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ABSTRACT: The concentration ofâ-amyloid peptide (Aâ), x-42 or x-40 amino acids long, increases in
brain with the progression Alzheimer’s disease (AD). These peptides are deposited extracellularly as highly
insoluble fibrils that form densities of amyloid plaques. Aâ fibrillization is a complex polymerization
process preceded by the formation of oligomeric and prefibrillar Aâ intermediates. In some of our in
vitro studies, in which the kinetics of intermediate steps of fibril formation were examined, we used
concentrations of synthetic Aâ that exceed what is normally employed in fibrillization studies, 300-600
µM. At these concentrations, in a cell free system and under physiological conditions, Aâ 1-40 peptide
(Aâ40) forms fibrils that spontaneously assemble into clearly defined spheres, “âamy balls”, with diameters
of ∼20-200µm. These supramolecular structures show weak birefringence with Congo red staining and
high stability with prolonged incubation times (at least 2 weeks) at 30°C, freezing, and dilution in H2O.
At 600 µM, they are detected after incubation for∼20 h. Aâ peptide 1-42 (Aâ42) lacks the ability to
form âamy balls but accelerates Aâ40 âamy ball formation at low stoichiometric levels (1:20 Aâ42:
Aâ40 ratio). Aâ42 levels above this ()10-50% w/w) impede Aâ40 âamy ball formation. Using light
(LM) and electron microscopy (EM), this study examines the gross morphology and ultrastructure of
Aâ40 âamy balls and their time course of formation, in the absence and presence of Aâ42, along with
some stability measures. As spheres of a misfolded protein,âamy balls resemble both AD Aâ senile
plaques and neuronal inclusion bodies associated with other neurodegenerative diseases.

A number of distinct proteins have been recognized that
have the propensity to lose their native secondary structure
and formâ-sheet-based polymeric amyloid fibrils in vivo
under circumstances that are not yet well understood. Many
of these misfolded proteins are recognized to be associated
with human disease. At least 15 such proteins are deposited
as amyloid fibrils in human tissues and are as such considered
putative pathogens in a number of distinct clinical syndromes
(1). Although the primary structure and length differ vastly
for the peptides and proteins that are capable of generating
these amyloid fibrils, the proteins still have several common
structural denominators, placing them in a structural super-
family of their own (2). Given the right conditions, synthetic
amyloid proteins form fibrils in vitro that are structurally
indistinguishable from in situ fibrils (1). Synthetic fibril
preparations have been used extensively as invaluable tools

for examining fibril kinetics, ultrastructure, and potential in
vitro neurotoxicity.

The amyloid peptide associated with Alzheimer’s disease
(AD),1 Aâ, mainly x-42 or x-40 amino acids long, is
deposited in the brain parenchyma forming highly insoluble
amyloid plaques, aggregates of amyloid fibrils. Amyloid
plaques along with neurofibrillary tangles demarcate AD
pathology, setting it apart from normal brain and brains
afflicted with other neurodegenerative disorders. Interest has
recently focused on the polymerization steps that take the
Aâ peptide from the monomer to the fibril. Studies show
that the peptide forms oligomers (3) and larger rod-shaped
structures, so-called protofibrils (4, 5), which constitute
intermediates of fibril formation. Cell free studies of in vitro
fibrillization are usually carried out using Aâ peptide
concentrations of 10-100µM, above the critical concentra-
tion of the peptide (the minimal concentration at which
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polymerization is seen) (6). In some of our initial kinetic
studies of fibrillization intermediates, we used very high
Aâ40 peptide concentrations (600µM). Surprisingly, both
Aâ40 and Aâ40Gly22 not only formed fibrils but also self-
assembled into well-defined spheres having diameters of∼20-
200 µm. This study describes the gross morphology,
ultrastructure, formation, and stability of these spheres, which
we have termed “âamy balls”, and discusses what these
supramolecular structures may add to the understanding of
(i) amyloid formation, (ii) Aâ plaque formation, and (iii)
inclusion body formation associated with other neurodegen-
erative diseases.

EXPERIMENTAL PROCEDURES

Materials. Αâ1-40 was purchased from Bachem (Bu¨ben-
dorf, Switzerland) (batch 519599) and from Biosource
International/Quality Controlled Biochemicals Inc. (BI/QCB,
Camarillo, CA, and Hopkinton, MA) (batches 0310621C,
0313621G, and 0313624A).Αâ1-40Gly22 was from BI/QCB
(two separate custom-made syntheses), and Aâ1-42 was
from Bachem (batches 511908 and 516817). The peptides
were purchased as lyophilized trifluoroacetate salts. Bovine
serum albumin (Mr ) 66 000), cytochromec (horse heart;
Mr ) 12 400), aprotinin (bovine lung;Mr ) 6500), Congo
red, and sodium azide (NaN3) were from Sigma-Aldrich Fine
Chemicals (St. Louis, MO). All other chemicals were of the
highest available purity. The Nanosep microconcentrators (30
kDa cutoff) were from Pall Filtron Corp. (Northborough,
MA). Dulbecco’s modified Eagle’s medium was from
GibcoBRL, Life Technologies LTI (Paisley, Scotland).

Peptide Purity. According to the suppliers, all peptides
were>95-99% pure on the basis of reversed phase HPLC
analysis. Amino acid analysis confirmed the amino acid
content and mass spectrometry the correct molecular weight.
In addition, we subjected aliquots of all peptide solutions
used in theâamy ball experiments to size exclusion chro-
matography (SEC) prior to incubation to confirm peptide
quantity, identity, and purity. Samples were subjected to a
wavelength scan between 200 and 400 nm using a diode-
array detector (see Size Exclusion Chromatography). Peptide
concentrations were determined using a standard curve in
the SEC program that had been generated by correlating
integrated peak absorbance units with data from quantitative
amino acid analyses generated from the same samples. With
the exception ofΑâ40Gly22, single peaks of all peptides were
observed on the chromatograms immediately following
dissolution in ddH2O and 2× PBS that coincided with the
known retention volumes for the monomeric, low-molecular
weight (LMW) peptide species. In the case ofΑâ40Gly22, a
small protofibrillar peak appeared in the void volume
immediately upon dissolution of the lyophilized peptide as
was reported previously (7). (The rapid protofibril formation
is a hallmark of this peptide.) No other peaks representing
peptide fragments, peptide with oxidized Met35, etc., could
be detected with SEC under these circumstances. Occasional
samples were also subjected to matrix-assisted laser desorp-
tion ionization time-of-flight mass spectrometry (MALDI-
TOF-MS) and amino acid analysis (PAC, Karolinska Insti-
tute, Stockholm, Sweden). These analyses always confirmed
the analytical information from the suppliers.

To further ensure that the optimum quality peptide was
used, we never weighed peptide aliquots nor did we use

peptide that had been frozen and thawed more than once.
Instead, we dissolved the peptide in the supplier’s vial
directly and used all the peptide at once. Peptide concentra-
tions were confirmed with SEC. Numerous kinetic studies
in our laboratory have indicated that peptide exposure to air
and water as well as extended storage at-20 °C causes
peptide “aging”, resulting in a low degree of experimental
reproducibility.

Size Exclusion Chromatography.A Merck Hitachi D-7000
HPLC LaChrom system having a model L-7455 diode-array
detector (DAD) and a model L-7100 pump was used for the
chromatographic analysis. A Superdex 75 PC3.2/30 column
(Amersham Pharmacia Biotech, Uppsala, Sweden) was used
for the SEC separation and analysis. The column was eluted
with 50 mM Na2HPO4 × NaH2PO4 (pH 7.4) and 0.15 M
NaCl (PBS) at a flow rate of 0.08 mL/min (pressure of 5-6
bar) at ambient temperature (22°C). All injected samples
were subjected to a wavelength scan between 200 and 400
nm. Data were extracted from measurements at 214 and 280
nm. Peak areas were integrated using Merck Hitachi model
D-7000 Chromatography Data Station Software.

Incubation. A number of parameters, including tempera-
ture, were examined when attempting to optimize conditions
for kinetic studies ofΑâ40 fibrillization (measured as the
decline in the level of LMWΑâ40) using SEC. Three
different incubation temperatures were tested: 22, 30, and
37 °C. The rate of disappearance of the LMW peptide, in
PBS (pH 7.4), increased significantly with temperature.Αâ
â-sheet formation (8), fibril elongation (9), and aggregation
(10) are reportedly temperature-dependent. Moreover, when
long (>8 days) incubation times were employed at 30°C,
an additional SEC peak appeared in the supernatant display-
ing a larger retention volume than the LMW peak, suggesting
peptide fragmentation. Increasing the temperature to 37°C
significantly enhanced the fragmentation rate, and that is why
we decided to employ 30°C not only for kinetic studies but
also forâamy ball experiments. Self-fragmentation ofΑâ40
in a water solution at 37°C has been observed previously
(11).

For âamy ball experiments, peptides were dissolved in
double-distilled water (ddH2O). An equal volume of 2× PBS
was added giving a final PBS concentration of 50 mM Na2-
HPO4 × NaH2PO4 (pH 7.4) and 0.1 M NaCl ((0.02% w/v
NaN3) and a final peptide concentration of 60-600 µM.
Samples (150µL) were incubated in Nanosep ultrafiltration
vials at 30°C without agitation, in the dark, for various
periods of time. Incubation was discontinued by centrifuging
samples in a fixed angle rotor in an Eppendorf 5417R
centrifuge at 14900g for 10 min at 16 °C. In some
experiments, such as the time course study, the centrifugation
step was omitted. Eppendorf tubes were used in some
experiments instead of the Nanosep vials.âamy balls formed
in these vials as well, excluding the possibility that plausible
impurities associated with the ultrafiltration vial were
involved in âamy ball formation.

In total, six separate 8-13 day incubations were carried
out when Aâ40âamy ball formation was being investigated.
In four of these incubations, Aâ40Gly22 samples were run in
parallel, and in three experiments, samples of the Aâ40/
Aâ40Gly22 mixture and Aâ42 were included. Light micro-
scopic and transmission electron microscopic (TEM) exami-
nation was performed on preparations from four experiments.
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Light and Electron Microscopy. When incubations had
been terminated by centrifugation,âamy balls were fixed
by adding 3% glutaraldehyde to the ultrafiltration chamber
holding the filter with the pelletedâamy balls. Samples with
glutaraldehyde were then centrifuged again at the same
centrifugation settings. The tube was then refilled with
glutaraldehyde and refrigerated until fixation and staining
procedures were continued. Filters were then removed from
the Nanosep tube and postfixed in OsO4 (2%). Epoxy plastic
embedding of the filters was preceded by dehydration. For
LM examination, semithin (1µm) sections were cut and
stained with toluidine blue. Ultrathin (70-80 nm) sections
were prepared for EM examination using uranyl acetate and
lead citrate as stains. A Philips CM10 transmission electron
microscope was used for the EM studies. Preparations were
examined and photographed under several different EM
magnifications, including 11.5K×, 28.5K×, 52K×, and
105K×. For the time course study and some additional
studies, aliquots were taken directly from the incubation vials,
omitting the centrifugation step, and were then stained with
toluidine blue before being examined with LM. Samples were
prepared for Congo red staining by first drying them on a
heating plate, washing them with ddH2O, and then drying
them again before staining them according to standard
procedures.

In the preparation for the negative stain, 8µL samples
were applied to a grid covered by a carbon-stabilized
Formvar film (Ted Pella, Inc., Redding, CA). Excess fluid
was removed with a filter paper after 1 min, after which 8
µL of 1% uranyl acetate (E. Merck, Darmstadt, Germany)
was applied to the sample. Excess fluid was removed with
a filter paper after 1 min.

RESULTS

In initial experiments, Aâ40 peptides [Aâ40, Aâ40Gly22,
or a mixture of the two (1:2 or 4:5 Aâ40:Aâ40Gly22 ratio)],
incubated for 8 days, were found to spontaneously assemble
into supramolecular spherical structures from 600µM peptide
solutions. These structures, termedâ-amyloid balls orâamy
balls, were found to have diameters of 20-200 µm, most
commonly 50-100µm (Figure 1). The volume of a typical
âamy ball (100µm) is thus 0.52 nL.âamy ball formation
was also evident when Aâ40 levels were reduced to 300
µM. They can be seen with LM with or without fixation
and/or staining at a magnification of 9×. âamy balls pelleted
by centrifugation on the Nanosep filter have a gelatinous
consistency. When this preparation is fixed and stained and
examined with LM,âamy balls exhibit some distinct gross
morphological features that are dependent on what peptide
is used for their generation. For example, thoseâamy balls
generated from Aâ40 lack a central core density and are after
long incubation times found to be surrounded by a halo
(Figure 1a). In contrast, a central core density is apparent in
Aâ40Gly22 (Figure 1b) and Aâ40Gly22/Aâ40 (Figure 1c)âamy
balls. In addition, Aâ40Gly22 âamy balls form large “honey-
comb” formations on the Nanosep ultrafiltration membrane
(Figure 1c). This has not been observed for Aâ40. Aâ40Gly22

âamy balls seem more prone to adhere to one another than
Aâ40 âamy balls, which may be a reflection of the higher
hydrophobicity that Aâ40Gly22 displays. The centrifugation-
induced packing of the Aâ40Gly22 âamy balls on the

membrane causes compression, giving the LM impression
of “cells” having a “double-layer membrane” (not a halo)
and a “nucleus-like” central density (Figure 1c). Also, the
âamy balls closest to the Nanosep membrane have lost their
round form during centrifugation (Figure 1c).

Electron micrographs of ultrathin sections ofâamy balls
show that these are made up of fibrils. This is shown in
Figure 2a (Aâ40) and Figure 2b (Aâ40Gly22) and applies to
a mixture of the two peptides as well (1:2 or 4:5; not shown).
The fibrils fulfill the morphological criteria of Aâ fibrils in
that they have a diameter of∼6-10 nm and they show
birefringence under polarized light when stained with Congo
red, although this birefringence is difficult to obtain. The
fibrils are oriented in all directions, and it is easy to

FIGURE 1: Gross morphology ofâamy balls composed of Aâ40
(a), Aâ40 and Aâ40Gly22 (1:2) (b), and Aâ40Gly22 (c). Semithin
section of epoxy-embeddedâamy balls showing fourâamy balls
with diameters of∼100 µm having a homogeneous core and a
distinct halo, formed from a 600µM peptide solution after an
incubation period of 8 days (scale bar) 30 µm) (a). Clusters of
glutaraldehyde-fixedâamy balls with variable diameters, a distinct
“nucleus”, and no halo in a drop of incubation fluid formed after
an incubation period of 5 days as seen under the light microscope
(bar ) 50 µm) (b). A vertical 1µm thick section of an epoxy-
embedded honeycomb formation on a Nanosep membrane after an
incubation period of 8 days. The arrow denotes the boundary
between theâamy balls and the filter. Many of theseâamy balls
are >100 µm in diameter.âamy balls close to the filter surface
have been compressed during the centrifugation step (bar) 150
µm) (c).
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distinguish individual fibrils. Fibrils also make up the halo
of Aâ40 âamy balls. The halo shows higher fibril density

than theâamy ball cores, and the halo fibrils are more prone
to a parallel orientation (not shown).

The high peptide concentrations that were employed here
prompted us to investigate whether some proteins, not known
to form amyloid, formed fibrils and/or spheres under these
conditions as well. Three different globular proteins, bovine
serum albumin, cytochromec, and aprotinin, were subjected
to the experimental protocol for generatingâamy balls. LM
examination did not reveal any sphere formation, nor did
the EM pictures presented in Figure 3b-d reveal any
fibrillization tendency.

In contrast to the globular proteins examined above, Aâ42
is highly amyloidogenic and is even more inclined to form
amyloid fibrils than Aâ40. Despite this, Aâ42, at 600µM,
instantly formed fibril bundles∼200 nm to 1µm thick
(Figure 4) that in turn assemble into large nets, and notâamy
balls (Figure 5). Curiously, these nets tend to arrange into
extraordinary, large (>200 µm), cagelike structures where
the netlike appearance is derived from fibril bundle structures
that resemble “planar” polygons in the light microscope
(Figure 5b). The nets and netlike cages, in turn, tend to
aggregate. Similar results were found with lower concentra-
tions of Aâ42 (60 and 120µM).

Aâ42 fibril bundles show intense birefringence in plane-
polarized light after Congo red staining (not shown). Nega-
tive stains of the bundles more clearly reveal their fibrillar
nature (Figure 4b) than do the stained sections (Figure 4a).
The same types of netlike structures were seen when Aâ42
was mixed with Aâ40 (see below), but only when the
percentage Aâ42 equaled or exceeded 20%. Interestingly,
fixed Aâ40âamy balls realized a similar, but not as ordered,
netlike appearance when they were left to dry in air (not
shown).

FIGURE 2: Typical electron micrographs ofâamy ball sections.
Aâ40 fibrils (bar) 50 nm) (a). Higher magnification of Aâ40Gly22

âamy ball fibrils (bar) 20 nm) (b).

FIGURE 3: Aâ40 and three globular, nonamyloidogenic, proteins viewed with a high-magnification TEM: Aâ40 (a), aprotinin (b), BSA
(c), and cytochromec (d) (bar) 20 nm).
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A time course study was conducted where peptides were
incubated anywhere from 2 h to 11days. LM and toluidine
staining were used forâamy ball detection.âamy ball
formation from 600µM Aâ40 was compared to that from
Aâ40 mixed with various percentages of Aâ42 to give a
final total peptide concentration of 600µM (Table 1). It takes
at least 20 h for Aâ40 âamy balls to form under the given
conditions. When the peptide composition is changed to 95%
Aâ40 and 5%Αâ42, âamy balls become visible within 6 h
and are abundant at 24 h. Counting the number ofâamy

balls in three LM visual fields from 3× 5 µL incubation
fluid samples after a 24 h incubation period showed that the
number of Aâ40 âamy balls was 69( 10 (mean( the
standard error of the mean), while it was>500 in the 95%
Aâ40/5% Aâ42 mixture. Substituting 10 or 20% Aâ40 for
Aâ42 did not enhanceâamy ball formation further, but in
contrast impeded formation. Thus, the more Aâ42 that was
added ()10%), the stronger the inhibiting effect. Noâamy
balls were detected for up 11 days (Table 1) when Aâ42
constituted half of the amount of peptide in an Aâ40/Aâ42
mixture.

Time course studies ofâamy ball formation, using 300
and 600µM Aâ, introduced a conception of howâamy balls
could be formed (Figure 6a-d). Prior toâamy ball formation,
clouds of toluidine-stained peptide can be distinguished.
Small densities of peptide eventually begin to take form
(Figure 6a). The densities grow and attain a “cotton ball”-
like appearance with a fuzzy periphery (Figure 6b). When
ambient peptide levels decline significantly, the cotton ball
forms a distinct peripheral boundary (Figure 6c). Peptide
attracted to this sphere at a later stage in time will form the
halo (Figure 6d and Figure 1a). As mentioned earlier, we
have not seen any halo surroundingâamy balls of Aâ40Gly22

or mixtures of Aâ40Gly22 and Aâ40. This could indicate that
the Aâ40Gly22 interpeptide attraction is so strong and thereby
rapid that little peptide escapes the developmental phase from
cloud to cotton ball having a clearly defined periphery. Our
previous studies of Aâ40Gly22 protofibril formation support
this contention (7).

The experiments described above where long incubation
times were employed were also carried out in the presence
of NaN3 (0.02%) to inhibit bacterial growth. LM or EM could
not reveal any difference in theâamy ball morphology with
or without NaN3 present (not shown). Finally,âamy balls
are strikingly stable at 30°C in a water solution. They do
not seem to change their shape or morphology for at least 2
weeks in PBS, nor are they visibly affected by dilution (1:
2) in cell culture media. They withstand refrigeration for up
to 3 days after 1:10 dilution in H2O, freezing (-70 °C), and
thawing.

DISCUSSION

This work describes conditions that support the spontane-
ous assembly of Aâ40 and Aâ40Gly22 into fibril-packed
spheres that we callâamy balls, and gives an account of
their structural nature. These in vitro formations have, to our
knowledge, not been reported earlier and constitute a striking

FIGURE 4: Electron micrographs of Aâ42 fibril bundles visualized
using two different EM preparation protocols. Ultrathin section of
fibril bundle formation (bar) 250 nm) (a) and a fibril bundle
visualized using negative stain (bar) 100 nm) (b).

FIGURE 5: LM image of supramolecular structures of Aâ42 fibril bundles. Cage- and netlike formations of Aâ42 (600µM) in buffer after
incubation for 14 days (scale bar) 50 µm) (a). A detail of a netlike cage of Aâ42 fibrils at slightly higher magnification (b).

Table 1: Abundance ofΑâ40 andΑâ40/Αâ42 âamy Balls in PBS
after Various Incubation Timesa

Aâ peptide 20 h 3-4 days 1-2 weeks

Aâ40 + ++ ++++
Aâ42 - - -
Aâ40 and Aâ42 (5%) +++ +++++ +++++
Aâ40 and Aâ42 (10%) - ++ +++
Aâ40 and Aâ42 (20%) - - +
Aâ40 and Aâ42 (50%) - - -
a The total peptide concentration in each Nanosep incubation vial

was 600µM. Observations were carried out on 3× 5 µL of a toluidine-
stained aliquot incubation solution using LM. Data are the result of
two separate experiments.
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example in which chemical properties of proteins by far
exceed the sum of the properties of their constituent amino
acids.âamy ball formation imparts an additional dimension
to amyloid formation and is a fascinating example of protein
self-assembly at the supramolecular level. The results of the
study also emphasize that the nature of fibril-fibril interac-
tions is strongly dependent on the peptide or protein makeup
of the fibrils. Moreover, fibrils of various compositions may
form suprafibrillar structures that will exhibit structural
differences at the supramolecular level that will show vastly
different fibril surface areas exposed to the surroundings.
Both qualitative (12) and quantitative aspects of fibril surface
are critical determinants of the purported neurotoxic nature
of amyloid fibrils.

Concentrations of Aâ used in this study by far exceed
levels of Aâ detected in human cerebrospinal fluid (CSF)
(13) and plasma (14). CSF and plasma levels of Aâ are not
likely to justly reflect pathologically high Aâ levels that are
certain to prevail in the milieu surrounding the amyloid
plaques of the diseased Alzheimer brain. With the progres-
sion of the disease, these regions will most likely reach very
high Aâ concentrations. Apart from the increased peptide
concentration, a number of factors are capable of shifting
the Aâ polymerization reaction, monomerf fibril, to the
right, including increased incubation time, augmented tem-
perature, enhanced ionic strength, pH at or close to the
isoelectric point, agitation, structural alterations of Aâ,
including N-terminal truncations, and the presence of ancil-
lary compounds or interactive surfaces. These factors may
have a strong impact on the fate of the peptide in local

extracellular microenvironments even though Aâ concentra-
tions may not even reach the critical concentration in the
AD brain. However, increasing Aâ peptide concentrations
can be thought of as a substitute for these factors when
experimentally elaborating on pure peptide solutions.

Why âamy balls have escaped detection until now in in
vitro experimental systems may be related to the high peptide
concentration required for their generation. Conditions that
make in vitro experimentation practicable include the use
of lower Aâ concentrations and contracted time frames.
However, in light of the discussion above concerning factors
affecting fibrillization rate, addition of Aâ40 to a complex
experimental system such as cell culture, at concentrations
below those used here, may well lead toâamy ball formation.
Here they are certain to be difficult to discover. Possibly,
undetectedâamy ball formation may offer one explanation
for why Aâ40 neurotoxicity studies in cell culture are often
associated with difficulties in obtaining reproducible results.
Furthermore,âamy ball formation may easily escape detec-
tion in in vitro fibrillization studies due to the way Aâ
samples are handled prior to examining fibrils (e.g., soni-
cation and negative stain).

Aâ40Gly22 is one of the proteolytic products of the
â-amyloid precursor protein (âAPP) derived from a mutation
in the Aâ coding region of theâAPP gene. This “Arctic”
mutation was recently described in a Swedish family where
it is associated with typical clinical symptoms of AD (7).
This single-amino acid substitution at position 22 (Gluf
Gly) expresses itself as enhanced kinetics and thermodynamic
characteristics of Aâ40Gly22 protofibrils compared to Aâ40
protofibrils. Both the rate and magnitude of protofibril
formation increase (7), the disaggregation rate is attenuated
andâ-sheet formation accelerated (unpublished experiments).
Nevertheless, Aâ40Gly22 still has the ability to formâamy
balls, contrasting sharply with the thick fibril bundles formed
by Aâ42. Thus, although the Gly22 substitution renders
Aâ40Gly22 more hydrophobic, its fibril surface characteristics,
such as charge and hydrophobicity, resemble those of Aâ40
more than those of Aâ42.

Aâ42 does not formâamy balls but rapidly produces
bundles of fibrils that form big netlike cages that in turn
cluster into larger aggregates. These aggregates resemble the
amorphous zones of Aâx-42/43 fibril bundles that make
up AD diffuse plaques that lack distinct boundaries. The
diffuse plaques are primarily composed of Aâx-42/43 in
AD (15), Down’s syndrome (16), FAD (17), and nonde-
mented aged (18), and are predicted to be an initial stage in
plaque formation. Together with immature (uncored) and
mature (cored) plaques, these represent three categories of
plaques found in AD brains (19). They all primarily contain
Aâx-42/43 in AD and Down’s syndrome (15) and in FAD
(15, 20).

In contrast to the thick, compacted Aâ42 fibril bundles,
one is struck by the fact that fibril density is much lower in
the Aâ40 âamy balls where single Aâ40 fibrils can easily
be distinguished in EM sections. It is possible that the
reduced fibril density could explain why it is more difficult
to detect red/green birefringence forâamy balls than for
Aâ42 fibril bundles. The differences again suggest that Aâ40
and Aâ42 fibril surfaces have distinct chemical character-
istics. The hydrophobic amino acids Ile41 and Ala42 that
extend Aâ40 C-terminally are the candidates effecting this

FIGURE 6: Photographs of LM views of plausible sequential events
leading to the formation of Aâ40 âamy balls with an incubation
period of 5 days. All four pictures are taken using the same
magnification, but not of the sameâamy ball or “pre”-âamy ball
formation. An initial peptide density forms, a possible starting point
that attracts more peptide (a) that generates a sphere giving a fuzzy
cotton ball image (b). When the surrounding peptide levels fall (here
seen by the disappearance of toluidine blue in the surrounding
solution), the peripheral boundary becomes sharper and the volume
becomes set by the formation of a distinct periphery (c). Additional
material drawn to the sphere forms a halo around the periphery
(d). The peptide concentration was 600µM (scale bar) 35 µm,
which pertains to panels a-d).
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difference, known to be critical to amyloid nucleation (21),
fibril structure, and solubility (22).

The time course studies, where the Aâ42:Aâ40 molar ratio
is varied, show that (a) at a 1:20 ratioâamy ball formation
is significantly augmented, compared to that with Aâ40
alone, whereas (b) lower ratios, 1:10 and 1:5, prolongâamy
ball formation. The higher the Aâ42 concentration, the longer
the lag phase preceding the appearance ofâamy balls at
molar ratios ofg1:5. Although 300µM Aâ40 is a suf-
ficiently high concentration to supportâamy ball formation,
a 300 µM Aâ40/300 µM Aâ42 mixture (1:1) does not.
Amyloid fibrillization of a single peptide species has been
proposed to occur in a nucleation-dependent manner (23)
followed by a rapid fibril extension phase (24). Nucleation
is thermodynamically unfavorable and is therefore the rate-
limiting step. Aâ42 is both more prone to nucleate and
fibrillize than Aâ40 (5). However, Aâ40 and Aâ42 coexist
in the brain, giving potential room for distinct in vivo
fibrillization kinetics other than those described for either
peptide alone in vitro. In recent studies using fluorescence
spectroscopy and thioflavin T, the kinetics of Aâ40 and Aâ42
interaction were examined. Aâ40 and Aâ42 were found to
exert mutual inhibition on fibrillization, suggested to occur
as a result of conformational constraints that arise during
the nucleation phase (25). These results agree well with our
findings mentioned in part b above. In part a, however, we
used levels of Aâ42 (5%) lower than those used by
Hasegawa et al. (25). The resulting augmentation in the rate
of âamy ball formation at the lowest Aâ42:Aâ40 (1:20) ratio
is puzzling. A possible explanation for the phenomenon is
that Aâ42 nuclei (or seeds) form rapidly and in large
quantities under these conditions (20µM Aâ42), enabling
effective seeding of Aâ40 (5, 25). At very low levels, Aâ42
may still initiate an Aâ40 conformational transition without
interfering with the Aâ40 elongation phase. On the other
hand, if sufficiently high concentrations of Aâ42 are present,
Aâ42 may compete with and possibly even block the Aâ40
fibril elongation phase, under the assumption that Aâ42 has
a much higher affinity for Aâ42 nuclei than Aâ40.

Aâ40 levels are reportedly higher than those of Aâ42 in
medium conditioned by cultured cells (26-28), in human
CSF (13), and in human plasma (14). The opposite has been
reported for AD brain (29, 30) and plaques (15, 18). FAD
mutations almost invariably lead to elevated Aâ42 levels in
plasma (14) and in plaques (15, 20). From these and many
other studies, a consensus has evolved that the majority of
plaques are initially formed and composed of Aâx-42/43.
The central role in plaque formation and composition has
given Aâ42 a stronghold on the candidacy of being the main
driving force in disease initiation and progression, and as
mentioned earlier, Aâ42 has the ability to act as a seed, as
a consequence initiating and catalyzing Aâ fibrillization (31).
However, by extrapolation of the consequences of the time
course studies by Hasegawa et al. (25) and by us to brain,
with its prevailing high Aâ42:Aâ40 ratios, it is possible that
Aâ42 may effectively hinder Aâ40 fibril formation in vivo.
The low level of Aâ40 in plaques (15, 18), in particular early
in the disease, supports this contention. Interestingly, there
is a trend toward a decline in the Aâ42:Aâ40 ratio in several
cortical brain regions with disease progression measured as
a function of the level of deterioration of cognitive abilities
(29). Although Aâ40 seems to have a less dominating role

in brain than Aâ42 on a quantitative and plaque-forming
basis, its conceivable role in AD is still unknown. On this
note, it is interesting to recognize the findings pertaining to
the microglial preference for Aâ40-containing plaques. The
majority of Aâ40 positive plaques are mature plaques, and
the observations include plaque-associated microglia in AD
(32, 33) and nondemented aged individuals (32) as well as
in individuals with Down’s syndrome (33). âamy balls may
be one commendable model system for testing hypotheses
associated with the Aâ40-microglia relationship.

The longevity that neurons display is more likely associ-
ated with morphological alterations during aging than noted
for other cell types. Besides plaques and neurofibrillary
tangles in AD, various morphological changes are conspicu-
ous in a number of neurodegenerative diseases, including
Lewy body (34) and polyglutamine diseases (35), and in
transmissible spongiform encephalopathies (36). âamy balls
resemble several spherical protein inclusion bodies associated
with these diseases, including Lewy bodies (37), poly-
glutamine inclusion bodies (38), Kuru, Gertsmann-Strau¨ssler-
Scheinker, and Creutzfeld-Jacob plaques (39), and also Pick’s
bodies (34), with respect to size, shape, and the misfolded
protein fibrillar nature of their content. For instance, at the
LM level, Aâ40 âamy balls surrounded by a peripheral halo
are strikingly similar to the Lewy bodies found in the
substantia nigra pars compacta of the Parkinson brain (37),
which are also surrounded by a halo. The assembly of Aâ
into fibril-packed spheres drastically reduces the level of Aâ
exposure to the surroundings. It is tempting to speculate,
along with the ideas voiced in the early days of amyloid
research, that amyloid plaque formation represents a means
of ridding the cell of potential pathogens, radically diminish-
ing their level of exposure to the surroundings. Neurotoxicity
studies withâamy balls should shed light on this issue.

Aâ plaques are complex biochemical entities, and their
evolution, maturation in human brain, and role in disease
still remain obscure. Besides neuronal and glial cellular
elements, they have been found to be associated with a long
line of ancillary components, including glycosaminoglycans
(GAGs) such as heparan sulfate proteoglycan (39), Apo J
(40), amyloid P component (41), Apo E (42), complement
factors (43), albumin (44), R1-antichymotrypsin (45), R2-
macroglobulin (46), andR-synuclein (47). The experimental
use ofâamy balls may help tease out the potential roles of
amyloid-associated components (i) in catalyzing amyloid
fibril formation, (ii) as conceivable neurotoxic elements, or
(iii) as modulators of fibril morphology, stability, or solubil-
ity. Moreover, it will be interesting to determine whether
âamy ball-like structures may emanate from the major
protein components of any of the inclusion bodies mentioned
above under similar in vitro incubation parameters as used
here, or from other amyloid proteins.
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