitor Ap ion-channel
pore formation using patch-clamp electrophysiology (12, 26). The
isolated sEV, which include exosomes, were characterized by cryo-
EM and cryo-ET imaging. The isolation process generates intact
spherical vesicles that are typically unilamellar and occasionally
multilamellar. The vesicles appear empty with very few detectable
structures within, ST Appendix, Fig. S1. The vesicles (sEV) have
a median diameter of 120 nm and typically range from 30 to
300 nm. The lipid bilayer thickness is 5.4 + 0.1 nm.

We wanted to study the impact of three different assembly
forms of AB42 on the lipid bilayer: i) chromatographically pure
monomeric AP42; ii) a mixture of prefibrillar structures at the end
of the lag-phase of assembly described as oligomers; and iii) fibril-
lar AB42 formed at the equilibrium stage of assembly. We have
recently reported an extensive characterization of lag-phase assem-
blies, using a range of imaging techniques (12). AP42 taken from
the end of the lag-phase contains a heterogeneous mixture of small
oligomers, together with CLEOs and a smaller number (typically
ca. 5 to 10%) of annular, ring-shaped, oligomers. Cryo-ET images
of these different assembly forms and their dimensions are sum-
marized in Fig. 1 and are in close agreement with temporal AFM
and cryo-EM imaging we have previously reported. Importantly
a consistent 2.8 nm cross-section diameter of the AB42 CLEOs
is observed (12). No attempt was made to isolate this dynamic
lag-phase oligomeric mixture, which also contains appreciable
monomeric AP. This reflects the in vivo situation in which Af is
a heterogenous mixture.

Imaging Ap-Membrane Interactions. The different assembly forms
of AP42 have very different impacts on the lipid membrane of the
cell-derived sEVs, Fig. 2. AB42 oligomeric assemblies, including
CLEOs, were observed to extensively associate and “carpet” the
membrane of the sEVs, Fig. 2C and SI Appendix, Fig. S2C. In
contrast, incubation of fibrillar AB42 with sEVs exhibit minimal
membrane interaction, Fig. 2D and SI Appendix, Fig. S2D. Ap42
monomers (4.5 kDa) are too small to be imaged by cryo-EM as
individual peptides, however the membrane images of vesicles
incubated with AP42 monomers are indistinguishable from
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Fig. 1. Prefibrillar assemblies of Ap42, imaged by cryo-ET. CLEOs and the
annular oligomers dominate in the lag-phase before fibril formation. The
number of A molecules is suggested by the dimensions. These structures are
three-dimensional reconstructions obtained by cryoelectron tomography.

vesicles in buffer alone, Fig. 2 A and B and S/ Appendix, Fig. S2.
This suggests there is little accumulation of AP42 monomer at the
membrane or disruption of the bilayer by AB42 monomers. As
such, the AP42 monomers effectively act as a nonamyloid control
for these studies.

Cryo-EM images hint that AB42 oligomers cross the bilayer and
are internalized by the vesicle. However, cryo-EM cannot distin-
guish between AP oligomers on the surface of the vesicle or within
the sEVs, Fig. 2C. For this reason, we chose to use cryo-ET, which
can visualize the whole vesicle in three dimensions. In this approach
the 3-D tomograms, and each 2-D slice, produce excellent contrast,
of the vitrified sample, without heavy-metal staining, and can dis-
tinguish the membrane surface and any internal assemblies within
the vesicle, if they are present. There were three independent sEV
preparations in which vesicles were incubated with AP42 oligomers

Fig. 2. Cryo-EM images of sEVs in the presence of Ap,, assemblies. PBS
buffer (A); AB,, monomers, black dots are gold particles (B); lag-phase AB,,
oligomers (C); and AB,, fibrils (D). sEVs extracted from HEK-293 cells in PBS
buffer at pH 7.4. (Magnification 50kx, Scale bar, 50 nm.) Orange triangles
indicate fibrils.
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and cryo-ET images collected, together with accompanying con-
trols (SEV with no Ap42). Consistently similar observations were
made for all three datasets. Analysis of the reconstructed 3D tomo-
grams reveals that sEVs, in the absence of AB42, exhibit a smooth
membrane, with a spherical appearance and an interior indistin-
guishable from the ice background, Fig. 34 and S Appendix,
Fig. S1. Cell derived sEVs exposed to prefibrillar AB42 oligomers
displayed extensive binding to the membrane surface and insertion
into the bilayer, Fig. 3B and SI Appendix, Fig. S3. Furthermore,
the cryo-ET images do indeed indicate extensive internalization of
the assemblies inside the vesicle. The appearance and dimensions
of these internalized assemblies match those of AB42 oligomers
and possess a consistent diameter for most of the structures of
2.8 £ 0.1 nm, ST Appendix, Fig. S4, which is characteristic for AB42
CLEQO’s (12). These internalized CLEOs are also shown as 3D
surface-rendered structures, S/ Appendix, Fig. S4. 3D tomograms
are shown as Movies S1 and S2, sEVs are shown with, and without,
the presence of AP42 oligomers. The movies show AP oligomers
inserting into the membrane bilayer and are also internalized within
the vesicles.

The Ap42 CLEOs embedded on the surface of the sEVs and
internalized are particularly well visualized in the rendered 3D
tomograms, Figs. 3 and 4 and S/ Appendix, Fig. S4. There is a
difference in the grayscale density of the oligomers relative to the
density of the lipid bilayer. This difference in density enables
the visualization of AB42 oligomers embedding and traversing
the lipid bilayer. This is highlighted in Fig. 5 A-C, where 3D
rendered images are shown with two density thresholds. Ap
CLEOs are well resolved emerging from the surface of the mem-
brane, often orthogonal to the membrane surface. The CLEOs

A B

can protrude from both the outer- and inner-surface of the mem-
brane, Fig. 5 A and B. While other CLEOs appear embedded
parallel to the membrane surface, Fig. 5C. The presence of Ap42
oligomers embedded within the lipid bilayer is visualized as a
z-stack of tomogram slices, 6.7 nm apart. As we image consecu-
tive slices of the lipid membrane in the z-stack, we observe dif-
ferent CLEOs within the membrane appearing, as shown in
SI Appendix, Fig. S5A. Further examples of CLEOs emerging
out of the inner and outer leaflet of the bilayer are shown in
SI Appendix, Fig. S5 C and D. These images show that the A
oligomers can embed and traverse the bilayer.

The extensive interaction of AP42 oligomers with the lipid-bilayers
disrugts the phospholipid gacking, leading to ion permeability such
as Ca™". We have used a Ca™ sensitive fluorescent dye, Fluro4, which
becomes de-esterified and sensitive to Ca®* within the HEK293
cells. Addition of AP42 oligomers (5 uM) into the extracellular
medium causes a large influx of Ca™* into the cell cytosol, within a
few seconds, while AP42 monomers or fibrils have minimal impact
on Ca** influx, Fig. 5 Cand D. Further examples of Ca* influx in
which only AP42 oligomers are added to the extracellular medium
are shown in ST Appendix, Fig. S6. In a dose—response curve, dou-
bling the amount of AP42 oligomers added to the cell medium,
causes the Ca™ induced fluorescence to double in intensity,
SI Appendix, Fig. S6.

To quantify the extent of AB42 oligomer binding and incorpo-
ration into sEV membranes and lumens, gray-value profiles were
generated across 2-D slices from tomograms. Ap free sEVs exhibit
a uniform lipid bilayer with similar densities for the inner and
outer-leaflet, ST Appendix, Fig. S7A. In contrast, sEVs incubated
with AP42 oligomers displayed increased gray-value intensities

Fig. 3. AB,, prefibrillar assemblies with sEVs and synthetic lipid vesicle. Cryo-ET 2D slices of sEVs along with their 3D rendered model in the absence (A),
presence of AB,, oligomers (20 pM) (B) and synthetic lipid vesicles with Ap,, oligomers (C). (Scale bar, 50 nm, magnification 53kx.)
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Fig. 4. Ap,, Oligomers interaction with sEVs, imaged by cryo-ET. Vesicle in
absence of AB (A). In presence of AB,, oligomers and CLEOs (B). Extensive
carpeting and internalization of the AB,, assemblies within the sEVs.
Tomogram slice 6.7 nm thick (A and B). Associated rendered 3D tomogram
(Cand D). [Scale bar, 10 nm (black).]

and the inner membrane leaflet showed heightened density relative
to the outer-leaflet. This insertion and surface carpeting by AB42
oligomers causes an apparent increase in membrane thickness, as

observed in the gray-value profiles, SI Appendix, Fig. S7B. The
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membrane thickness for AB-free vesicles is 5.4 + 0.1 nm, while
the lipid bilayer in the presence of monomeric AP42 has a similar
thickness of 5.2 + 0.2 nm. There is an apparent increase in mem-
brane thickness to 7.0 + 0.4 nm in the presence of AB42 oligomers
caused by AP42 oligomers carpeting the membrane surface. The
embedded oligomers cause a reduction in density of phospholip-
ids bilayer.

The other prefibrillar assemblies also observed in lag-phase
AP42 preparations are annular in appearance. These distinctive
ring-shaped structures are typically 6.5 nm in external diameter
(12, 27). The annular assemblies are less abundant than CLEOs
but are believed to be responsible for ion-channel pores charac-
terized by large membrane conductance, these typically take
between 5 to 10 mins to become active, after exposure to the
cell membrane (26). Imaging annular structures embedded in
the membrane is a challenge as there is only a small difference
in density of the annular A and the membrane itself. However,
we were able to image the occasional annular structure which
appears to be embedded in the membrane in the upper tomo-
gram slices of the vesicle, Fig. 64. Cryo-ET images of annular
structures were also observed both external and internalized by
the sEVs, Fig. 6B and SI Appendix, Fig. S8. These annular struc-
tures may have trafficked across the membrane or have formed
from CLEOs within the vesicle. Annular structures have also
been reported to embed in supported lipid bilayers, as imaged
by AEM (27).

Ap Oligomers Internalization. We were surprised by the observation
of extensive internalized AP oligomers, including CLEOs, within
the sEV’s. Our previous study using synthetic vesicles showed Ap
oligomers carpeting only the outer-leaflet and were not internalized
(11). This very different behavior for synthetic membranes was
confirmed for AP42 oligomer preparations, Fig. 3C. For these
synthetic large unilamellar vesicles (LUVs), (composition: PC;

Fig.5. AB,, Oligomers insertion within
lipid membranes and Cellular Ca*" in-
flux. Ap42 oligomers inserting into SEVs
membrane (A). Extensive insertion of AB,,
assemblies within the TBLE vesicle mem-
brane, both orthogonal and parallel to
membrane (B). The 3D rendered images
are shown at two gray-scale intensities.
The low highlights lipid bilayer (blue).
The greater intensity highlights Ap42
oligomers (yellow). [Scale bar, 10 nm
(black).] Fluo-4 fluorescence traces de-
tecting intracellular Ca*" changes follow-
ing sequential additions of buffer, Ap42
monomers (A42M), AB42 fibrils (AB42F),
and Ap42 oligomers (Ap420) (C and D).
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six individual cells are shown (C). Mean
Fluro-4 Ca®" response from 127 cells, pre-
sented as mean + SEM (D).
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Fig. 6. Annular oligomers embedded and within extracellular vesicles.
Cryo-ET tomogram slices showing Ap42 annular assemblies localized on
the surface of the sEV membrane, the top of the vesicle is shown (4), and
internalized oligomers including annular oligomers (B). (Scale bar, 100 nm.)
Three-dimensional rendering highlighting annular oligomers are in red, the
other oligomers (CLEOs) with greater intensity are in yellow.

cholesterol; and GM1 - 68:30:2 by weight) AP oligomers are
clearly observed carpeting the outer-leaflet of the lipid bilayer, but
there is no evidence of internalization of the AP oligomers for these
synthetic LUVs.

The distribution of Af oligomers (CLEOs) inside and outside
the cell-derived vesicles suggests that not only are the AP oli-
gomers internalized but the sEVs have the effect of concentrating
AP assemblies inside the vesicle. To quantify this concentrating
effect we have compared, gray-value intensities within and outside
the sEVs, see ST Appendix, Fig. S9, and tabulated these for a num-
ber of vesicles, SI Appendix, Table S1. Tomogram slices of the
same thickness through the middle of vesicles indicate densities
above the background ice, and have a typical median coverage of
39%, SI Appendix, Table S1. While the presence of AP assemblies
outside the vesicles have a less than 4% coverage. The interquartile
range of coverage is between 20 to 40% within the vesicles, while
using the same tomograms and thresholds the coverage of Ap42
oligomers outside the vesicle is just 3 to 4%. Control vesicles,
with no AP present, show no difference in gray-value density
inside or outside the vesicle, ST Appendix, Table S1. This indicates,
after a 2-h incubation time, CLEOs are concentrated within the
vesicle by typically a median factor of ten. The vesicles have the
effect of attracting, internalizing, and concentrating Ap oligomers.
It is also notable that smaller vesicles tend to have a greater density
of internalized AP oligomers, S/ Appendix, Table S1. Enrichment
of AP oligomers within the vesicles ranged between fivefold for
the larger vesicles (245 nm diameter) to 20-fold enrichment for
the smaller vesicles (33 nm diameter). A plot of AP density inter-
nalized versus vesicle diameter indicates a doubling of oligomer
density between vesicles of 120 nm and those of 60 nm diameter,
SI Appendix, Fig. S10. The high concentration of AP oligomers
within the sEVs is illustrated in a 3D rendered tomogram, shown
as a Movie S3.

PNAS 2026 Vol.123 No.29 2610068123

It is interesting to note that the concentrating effect of the
vesicles on oligomers suggest that transport of Ap oligomers into
the vesicle is favored over movement out of the vesicle. This may
be due to differences in lipid composition or phospholipid packing
for the inner- and outer-leaflet of the cell derived vesicles. The
differential internalization for smaller vesicles may be attributed
to greater curvature within the membrane for the smaller (<60 nm
in diameter) vesicles and/or a higher surface area to volume ratio
for the smaller vesicles, which could facilitate more extensive bind-
ing and internalization of AP oligomers. This observation aligns
with previous reports suggesting that the size of sSEVs may influ-
ence their cargo loading efficiency and protein aggregation pro-
pensity (49, 55, 59) which suggests membrane curvature plays a
crucial role in AP retention within sEV’s (60). The internalization
of AP oligomers is in agreement with a previous low-resolution
fluorescence microscopy study that indicated AP oligomers are
trafficked across the cell plasma membrane (35). AP oligomers
have been shown to go on and interact with subcellular compart-
ments such as mitochondria (32—34).

Next the question arises as to why only the cell derived vesicles
internalize AP42 oligomers but synthetic vesicles containing PC;
cholesterol and GM1, do not. The vesicle size and membrane cur-
vature are very similar and images of EV’s do not show any budding
of the membrane. The internalization might therefore be due to
different membrane phospholipid composition, which might facil-
itate membrane fluidity and the movement of oligomers, including
CLEO:s, across the bilayer. Alternatively, a protein binding partner
may assist in AP internalization. To this end we generated synthetic
vesicles from total brain lipid extracts (TBLE). This lipid mixture
contains a more diverse range of phospholipids but lacks mem-
brane associated proteins. Using cryo-ET we imaged TBLE vesicles
incubated for 2 h with Ap42 oligomers. Unlike the LUV contain-
ing just PC; cholesterol; GM1, these synthetic TBLE vesicles do
exhibit AP oligomers trafficking across the lipid bilayer with A
oligomers clearly present within the vesicles, S Appendix, Fig. S11.
These include annular oligomers visible inside the vesicles and
within the bilayer, ST Appendix, Fig. S12. Importantly, these obser-
vations indicate that AP oligomers can traffic across the membrane
but do not need a membrane-protein-binding partner to facilitate
this behavior.

In contrast to AP monomers and fibrils, AP oligomers have a
specific conformation that facilitates insertion and translocation
across the membrane. The charge residues on AP will be attracted
to the phospholipid head groups while penetration into the mem-
brane is facilitated by exposed hydrophobic residues at the ends
of the B-sheet rich CLEOs, believed to have a cross-f arrangement
(12). The more rigid longer fibrils do not readily penetrate the
membrane, only the less abundant exposed ends of fibrils have
occasionally been imaged interacting with the lipid-bilayer. The
heightened internalization of AP for smaller vesicles, with greater
membrane curvature, suggest that the strained lipid-packing favors
internalization of the oligomers rather than export of oligomers
out of vesicles.

We wondered if once AP oligomers are internalized and con-
centrated, in the vesicles, would they then go on to form fibrils.
To this end we incubated AP with vesicles for extended periods
of time, expecting to observe the oligomers being replaced by
fibrils. The addition of AP oligomers to the vesicles shows almost
immediate substantial binding to the membrane on both the exter-
nal and internal leaflet of the vesicle, ST Appendix, Fig. S13. (Also
imaged by negatively stained TEM, SI Appendix, Fig. S15). After
2 h of incubation internalization of AP oligomers is widespread.
After 36 h of incubation, there are numerous fibrils formed outside

the vesicles, ST Appendix, Figs. S13 and S14. Surprisingly, although
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the cryo-EM and cryo-ET indicate oligomers concentrated within
the vesicles, there is little evidence of fibrils forming, despite the
high concentrations of oligomers. The low levels/absence of fibril
formation suggests that appreciable amounts of A monomer do
not enter the vesicle which are required for the growth of oligomers
into fibrils.

To conclude, using cryo-ET we have obtained 3D images, at
nanoscale resolution, revealing the interaction of AB42 with the
membranes of cell-derived vesicles. Our results reveal markedly
different modes of interaction dependent on the assembly state of
AP42. AP oligomers including annular and CLEOs exhibit exten-
sive association with the sEV membrane, carpeting the surface,
insertion within the membrane and internalization, which suggests
active penetration and uptake of AP oligomers. In contrast, Ap
monomers and preformed fibrils have minimal impact on the mem-
brane. These findings align with studies showing cytotoxicity only
for oligomeric AP (4-8) which disrupt membrane integrity and
cause the influx of Ca®* and other ions (12, 17-19). Our studies
also show that sEVs, including exosomes, can serve as carriers of a
concentrated reservoir of toxic Ap oligomers. Although an in vitro
study, our 3D nanoscale images of AP oligomers interacting with
extracellular vesicles is an important advance, in the future we hope
to obtain cellular imaging of AP oligomers at the synapse

Materials and Methods

See SI Appendix for details. Briefly, SEVs were separated from the cell medium
by differential ultracentrifugation, a method optimized to maximize yield while
minimizing contamination from cellular debris and damaged vesicles (58). The
resulting sEVs preparations were resuspended in phosphate-buffered saline
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