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he deposition of proteins that have
Tfailed both to fold correctly and to be

cleared successfully in organs and
tissues is a pathological feature of many of
the most common age-related degenerative
diseases."” The formation of aggregates, of-
ten as well-defined amyloid structures, has
been shown to play a central role in the
pathogenesis of many of these conditions,
of which Alzheimer's disease is the most
common.? Consequently, much research
has focused on defining the properties of
protein aggregates and how these relate to
their pathogenic effects in vivo. There are
now, for example, several atomic level models
of the structures of amyloid fibrils that have
been obtained using various combinations of
solution and solid-state NMR spectroscopy,
X-ray diffraction, and cryo-electron micro-
scopy (EM) techniques* ” Such structural
information has been vital in providing an
understanding of the physicochemical prop-
erties underlying their formation and stability.
However, much less information is available
about the more heterogeneous precursors to
these highly organized fibrils, despite the fact
that these precursor species are now thought
to be crucial elements in the pathogenesis of
many amyloid diseases® '® or about the
nature of their interactions in vivo with cell
organelles.

In order to address these vital aspects of
our understanding of the relationship be-
tween protein aggregation and disease, we
have set out to probe the detailed molecular
structures of protein aggregates in situ, that
is, within cells. Progress toward this goal
has previously been made largely by using
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ABSTRACT The aggregation of mis-
folded proteins is a common feature under-
lying a wide range of age-related degenera-
tive disorders, including Alzheimer's and
Parkinson's diseases. A key aspect of under-
standing the molecular origins of these
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conditions is to define the manner in which specific types of protein aggregates influence

disease pathogenesis through their interactions with cells. We demonstrate how selenium-

enhanced electron microscopy (SE-EM), combined with tomographic reconstruction methods,

can be used to image, here at a resolution of 5—10 nm, the interaction with human

macrophage cells of amyloid aggregates formed from AS,s5 3¢, a fragment of the AS peptide

whose self-assembly is associated with Alzheimer's disease. We find that prefibrillar

aggregates and mature fibrils are distributed into distinct subcellular compartments and

undergo varying degrees of morphological change over time, observations that shed new light

on the origins of their differential toxicity and the mechanisms of their clearance. In addition,

the results show that SE-EM provides a powerful and potentially widely applicable means to

define the nature and location of protein assemblies in situ and to provide detailed and specific

information about their partitioning and processing.

KEYWORDS: amyloid 5 - neurodegeneration - cytotoxicity - electron

microscopy - macrophages

immunostaining with antibodies that de-
tect specific conformational features of pro-
tein aggregates in combination with either
fluorescence or transmission electron mi-
croscopy or by detecting changes in the
properties of fluorescently tagged proteins
as they aggregate.'””~2* Our aim is to build
upon such studies and provide the type
of nanoscale morphological information
about aggregates in vivo that is provided
by cryo-EM techniques in vitro.>>*° Indeed,
such techniques can provide information
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Figure 1. Characterization of Af3,5_3¢ aggregation and toxicity. Bright-field TEM images of Se-Af3,5 3¢ produced in vitro in (a)
prefibrillar and (b) fibrillar forms. (c) Viability of HMMs exposed to Af3,s 3¢ with and without a selenium substitution at
different stages of aggregation, as assessed by the MTT viability assay; * = statistically significant cytotoxicity (p < 0.01) when
compared with cells exposed to buffer only. (d) HAADF-STEM image of HMMs exposed to mature fibrils of Se-Af3;5 36 for 24 h.
(e) HAADF-STEM image showing fibrils in the vicinity of the cell membrane of an HMM. An EDX line spectrum was recorded
through extracellular space, a fibrillar aggregate, and the cell cytoplasm, as indicated by the line XY. (f) EDX spectrum at the
point of highest selenium EDX signal and highest HAADF signal along the line XY in (e). (g) Selenium profile and HAADF
intensity profile along the line XY in (e). The X-ray counts within an energy window around the selenium peak in (f) were
extracted along the same line; the peak in the presence of selenium corresponds to the peak in HAADF intensity. C =
cytoplasm; N = nucleus; A = aggregates; ES = extracellular space; PM = plasma membrane. The data shown in (e—g) have been

included in the proceedings of a conference.*®

at the resolution of individual protein molecules,
although they are challenging to apply in cellular systems
because of the difficulties in visualizing carbon-rich
protein aggregates within a carbon-rich environment.

To attempt to overcome this latter problem, we use a
label-free EM technique,?” which we term selenium-
enhanced electron microscopy (SE-EM), to define as a
function of time the subcellular location and the
morphological features of individual aggregates of
ApB55_36 Within human monocyte derived macrophage
cells (HMM:s). The underlying principle of SE-EM is that
by substituting the naturally occurring sulfur atom in
cysteine or methionine residues in a protein with sele-
nium, an element of higher atomic number, the extent to
which electrons interacting with the protein molecule
undergo Rutherford scattering is significantly enhanced
(by a factor of approximately 4.5 in this case).?” Crucially,
the selenium-substituted residues have extremely similar
biochemical properties, resulting in few, if any, perturba-
tions to the system. Indeed, the use of such substitutions
to provide multiwavelength anomalous diffraction is a
well-established tool in X-ray crystallographic protein
structure determination.?® In the context of electron
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microscopy, however, one can use high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) to detect a selenium-substituted protein
aggregate against its carbon-rich cellular environment
without any extrinsic labeling or staining.’

Here we demonstrate how the SE-EM technique
can be used to define subcellular localization and
the morphological features of individual aggregates
of Af;5_ 36 within HMMs and to identify changes
in their characteristics as a function of incubation
time.

RESULTS AND DISCUSSION

We first generated in vitro aggregates of Af,s_3¢
with a selenium atom incorporated into the
methionine residue at position 35 in the sequence
(Se-Af15_36), @ substitution which we have shown does
not alter the rate of aggregation of the peptide as
measured by thioflavin T fluorescence (Supporting
Information Figure S1a). After 3 h of aggregation of
Se-Af,5 36 under the conditions used in this study, the
major species present were observed by bright-field
TEM to be heterogeneous prefibrillar aggregates (Figure 1a).
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These prefibrillar species are clearly distinct in mor-
phology from the mature fibrils (Figure 1b) that
are the major species present at later times in the
aggregation reaction, after ca. 12 h. Atomic force
microscopy measurements reveal that the prefibrillar
aggregates have heights ranging from 7 to 24 nm
(mean 173 £ 4.2 nm, Supporting Information
Figure S1d), whereas the fibrils have heights ranging
from 4.5 to 9.5 nm (mean 6.3 £ 1.4 nm) and lengths
of up to several hundred nanometers (Supporting
Information Figure S1e).

The effects of addition of the different aggregated
forms of both the Se-substituted and Se-free Af25_ 36
to HMMs were then explored (Figure 1c). For both Se-
substituted and Se-free Af,s 3, neither the mono-
meric nor the fibrillar forms have significant effects on
the viability of HMMs whether measured by the MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide] or live/dead cell viability assays (Supporting
Information Figure S2). By contrast, treatment with
10 uM of the prefibrillar forms of either Se-Af,5 3¢ or
its Se-free analogue causes significant reductions in the
viability of HMMs (Figure 1c and Supporting Informa-
tion Figure S2). These observations are consistent with
previous reports on similar types of aggregates of a
variety of systems indicating that prefibrillar oligomeric
species have significantly greater toxicity than either the
monomeric or fibrillar forms of proteins.>®~'6

To explore whether or not the different types of
aggregates of Se-Af;s 3¢ could be detected when
added to HMMs, we next performed HAADF-STEM
imaging of cells treated with fibrillar aggregates of
Se-Af15_36 for 24 h. This approach revealed regions of
high scattering intensity that are easily identifiable
within the cellular environment (Figure 1d). The pre-
sence of selenium, as opposed to other atoms with
high atomic numbers, such as iron, in regions of high
scattering intensity was also confirmed using energy-
dispersive X-ray (EDX) spectroscopy along a transect
through the cell cytoplasm, a region of high scattering
intensity, and the extracellular space (Figure 1e). The
peak at 1.4 keV in the EDX spectrum collected at the
point of highest HAADF image intensity confirms the
presence of selenium (Figure 1f), and thus of the Se-
AfB3s_36 peptide, at this location.

As the specific interactions of the electron beam
with the specimens that dominate image contrast can
be varied by altering image acquisition parameters, we
collected images at high and low angles to observe
how the mass and thickness of an object and the
atomic composition of its constituent molecules affect
the images. We note that at higher collection angles the
contrast arises predominantly from the variations in the
atomic number of the elements present, whereas at
lower collection angles, variations in mass and thickness
dominate the contrast of the image (Supporting Informa-
tion Figure S3). This procedure allowed us to select the
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most suitable collection angles for each form of STEM
imaging analysis undertaken in this work.

Having determined that aggregates of Se-Af,5_36
can be clearly distinguished from the other compo-
nents of the cellular environment, we proceeded to
collect further images of fibrillar Se-AB,s_3¢ aggre-
gates, taken at periods of 2 and 24 h following their
addition to HMMs, to investigate the changes in these
species over time. After incubation for 2 h, the fibrillar
species were observed predominantly on the outer
surface of the plasma membrane (Figure 2a) and only
occasionally inside the cell cytoplasm (Figure 2b). After
24 h of incubation, however, the aggregates appear to
have lost their fibrillar structure and instead resemble
irreqular and amorphous structures (Figure 2c—I).
Indeed, images of these aggregates (Figure 2c,d)
suggest that they are now poorly defined species that
appear to be at least partly degraded when compared
to those fibrillar species observed in the extracellular
space 2 h after their addition to the cells (Figure 2a).
Twenty-four hours after the addition of fibrils to the
HMM cells, aggregates are also visible within the cells.
These intracellular aggregates have the appearance of
condensed globular species and are located both
within vesicles (Figure 2e,f) and within the cytoplasm
(Figure 2h). Higher resolution images of these vesicular
and cytoplasmic aggregates confirm their globular
appearance and allow us to determine that they
have diameters between 10 and 30 nm (Figure 2g,h).
Strikingly, such globule-like species closely resemble
structures of similar size and shape that are observed
both in the aggregation and disaggregation®® pro-
cesses of amyloid fibrils in vitro, which are often
described as oligomers or prefibrillar species.

Addition of prefibrillar aggregates of Se-Af,5_3¢ to
cultures of HMMs reveals a very different behavior from
that observed following addition of the fibrillar aggre-
gates. After incubation for 2 h, the prefibrillar aggre-
gates are observed not only to be in close proximity to
the plasma membrane but also to be distributed
throughout the cytoplasm and within intracellular
vesicles (Figure 2i,). Indeed, after 24 h of incubation
with HMMs, the prefibrillar aggregates are found pre-
dominantly within intracellular vesicles (Figure 2k) and
in the cytoplasm (Figure 2I—n) and even occasionally in
the cell nucleus (Figure 20,p). It is striking, however,
that in contrast to the fibrillar species described above
the appearance of these prefibrillar aggregates does
not change significantly, even after 24 h of incuba-
tion with HMMs; in particular, observation of individual
prefibrillar aggregates within the cytoplasm after
24 h shows that the aggregates have retained their
globular appearance and their diameters have not
changed significantly and still range from approxi-
mately 10—50 nm (Figure 2i—p).

As the precise localization of the aggregates in relation
to the cell membrane, and intracellular compartment, can
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Mature fibrils

Prefibrillar aggregates

Figure 2. SE-EM imaging of Se-Af,5_36in HMMs. (a,b) HAADF-STEM images of HMMs exposed to mature Se-Af,s_ 3¢ fibrils for
2 h showing (a) mature fibrils aligned with the plasma membrane and (b) a fibril within the cytoplasm of the cell. (c—f) HAADF-
STEM images of HMMs exposed to mature fibrils of Se-Af3,5_ 3¢ for 24 h. The aggregates can be seen to be associated with the
plasma membrane (c,d) and within intracellular vesicles (e,f); regions marked X (in an intracellular vesicle) and Y (in the cell
cytoplasm) in (f) are shown at higher magpnification in (g) and (h), respectively. (i,j) HAADF-STEM images of HMIMs exposed to
prefibrillar Se-Af,s 3¢ aggregates for 2 h. (k—p) Examples of HAADF-STEM images of HMMs exposed to prefibrillar
aggregates of Se-Af3,5_36 for 24 h. The aggregates are observed in intracellular vesicles (k), the cell cytoplasm (I-n), and
the cell nucleus (o,p). C = cytoplasm; ES = extracellular space; A = aggregates; PM = plasma membrane; IV = intracellular

vesicle; N = nucleus. (p) Included in proceedings of a conference.*°

be difficult to determine unambiguously in two dimen-
sions, we proceeded to analyze the location of both
fibrillar and prefibrillar aggregates of Se-AB,s 3¢ after 24 h
of incubation with HMMs using 3D STEM tomography.
The 3D tomographic reconstructions, both of sections and
of whole freeze-dried cells treated with fibrillar aggre-
gates, confirm that the fibrils are predominantly found in
the vicinity of the plasma membrane after 24 h (Figure
3a—q). By contrast, prefibrillar species are observed to be
distributed throughout the intracellular environment at
this same time point rather than clustering at the cell
surface (Figure 3d—f). Movies of all tomographic data sets
are available in the Supporting Information.

MCGUIRE ET AL.

These observations indicate that the distribution of
aggregates differs significantly within HMMs that are
exposed to prefibrillar or to mature fibrils and as a
function of the time of exposure. To probe this phe-
nomenon further, we undertook a quantitative analysis
of the way in which localization of the two forms of
aggregate varies with the time of exposure to the cells.
This analysis revealed the following: (i) The majority of
mature fibrils observed in each sample is located at the
plasma membrane at every exposure time examined
(Figure 4a), whereas the majority of the prefibrillar
aggregates is always located within the cytoplasm
(Figure 4b). (i) The frequency with which mature fibrils
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Figure 3. SE-EM tomographic reconstructions of Se-Af3,5_3¢ aggregates in cells. (a) HAADF-STEM image of an HMM that had
been exposed to mature Se-Af3,s_ 3¢ fibrils for a period of 24 h. (b) Three-dimensional tomogram of the boxed area. Blue = cell,
black = aggregates, white = extracellular space. (c) Three-dimensional reconstruction of a freeze-dried whole cell exposed to
mature fibrils of Se-AS,s5 3¢, yellow = cell, blue = aggregates. (d) HAADF-STEM image of a prefibrillar aggregate of Se-Af,5 3¢
in the cytoplasm of an HMM. (e) Three-dimensional tomogram of the boxed area; blue = cytoplasm, black = aggregates.
(f) Three-dimensional reconstruction of a freeze-dried cell; yellow = cell, blue = aggregates. ES = extracellular space; PM =
plasma membrane; A = aggregate; N = nucleus; C = cytoplasm. (d,e) Included in the proceedings of a conference.*
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Figure 4. Time-dependent evolution of the subcellular distribution of Se-Af3,5_3¢ aggregates in cells. The data refer to HMMs
following exposure to prefibrillar or fibrillar species for 2, 6, and 24 h. (a,b) Proportions of the total number of aggregates observed
within each of the four indicated compartments of the cell after exposure to mature fibrillar aggregates (a) or prefibrillar
aggregates (b). (c,d) Frequency with which the aggregates are observed in different subcellular locations as a function of the cell
volume determined for mature fibrils (c) and prefibrillar aggregates (d). Error bars = SEM.
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are observed at the plasma membrane and in intracel-
lular vesicles reaches its maximum value after 6 h of
exposure before declining (Figure 4c); the latter ob-
servation is likely to reflect clearance of these aggre-
gates from the cells. By contrast, the frequency with
which prefibrillar aggregates are observed in all of the
locations examined continues to increase with time,
reflecting their progressive accumulation within the
cells (Figure 4d). (iii) Although fibrillar aggregates or
their degradation products are never observed in the
nucleus, prefibrillar aggregates are occasionally ob-
served in this organelle. Together, these observations
demonstrate that exposure of HMM:s to prefibrillar and
fibrillar aggregates results in very different preferences
for their sites of interaction with the cell, and that the
dynamics of their distributions throughout the cells are
also quite different.

CONCLUSION

The use of the SE-EM technique in this study has
allowed us to begin to probe the relationships be-
tween the structure and location of specific aggregates
of an amyloidogenic peptide, here Af3,s_3¢, and their
toxic effects. Of particular significance is the finding
that when prefibrillar species and mature amyloid
fibrils are taken up into cells, they are distributed into
distinct subcellular compartments where they under-
go varying degrees of morphological change over
time; such differences are very likely to be strongly
related to differences in their intrinsic toxicity® '® and

MATERIALS AND METHODS

Peptide Preparation and Aggregation. All AS,s 36 peptides gen-
erated through solid-phase synthesis were purchased from
Bachem (Weil am Rhein, Germany). Se-substituted peptides
were synthesized by the same method used for the natural
peptide, but with methionine being replaced with seleno-
methionine during the synthesis process. Solutions of the
Af,s_36 peptides were prepared by dissolving the freeze-dried
peptides in TFA/HFIP, a method that efficiently disrupts any
preformed aggregates present in the solutions.>* The peptides
were then dissolved in 50 mM sodium phosphate buffer at pH
7.4, with 100 mM NaCl, to give a protein monomer concentra-
tion of 100 uM. Aliquots of these solutions were added to the
cell medium immediately after dissolution in buffer or following
incubation at 37 °C for specified periods of time.

Exposure of Cells and Viability Assays. Isolation and culture of
HMMs were carried out as described previously.>*3¢ The MTT
assay, in which the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide] (MTT) by cells is measured to
give a measure of their mitochondrial function and thus the
number of healthy cells, was carried out following a previously
published protocol®® as was the live/dead viability assay, in
which the incorporation of propidium iodide into the nuclei of
dead cells is compared to the incorporation of Hoechst, which
binds to the nuclei of all cells, in order to assess the percentage
of cells that are viable.*® Statistical analysis was performed using
a two-tailed type 2 t test with significance set at p < 0.01.

Cells for electron microscopy analysis were seeded in 6-well
tissue culture plates at between 4 x 10° and 8 x 10° cells/well.
Solutions containing Se-Af3,5_36 aggregates at a protein con-
centration of 10 uM (based on the concentration of protein
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the mechanisms of their clearance.>® Additional stud-
ies in which SE-EM is applied to other systems, includ-
ing the full length AS peptides, and to other cell types
and even whole tissues should, therefore, have
the potential to provide detailed insights into these
systems, particularly in conjunction with complemen-
tary studies involving techniques such as optical
imaging.'”?%?* Additionally, the SE-EM strategy can
be extended further by using recombinant protein
strategies that enable the production of seleno-con-
taining proteins; these strategies include the use of
cysteine/methionine auxotrophic cell lines as well as
novel biosynthetic incorporation strategies, which of-
fer the possibility of site-specific labeling of individual
amino acids. Similarly, a range of protein transduction
techniques are available that would enable the ready
import of seleno-containing proteins into live cells.3'3?
The combination of the techniques described here
with new cryo-machining methods capable of gener-
ating thin intracellular lamellae will also open the door
to the study of protein assemblies inside eukaryotic
cells at molecular scale resolution.®® Therefore, the
present results reinforce the view®” that SE-EM has
the potential to become a generally applicable method
to study protein assemblies in situ as well as to enhance
significantly our view of how protein aggregates inter-
act with cells and, consequently, our understanding of
the origin and progression of the neurodegenerative
conditions whose prevalence is increasing dramatically
in the modern world.

monomers) were added to the cell culture medium, and after
periods of 2, 6, or 24 h of exposure to the Af,s 36 peptide
solutions, cell fixation and embedding was carried out following
a previously published protocol>>*¢

Electron Microscopy. Sections of fixed and embedded cells
were cut with an ultramicrotome using a 35° wedge angle
diamond knife and floated on distilled water. Sections were
immediately collected on uncoated 300 mesh copper grids
(Agar Scientific, Stansted, UK) and dried for 30 min at 37 °C.
Sections of 70—100 nm thickness were used for imaging
studies, and thicker (200—300 nm) sections were used for STEM
tomography analysis. In order to visualize entire cells in the
electron microscope using 3D STEM tomography, freeze-dried
HMMs were prepared following a previously published
technique.®® Bright-field TEM imaging was performed on a JEOL
2000 microscope operating at 120 kV. HAADF-STEM imaging
was carried out on an FEI Titan 80/300 aberration-corrected
TEM/STEM microscope operating at 300 kV with a STEM probe
size of approximately 0.24 nm. Inner and outer HAADF collec-
tion angles of 8 to 33 mrad and 41 to 161 mrad, respectively,
were used. All statistical analyses and imaging were performed
on three different cell exposures, and hundreds of cell profiles
were surveyed from each exposure. In the EDX analysis in
Figure 1, a selenium peak was collected at 1.4 keV from 10
different regions of the Se-Af,s 3¢ peptide. This analysis was
performed on three different exposures.

STEM Tomography. Electron tomography of thick sections
(200—300 nm) of resin-embedded cells was carried out in STEM
mode using inner and outer collection angles of approximately
13 and 64 mrad, respectively. Images were collected at tilt
angles ranging from —50 to +50° using a step size of 2°, at
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a resolution between 2.5 and 4.0 nm/pixel, a pixel dwell time of
20 us, and an electron dose rate between 4 and 5 x 10° A/m. In
order to prevent the presence of intracellular organelles com-
plicating the detection of protein aggregates, tomography of
freeze-dried whole cells was carried out using inner and outer
collection angles of approximately 32 and 160 mrad, respec-
tively. Images were collected at tilt angles ranging from —70 to
+70° using a step size of 2° up to £50° and 1° at higher tilt
angles; images were collected at a resolution of 10—15 nm/
pixel, a pixel dwell time of 30 us, and an electron dose rate
between 4and 5 x 10° A/m2 Three-dimensional reconstruction
was carried out using a simultaneous iterative reconstruction
technique (SIRT)*’3® using Inspect3D (FEl, Eindhoven, The
Netherlands). Three-dimensional volumes were visualized using
Amira visualization software (Amira, Berlin, Germany).

Visualization of the 3D reconstructions of freeze-dried
whole cells was carried out by creating isosurfaces based on
the intensity levels of regions within each tomographic data set.
A transparent isosurface was created at one intensity level to
represent the whole cell, and another opaque isosurface was
created at a higher intensity level to represent only those
regions within the cell volume that were of particularly high
intensity. This procedure means that the cell membrane ap-
pears to be outside the selenium-enhanced aggregates in cells
that have been exposed to fibrils because the scattering
intensity of the aggregates falls away gradually rather than
disappearing instantly, partly as a result of the averaging that
occurs in the reconstruction process and partly due to the
method of data collection; the images used to create the
tomographic data sets were collected at relatively low magni-
fication where it is not possible to distinguish the various
morphologies of the aggregates. This effect is also com-
pounded by the averaging that occurs in the data reconstruc-
tion procedure; thus the areas of high intensity appear as large
amorphous regions rather than as distinct aggregates.

Quantification of the Subcellular Distribution of Aggregates. Quan-
tification of the intracellular distribution of Se-Af,5_3¢ aggre-
gates was carried out by mapping out randomly located areas of
cell sections and collecting overlapping STEM images. Maps
were reconstructed, and the total cross sectional area of the
cells examined was measured by thresholding using Image)
(NIH, Maryland, USA). The cross sectional area was then multi-
plied by the section thickness to give the volume of cell
examined. The mapped out areas were subdivided into 10
smaller areas containing approximately equal cell volumes,
and the number aggregates in each of the four subcellular
locations—in an intracellular vesicle, in the cell cytoplasm, in
the cell nucleus, or associated with the cell membrane—were
counted. The frequency with which aggregates were observed
in each subcellular location for each of the 10 selected fields was
then calculated by dividing the number of aggregates observed
by the cell volume. Statistical analysis was carried out on these
values to give a mean, standard deviation and standard error. In
order to exclude the possibility of including iron or ferritin
granules in the assessment of the number of aggregates
present only those aggregates that had at least one dimension
of at least 50 nm were counted. An aggregate was classified as
being in an intracellular vesicle if resin (having an intensity
similar to that of the extracellular space) was visible between
the aggregates and the cell cytoplasm. The number of aggre-
gates in each location was also calculated as a percentage of the
total number of aggregates counted to give the relative abun-
dance of aggregates in the different subcellular compartments.

Atomic Force Microscopy (AFM). Samples were drop-cast onto
mica substrates and allowed to dry. Tapping mode AFM was
carried on all samples using a nanoscope IV microscope
(Nanoscope IV) using Pointprobe silicon cantilevers
(purchased from Windsor Scientific, Slough, UK.).
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