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ABSTRACT: Misfolding and aggregation of peptides and
proteins is a characteristic of many neurodegenerative
disorders, including Alzheimer’s disease (AD). In AD the
β-amyloid peptide (Aβ) aggregates to form characteristic
ﬁbrillar structures, which are the deposits found as plaques
in the brains of patients. We have used direct stochastic
optical reconstruction microscopy, dSTORM, to probe the
process of in situ Aβ aggregation and the morphology of the
ensuing aggregates with a resolution better than 20 nm. We
are able to distinguish diﬀerent types of structures, including
oligomeric assemblies and mature ﬁbrils, and observe a
number of morphological diﬀerences between the species
formed in vitro and in vivo, which may be signiﬁcant in the
context of disease. Our data support the recent view that
intracellular Aβ could be associated with Aβ pathogenicity
in AD, although the major deposits are extracellular, and
suggest that this approach will be widely applicable to
studies of the molecular mechanisms of protein deposition
diseases.
he pathological role of the β-amyloid (Aβ) peptide in
Alzheimer’s disease (AD) is one of the central questions in
neurodegenerative research.1 The formation of amyloid plaques
in the extracellular space of the brain is one of the characteristics
of patients who are in an advanced stage of the disease.2 The Aβ
peptide originates from the proteolytic processing of the transmembrane amyloid precursor protein (APP), and the resulting
cleaved fragments constituting Aβ are predominantly 40 or 42
amino acids in length.3 The 40-residue peptide, Aβ1 40, is the
most abundant form of Aβ in both healthy and AD brains and is
considered to be less harmful than the second most common
proteolytic product, the 42-residue peptide Aβ1 42, which is
strongly associated with disease.4 Aβ1 40 and Aβ1 42 diﬀer in
their propensity to form cross-β structures, the latter being more
aggregation prone, but both can readily form amyloid ﬁbrils in
vitro as well as precursor Aβ oligomers.1,5 It is not yet well
established which Aβ aggregation state prevails in vivo, nor is
there a consensus on the precise subcellular location of its
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pathogenicity in the context of AD. β-amyloid plaques are
typically found outside the cell, but considerable evidence is
pointing toward a potential pathogenic relevance of intracellular
Aβ accumulation.6 Thus, peripherally inoculated β-amyloid-rich
extracts have been shown to induce formation of amyloid deposits
within the brains of APP transgenic mice, conﬁrming that
characteristics generally associated with prions are shared by
other amyloidogenic polypeptides.7 By analogy to the existence
of prion strains, the presence of multiple aggregated forms of Aβ,
known as ﬁbril polymorphism, could contribute to variations in
neurotoxicity and AD pathology.8 A key step in understanding
these phenomena lies in the ability to probe in situ the occurrence
of amyloid aggregation in experimental models of disease.
Traditional high-resolution imaging techniques, such as electron microscopy (EM) and atomic force microscopy (AFM),
have proved to be powerful for studying protein aggregation in
excised tissue or in vitro.9 Fluorescence techniques are, however,
also developing rapidly and have recently been applied to studies
of protein aggregation in a cellular context,10 and highly speciﬁc and versatile labeling tools are now available for functional
imaging using immunocytochemistry or ﬂuorescent protein
technology. These methods permit the spatial distribution of
virtually every cellular substructure or protein to be analyzed in
both ﬁxed and living samples,11 but in comparison to EM and
AFM, their ability to characterize molecular species has until
recently been limited by the fact that optical diﬀraction limits the
obtainable spatial resolution to around 250 nm in the imaging
plane, orders of magnitude larger than the size of typical biological macromolecular structures. The relatively recent development of optical super-resolution techniques, such as stimulated emission depletion (STED)12 structured illumination
(SIM),13 and single-molecule localization and reconstruction
techniques,14 however, is beginning to bridge this resolution gap.
Single-molecule localization techniques now routinely achieve a
lateral resolution in the 20 30 nm range with variants including
photoactivated localization microscopy (PALM), ﬂuorescence
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PALM (FPALM), stochastic optical reconstruction microscopy
(STORM), and direct STORM (dSTORM), all of which are
powerful imaging methods that are comparably simple to implement. In the latter two approaches, increased spatial resolution is

W Extracellular Aβ1 40 is readily taken up by HeLa cells.
Figure 1. b
(Left panel) Human HeLa cells were incubated with 0.5 μM HiLyte
Fluor 488 Aβ1 40 for 1 h, washed, and imaged on a confocal microscope.
(Right panel) The same cells were ﬁxed with 4% paraformaldehyde prior
to high-resolution imaging on a structured illumination microscope. The
image shows a single xy-slice near the center of a cell containing Aβ1 40
(green), with a bright-ﬁeld image superimposed. (Top and side panels)
xz and yz maximum intensity projections of the stacks. The corresponding 3D distribution of intracellular HiLyte Fluor 488 Aβ1 40 inside the
cell is shown in video 1 .
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achieved by sequentially photoswitching individual ﬂuorophores
between a ﬂuorescent on-state and a nonﬂuorescent oﬀ-state,
which leads to a temporal separation of the individual ﬂuorophores from an ensemble of emitters. The emission patterns are
recorded on a wide-ﬁeld ﬂuorescence microscope equipped with
a sensitive CCD camera, and the individual ﬂuorophores can
then be located precisely by ﬁtting point spread functions (PSFs)
to the measured photon distributions. As long as distinct emission patterns can be recorded for individual ﬂuorophores (i.e.,
provided that recorded PSFs are spatially separated), the standard error of the ﬁtted position can be minimized by increasing
the number of photons collected, thus reducing noise.15
In the present study we used confocal ﬂuorescence microscopy and SIM to investigate Aβ uptake when exogenously
added to cells in culture, before applying dSTORM14c,e to probe
directly, with near nanometer resolution, the nature of the
ensuing intracellular amyloid deposits formed by these peptides
in vivo. In a ﬁrst set of standard confocal ﬂuorescence microscopy
experiments we used HiLyte Fluor 488-labeled Aβ1 40 (Cambridge
Bioscience, Bar Hill, UK) and showed that the Aβ peptide had
been taken up by the cells within 1 h of incubation (Figure 1).
We veriﬁed the intracellular location of Aβ1 40 using highresolution, volume-resolved, SIM (see Figure 1, right panel and
corresponding video 1, and SI). Similar studies were performed
for SH-SY5Y cells (SI, Figure 1) and it was found that internalization is independent of whether the cell lines were neuronal

W dSTORM imaging permits the nature and morphology of intracellular Aβ1 42 aggregates to be probed in situ. Top row (Left):
Figure 2. b
Fluorescence images of Aβ1 42 ﬁbrils formed in vitro on the surface of a coverslip. (Center): dSTORM image performed in TIRF mode corresponding to
the ﬂuorescence image on the left (see also video 2). (Right): Adjacent ﬁbrils can be resolved well below the diﬀraction limit. Fibril diameters were
determined to be in the 40 50 nm range from the full width half-maximum points of cross-sectional proﬁles. In addition to the actual ﬁbril diameter,
there is a signiﬁcant contribution to this width from the size of ﬂuorescent antibodies used in the immunochemical labeling procedure. Bottom row (Left
and center): Fluorescence image and corresponding dSTORM image of a section of a cell containing Aβ1 42 ﬁbrils. dSTORM was performed with
highly inclined illumination (see Supporting Information [SI]). (Right): Intensity proﬁle across a transverse section of a dSTORM image displaying
intracellular Aβ1 42 aggregates.
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(SH-SY5Y cells) or non-neuronal (HeLa cells) in origin. We used
FM4-64 as a marker for endocytotic vesicles to conﬁrm the
hypothesis that initially soluble and extracellular Aβ peptide
becomes internalized and sorted into vesicles (SI, Figure 1).
Previous studies have shown that Aβ species can accumulate in
multivesicular bodies (MVBs) inside the cell,6a,16 as well as in
lysosomes and other vesicular compartments.17 The compartmentalization into vesicles increases local Aβ concentrations and
restricts the peptide to a conﬁned space, factors known to favor
intermolecular aggregation reactions.18 There has been previous
evidence that the loss of integrity of endosomal/lysosomal membranes represents an early event in Aβ pathogenesis,19 and it has
been suggested that leakage of intracellular vesicles may lead to
Aβ-dependent cell death.19 It is possible that the spontaneous growth
of amyloid ﬁbrils causes stress and even rupture of lysosomal
membranes, leading to release of Aβ into the cytoplasm.
Figure 1 makes evident that the resolution provided by
confocal ﬂuorescence imaging and even structured illumination
methods do not feature a suﬃcient spatial resolution to yield
information on the morphology of the various Aβ species. Using
super-resolution ﬂuorescence imaging, however, we have been
able to deﬁne important details of the intracellular aggregates that
Aβ forms when exogenously added to cells in culture. One
approach involved the use of direct labeling of Aβ1 40 with
HiLyte Fluor 647 (a carbocyanine derivative) via an additional
cysteine residue at the N-terminus. Another involved detection
of unlabeled Aβ1 42 by means of a primary antibody reactive to
residues, 1 17 in the Aβ peptide sequence (6E10, Covance,
Leeds, UK) and a secondary antibody labeled with Alexa Fluor
647. In both cases we typically detected 1000 5000 photons per
frame from single ﬂuorophores, allowing a localization precision
of better than 20 nm15a in the imaging plane, a limit determined
experimentally from repetitive localizations of individual Alexa
Fluor 647-labeled antibodies.
We ﬁrst veriﬁed that dSTORM is capable of resolving amyloid
structures in vitro. Figure 2, top row, center panel, shows the
morphology of small ﬁbrillar structures present in a 390 μM
stock solution of Aβ1 42. A comparison with the image in the left
panel, obtained with conventional imaging, demonstrates the
dramatic resolution enhancement aﬀorded by dSTORM (see
also video 2). These images were obtained in total internal
reﬂection ﬂuorescence (TIRF) mode to image ﬁbrils immobilized on the sample coverslip. Our custom built dSTORM
microscope can also be operated in highly inclined illumination
mode to permit imaging deep inside cells (see SI, Figures 2 5).
We veriﬁed that dSTORM is capable of resolving the morphology of Aβ1 42 aggregates in situ, deep inside cells (Figure 2,
bottom row, and Figure 3 with corresponding video 3). The
images were obtained from cells incubated for 1 h with a 0.5 μM
solution of Aβ1 42. The incubating medium was obtained by
dilution from preconcentrated stock solutions containing both
monomeric and aggregated species of Aβ1 42 (see SI, Figure 7,
top row), and it is possible that both types are taken up by the
cells. Upon dilution, no further aggregation took place and hence
no further ﬁbril growth was observed in the extracellular space. In
contrast, within cells, larger and growing aggregates appeared
already within one hour after incubation. (compare Figure 2, top
and bottom rows, central panel). On the other hand, cells in
contact with soluble Aβ1 40 showed at most small oligomeric
species within the cells (SI, Figure 6).
The dSTORM images were subjected to more detailed
analysis in order to probe the morphology of the intracellular
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W Super-resolution image of intracellular Aβ1 42 (see video 3).
Figure 3. b
Fluorescence and corresponding dSTORM images showing small
oligomeric (arrow heads) and ﬁbrillar (arrows) forms of Aβ1 42 formed
within HeLa cells detected with a primary antibody against Aβ and a
secondary antibody conjugated with Alexa Fluor 647. White rectangles
on the three panels indicate the same ﬁeld of view. Images were recorded
in highly inclined illumination mode (see SI).

aggregates of Aβ. Cross sections of the ﬁbrils show that the lateral
resolution achieved by dSTORM is suﬃcient to identify individual ﬁbrils of Aβ1 42 both in vitro and in vivo (Figure 2) and
reveal that intracellular ﬁbrils have a similar morphology to that
of ﬁbrils observed in vitro (SI, Figure 7). In particular, intracellular ﬁbrils show a multimodal distribution of lengths in the range
between 0.3 and 1.9 μm (SI, Figure 8, left). The majority appear
straight, but about 10% of the ﬁbrils exhibit bending angles in the
range 135 165 (SI, Figure 8, right). These characteristics are
similar to those observed for Aβ1 42 ﬁbrils derived from the post
mortem brains of AD patients.20
The dSTORM images have substantially increased optical
resolution relative to that characteristic of conventional imaging.
The improvement in spatial resolution achieved with dSTORM is
demonstrated with single amyloid ﬁbrils, since cross-sectional
proﬁles (Figure 2, top row, far right) display distances between
adjacent ﬁbrils of less than 100 nm and apparent diameters of
individual amyloid ﬁbrils of 40 50 nm. Considering the size of the
IgG antibodies (∼ 8 10 nm) used to label the peptides, our data
indicate that the diameters of individual ﬁbrils, are ∼20 30 nm,
comparable to what is typically measured in vitro by TEM
(SI, Figure 7). In addition, intracellular Aβ, as we report here, has
been implicated in the formation of extracellular amyloid plaques.16c
Our observations are furthermore in line with previous proposals
that cytoplasmic aggregates contribute to Aβ pathogenicity.6c
Finally, the methodology described here oﬀers a powerful
approach to the study of misfolding and aggregation in a context
that is of relevance for living systems. It is readily adapted for the
investigation of other amyloidogenic proteins, such as R-synuclein, Tau and Huntingtin, and could, in addition to studies of the
type discussed here, be used diagnostically to probe amyloid
formation in tissue samples taken from patients. From a therapeutic point of view, a better understanding of the intracellular traﬃcking and fate of peptides associated with misfolding
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disorders will undoubtedly pave the way for more eﬀective
intervention to treat or prevent these highly debilitating and
rapidly proliferating conditions.
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