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Abstract Recent data show that amyloid precursor pro-
tein accumulates inside axons after disruption of fast axonal
transport, but how this leads to mature plaques with extra-
cellular amyloid remains unclear. To investigate this issue,
primitive plaques in prefrontal cortex of aged rhesus mon-
keys were reconstructed using serial section electron
microscopy. The swollen profiles of dystrophic neurites
were found to be diverticula from the main axis of otherwise
normal neurites. Microtubules extended from the main
neurite axis into the diverticulum to form circular loops or
coils, providing a transport pathway for trapping organelles.
The quantity and morphology of organelles contained
within diverticula suggested a progression of degeneration.
Primitive diverticula contained microtubules and normal
mitochondria, while larger, presumably older, diverticula
contained large numbers of degenerating mitochondria. In
advanced stages of degeneration, apparent autophagosomes
derived from mitochondria exhibited a loose lamellar to
filamentous internal structure. Similar filamentous material
and remnants of mitochondria were visible in the
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extracellular spaces of plaques. This progression of
degeneration suggests that extracellular filaments originate
inside degenerating mitochondria of neuritic diverticula,
which may be a common process in diverse diseases.
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Introduction

Neuritic plaques, containing clusters of dystrophic neurites
and extracellular fibrillar amyloid, are a common form of
degeneration in the brain. Neuritic plaques occur in Alz-
heimer’s disease, Creutzfeldt-Jakob disease, traumatic
brain injury, and after poisoning with various metals
(Tomlinson 1992). Neuritic plaques also occur during
normal aging in humans and other primates (Peters 1991;
Wisniewski et al. 1973). In aged monkeys, the plaque
amyloid is made up of amyloid-f protein while the dys-
trophic neurites contain accumulations of amyloid-f
precursor protein (Kimura et al. 2003; Martin et al. 1991,
1994; Uno et al. 1996). How accumulation of intraneuronal
amyloid-f precursor protein relates to extracellular amy-
loid in the plaque remains unclear.

In their classic ultrastructural studies, Terry and Wis-
niewski (1970, 1972) suggested that the earliest precursor of
a senile plaque is an abnormally swollen neurite filled with
numerous mitochondria and lamellar and dense bodies. They
proposed that plaques develop from small clusters of these
dystrophic neurites. These primitive plaques would then
mature into classical plaques with cores of extracellular
amyloid surrounded by dystrophic neurites, and subse-
quently evolve into compact (burnt-out) plaques, consisting
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mostly of fibrillar amyloid surrounded by glia. Alternative
hypotheses propose either that plaques of one type do not
evolve into any other type or that the reverse progression
occurs with compact plaques evolving into primitive ones
(Armstrong 1998; Weigel et al. 2000).

Exactly what initiates plaque formation is unknown, but
one proposal is that axonal swellings form because of
disruption of axonal transport (Coleman 2005; G6tz et al.
2006; Gouras et al. 2005; Kidd 1964; Praprotnik et al.
1996a; Stokin and Goldstein 2006; Terry and Wisneiwski
1972). In this scenario, axonal swellings accumulate
amyloid-f precursor protein intracellularly and lysis of
swellings ultimately leads to the extracellular deposition of
amyloid-f peptide. Extracellular accumulation of amyloid-
f then produces further disruption in axonal transport and
the plaque continues to expand. In this hypothesis it is
unclear in which intracellular compartment amyloid-f
forms, but recent evidence suggests that mitochondria may
be involved in amyloid-f pathology in Alzheimer’s disease
(Caspersen et al. 2005; Devi et al. 2006; Hirai et al. 2001;
Lustbader et al. 2004; Manczak et al. 2006; Rui et al. 2006;
Yan et al. 2006).

We examined this issue by investigating the fine structure
of neuritic swellings of senile plaques in the prefrontal
cortex of aged monkeys using three-dimensional recon-
struction of serial sections to delineate the stages of
degeneration to a greater degree than has been possible
using single-section ultrastructural analysis. We provide
novel evidence consistent with disorganization of microtu-
bule transport mechanisms and mitochondrial degeneration
leading to disintegration of neuritic swellings and deposi-
tion of filamentous material in the extracellular space.

Materials and methods

Data were obtained from pieces of dorsal area 8 in pre-
frontal cortex, taken from two rhesus monkeys (Macaca
mulatta) 32 years of age, one male and one female. These
animals were approximately equivalent to 90-100 year-old
humans, and were chosen because area 8 of prefrontal
cortex in these monkeys exhibited numerous plaques. The
fine structural characteristics of layers II-III of area 8 in
these two animals were similar to those of other old ani-
mals we have examined.

Details of the fixation and tissue processing protocols
were described previously (Peters et al. 1994). Intra-aortic
perfusions, carried out in accordance with the approved
Institutional Animal Care and Use Committee regulations,
used 1% paraformaldehyde and 1.25% glutaraldehyde in
0.1 M cacodylate buffer at pH 7.4. After initial fixation, the
brain was removed and fixed further by immersion in a
cold solution of 2% paraformaldehyde and 2.5%
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glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4 until
tissue samples were taken. Tissue samples containing the
entire depth of cortex were osmicated, dehydrated in an
ascending series of alcohols, and embedded in Araldite for
serial sectioning and electron microscopy.

Ultrathin (50-60 nm) sections were cut with a diamond
knife on an ultramicrotome. Series of 58220 sections were
used for volumetric reconstructions. Ultrathin sections were
collected on single slot grids coated with Pioloform. Serial
sections were examined with a JEOL CX100 electron
microscope and photographed at 5,000-16,000 times mag-
nification at 100 kV. The 3.25 X 4 in. negatives were
scanned at 1,200 dpi using a large-format film scanner.
Images were calibrated using a diffraction grating replica
photographed at the same magnification as the sections; the
digitized calibration grid image was used to determine the
final magnification of the digitized serial section images for
each series (Fiala and Harris 2001a). Section thickness was
determined by the method of cylindrical diameters (Fiala
and Harris 2001b). Calibrated section images were aligned
by the method of point correspondences of intrinsic fiducials
(Fiala and Harris 2002). In brief, this involves identifying
cross-sectioned mitochondria and other profiles on adjacent
sections and computing an image transformation that
aligned these points. Calibration, alignment, and three-
dimensional analyses were performed using the Reconstruct
software (Fiala 2005). Colorized electron micrograph ima-
ges were produced from Reconstruct by filling the interior
of tracings drawn on the section images. Three-dimensional
renderings were produced by 3D Studio MAX from the 3D
model generated by Reconstruct from the tracings.

Results

Amyloid plaques in dorsolateral prefrontal cortex are
common to both normal aging and Alzheimer’s disease
(Arnold et al. 1991; Heilbroner and Kemper 1990; Lewis
et al. 1987; Rogers and Morrison 1985; Sloane et al. 1997,
Struble et al. 1985). To obtain cortical brain tissue well-
preserved for ultrastructural analysis and computer-based
reconstruction of serial sections, we selected tissue from
area 8 from two 32-year-old monkeys (Peters et al. 1994).
These very old monkeys exhibited frequent plaques in
cortical layers II-III, consequently we selected neuritic
plaques from layers II-III for detailed study.

Dystrophic neurites are diverticula
The appearance and composition of the plaques we

examined were consistent with those of the primitive type
described in earlier ultrastructural studies of aged monkeys
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(Martin et al. 1994; Peters 1991; Struble et al. 1985;
Wisniewski et al. 1973). Primitive plaques were composed
of numerous dystrophic neurites interspersed among nor-
mal-looking neuronal and glial profiles (Fig. 1).
Extracellular spaces between profiles were often filled with
an electron-dense material containing a meshwork of fine
filaments. Most swollen neuritic profiles contained mito-
chondria and mitochondria-sized lamellar and dense bodies
of various morphologies. Other profiles contained mostly
large vesicles, 50-100 nm in diameter, with both clear and
dense cores. A few profiles consisted predominantly of
either tubular structures 50-100 nm in diameter or small
vesicles 15-25 nm in diameter, similar to the tubulove-
sicular structures described after blockade of anterograde
axonal transport (Tsukita and Ishikawa 1980).

When followed through serial sections, the profiles of
dystrophic neurites were found to be organelle-filled
swellings occurring along otherwise normal neurites (e.g.

Fig. 1 Neuropil of a primitive plaque. The plaque contains large,
organelle-filled profiles of dystrophic neurites (stars) interspersed
among normal-looking neuronal and glial profiles. The most common
inclusions in the dystrophic neurites are mitochondria, but a few
dystrophic neurites exhibit a predominance of vesicular inclusions

Fig. 2). In most cases the dystrophic neurite could be
traced back to a structure that had a narrow diameter
(<0.25 um) and contained just a few microtubules, char-
acteristic of a small unmyelinated axon in cortical neuropil.
But the non-swollen regions of a few neurites had larger
diameters (0.3-0.4 pm) and 10 or more microtubules,
consistent with profiles of either large axons or small
dendrites. The existence of a synapse distant from the
swelling confirmed the axonal nature of some neurites, but
most reconstructed neurites did not form a synapse within
the series. Although most neurites could not be definitively
identified as axons or dendrites, we found no direct evi-
dence that any of the dystrophic neurites were dendrites.
While some dystrophic swellings were axial varicosities,
three-dimensional reconstruction revealed that the orga-
nelle-filled swellings were more commonly off-shoots from
the main axis of the neurite (Figs. 2b, e, 3b). The
descriptive term diverticulum seems appropriate for these

(flags). Extending through the extracellular spaces between the
profiles is an electron dense substance (arrows) that consists of a
meshwork of fine filaments as shown in the inset (at twice the
magnification). Scale bar 1 pm
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Fig. 2 Microtubules in diverticula. a A neurite (shaded blue)
consisting of a main axis to the left and a diverticulum above the
main axis on the right. The diverticulum contains numerous
microtubules but few other organelles. The paths of the microtubules
(red arrows) follow the main axis except in the diverticulum where
they circle around in a loop. b Reconstruction of the neurite in a
shows the paths of microtubules (red arrows) and their circular
orientation in the diverticulum. ¢ Another diverticulum in which the
circular paths of the microtubules (arrows) can be seen. d A third
diverticulum into which a few microtubules enter from the narrow

off-shoots since they appear to accumulate organelles that
are normally transported along the axis of the neurite.
Diverticula extending from other diverticula were also
present (see below). Diverticula did not resemble growth
cones since they did not exhibit filopodial extensions or an
actin-rich dense cytoplasm.

Diverticula contain microtubule loops and
accumulations of organelles

In normal axons and dendrites, microtubules run in a fairly
straight course along the longitudinal axis and do not
extend into the small protrusions formed by boutons and
spines (Peters et al. 1991). In contrast, within diverticula
microtubules coiled in circular loops (Fig. 2). Microtubules
entering a diverticulum from the main axis crossed the
paths of microtubules coiling within the diverticulum
(Fig. 2b). Oblate (flattened) diverticula contained a circular
bundle of microtubules (Fig. 2b, e), while more spherical
diverticula often had bundles of microtubules that circled
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neck (arrowhead) that connects the swelling to the main axis of the
neurite. The cross-sectioned microtubules at the top and bottom (red
circles) form one bundle looping out of the plane of section, while the
obliquely sectioned bundle near the neck loops in an orthogonal
direction almost in the plane of section. e A different diverticulum in
which some of the microtubules are partially reconstructed to show
the loop circumnavigating the perimeter. Some microtubules clearly
enter the loop from the main axis (arrow). Scale bar 0.5 pm for a, ¢
and d

in directions orthogonal to each other (Fig. 2d). The pro-
files of cross-sectioned microtubules in diverticula
appeared indistinguishable from microtubule profiles in
non-plaque neuropil, and had diameters of 20-25 nm
consistent with normal microtubules.

Many diverticula contained large numbers of inclusions
that were easily identified as mitochondria by the presence
of inner and outer membranes surrounding an electron-
dense matrix containing visible cristae. Sometimes micro-
tubules and mitochondria were the only organelles present
within a diverticulum (Fig. 3a, b), and the mitochondria
often curved to follow the contours of the surface of the
diverticulum (Fig. 3c¢). Three-dimensional reconstructions
further revealed that some mitochondria in diverticula were
complex branched structures, which contrasts with the
normal cylindrical appearance of mitochondria in the main
axis of the neurite (Fig. 3d).

A variety of other inclusions were also seen in diver-
ticula, including dense bodies, vacuoles, multivesicular and
tubular structures, as well as dense-core and clear vesicles.
Bundles or coils of neurofilaments were not found in the
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Fig. 3 Mitochondria in diverticula. a Two adjacent diverticula
(shaded tan and purple) are filled with mitochondria. Each mito-
chondrion has a single longitudinally-oriented crista (arrowheads).
The diverticula connect to the main axes of their neurites through thin
necks, the profiles of which lie below the diverticula (shaded in lower
left of a). b Three-dimensional reconstruction of the diverticula in a
reveals the large number of inclusions that are clearly identifiable as
mitochondria (different colors). In the larger diverticulum (shaded

diverticula, although bundles of intermediate filaments
were readily identifiable in astrocytic processes within the
plaque. Likewise, multivesicular bodies of endosomal ori-
gin (e.g. Cooney et al. 2002), while clearly identifiable in
dendrites at the periphery of the plaque, were not present in
substantial numbers in diverticula. Clear vesicles of the
size and appearance of synaptic vesicles were not fre-
quently seen, but when present they often occurred in
swellings containing other tubulovesicular structures. No
neurofibrillary tangles or paired helical filaments were
encountered in the volumes that were analyzed.

Diverticula rarely formed synapses in the plaques we
examined. Consequently, synapses were much less fre-
quently found within the plaque than in the normal
neuropil, consistent with earlier observations on Alzhei-
mer’s disease plaques (Kidd 1964; Krigman et al. 1965).
The axons and dendrites forming synapses within the
peripheral part of the plaque generally did not exhibit
abnormal swellings or diverticula when reconstructed
through serial sections.

purple) three mitochondria have a grossly distended central crista
giving them a spherical shape (charcoal-colored). ¢ A long, curved
mitochondrion (arrows) in a different diverticulum lies adjacent to a
curved microtubule. d Reconstruction of mitochondria in the neurite
shown in Fig. 2e reveals that the mitochondrion in the main axis
(blue) has a normal cylindrical shape while the mitochondrion in the
diverticulum (red) is convoluted and branching. Scale bar 0.5 pm for
a, c

Mitochondria in diverticula undergo degeneration

Mitochondria in most diverticula exhibited morphological
abnormalities, suggesting that they were metabolically
compromised (Frezza et al. 2006; Ghadially 1997; Karls-
son and Schultz 1966). In some diverticula mitochondria
appeared mostly normal, although they had a single, lon-
gitudinally-oriented crista (Fig. 3a), which is a common
morphological abnormality in axonal swellings (Helen
et al. 1980; Hirano 1985; Webster 1962). Occasionally the
central crista was grossly swollen, creating a distorted
mitochondrion that in single sections appeared as a ring-
shaped profile with an electron-lucent interior (Fig. 4).
Some tubular c-shaped profiles, consisting of an outer
membrane surrounding an inner membrane which con-
tained an electron-dense matrix, appeared to be grossly
swollen mitochondria that had burst (Fig. 4b). In some
cases, the cavity of a swollen mitochondrion contained
clear vesicles and/or membranous profiles with an electron-
dense inner matrix (Fig. 4c, d). Occasionally, one ring-
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Fig. 4 Initial stages of mitochondrial degeneration. a A normal
mitochondrion (asterisk) with narrow cristae in a dense matrix
contrasts with the mitochondria (arrows) in a nearby dystrophic
neurite that have dilated central cristae. The dense material in the
extracellular space (arrowhead) is part of the wisps of extracellular
material that pervade the plaque. b A diverticulum containing
numerous mitochondria with dilated central cristae, some of which
are swollen into ring-shaped profiles (stars). One of these consists of

shaped profile occurred within another ring-shaped profile
(Fig. 4b). In these double-ringed profiles, each ring had a
dense inner matrix sandwiched between outer and inner
pairs of membranes (Fig. 4b inset). These complex alter-
ations in mitochondria suggest that many of the other types
of profiles in diverticula, such as multivesicular and tubular
vacuoles, probably arise from the degeneration of
mitochondria.

To varying degrees, degenerating mitochondria were
composed of membranes layered as concentric spheres
(Fig. 4b—d), consistent with autophagic degradation
(Hariri et al. 2000; Nixon et al. 2005). In some cases
these structures consisted of an outer membrane or ring
enclosing numerous lamellae and/or filaments (Fig. 5).
Following these profiles through serial sections confirmed
that the lamellae were completely enclosed by a bounding
membrane, rather than being whorls of endoplasmic
reticulum or plasma membrane. In high magnification
images the internal structure of these objects often had the
appearance of numerous wavy lines that came together at
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two concentric ring-shaped profiles (flag). The inset image, taken
from an adjacent section, shows more clearly the concentric
membranes of this double ring. Another ring (arrow) is broken
creating a narrow, c-shaped tubular profile. ¢ Three sequential
sections through a swollen mitochondrion with clear and dense
membranous profiles located inside the ring. d A ring-shaped
mitochondrion exhibiting further progression to a form with loose
lamellae. Scale bar 0.5 pm

two poles of the object. As many as three-dozen lines
could be counted in a single profile (Fig. 5c). These lines
were approximately 5 nm in width, and occasionally
appeared to cross each other within a 50 nm-thick section
(Fig. 5b, d), suggesting that they were either narrow rib-
bons or filaments.

The lamellar bodies resulting from mitochondrial
degeneration sometimes clumped together creating clusters
with the appearance of a bunch of grapes (Fig. 6). These
clusters were typically about 1 pm in diameter and com-
prised of 4-40 round lamellar bodies. Most of these
clusters did not appear to be surrounded by membrane, but
the lamellar bodies were tightly packed together. Clusters
were found in a small proportion of diverticula. In addition
to a cluster, most of these diverticula also contained rela-
tively normal-looking mitochondria. In some diverticula
the clusters had a more diffuse and filamentous appearance
(Fig. 6a), with no bounding membrane and 5 nm-wide
filaments extending from the cluster into the cytoplasm
(Fig. 6a inset).
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Fig. 5 Intermediate stages of mitochondrial degeneration. a A
diverticulum containing relatively normal-looking mitochondrial
profiles (straight arrows) and degenerating profiles (curved arrows)
with a lamellar or filamentous interior. Scale bar 0.25 pm. b A
degenerating profile photographed at higher magnification reveals
interior filaments or ribbons that are no more than 5 nm wide. Black

Lipofuscin granules were seen in cell bodies outside the
plaque, as is common in aged monkeys (Peters 1991). An
occasional lipofuscin-like inclusion was also found in
plaque diverticula (Fig. 7). These inclusions were about the
same size as the clusters of lamellar bodies but had a denser
composition and included medium density vacuoles char-
acteristic of lipofuscin granules. A lipofuscin-like inclusion
in a diverticulum could have originated from one of the
lamellar body clusters, given the similarities in size, shape
and texture.

Extracellular material arises from intracellular sources

Diverticula had an electron-lucent cytoplasm surrounded
by a heavily-stained plasma membrane that could be fol-
lowed through serial sections. However, a few areas of the
plaque consisted of degenerating organelles embedded
entirely in an electron-dense filamentous substrate
(Figs. 6a, 8). These were either severely degenerated dys-
trophic neurites or organelles embedded in the dense

scale bar 50 nm in length and 5 nm in width applies also to ¢. ¢ Two
adjacent sections through a spherical inclusion with parallel and
crossing lines that come together at the two poles of the sphere. d
Two adjacent sections of another inclusion at even higher magnifi-
cation show that the internal lines cross each other within the 50 nm
thickness of the section. Scale bar is 50 nm long and 5 nm wide

extracellular material of the plaque. In most such cases, a
bounding membrane enclosing these regions could not be
discerned in single sections, nor was it possible to connect
these regions to neuronal or glial processes by three-
dimensional reconstruction (Fig. 8). Rather, the filamen-
tous substrate of these regions appeared to be continuous
with the filamentous material present within the extracel-
lular spaces of the plaque. Such degenerated diverticula
may represent situations in which the breakdown of the
plasma membrane leads to deposition of degenerating
organelles and filamentous material in the extracellular
space.

Discussion

The results show that the swollen profiles of dystrophic
neurites in senile plaques often extend from otherwise
normal neurites. Some of these neurites were clearly axonal
but the identity of others was uncertain. Studies of plaques
in Alzheimer’s disease or transgenic mouse models of
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Fig. 6 Late stages of mitochondrial degeneration in diverticula. a A
double diverticulum (pink shading) contains degenerated mitochon-
dria clumped together in clusters (red shading) along with relatively
normal-looking mitochondria (blue shading). Another diverticulum
contains a cluster (arrow) with a more disorganized and diffuse
meshwork of fine filaments. This is seen more clearly in the adjacent
section shown in the inset, where 5 nm filaments (black bar is
5 nm X 100 nm) can be seen lying free in the cytoplasm (curved

Alzheimer’s disease indicate that while both axons and
dendrites are affected in amyloid plaques, the majority of
swellings are from axons (Benes et al. 1991; Boutajangout

Fig. 7 A lipofuscin-like inclusion in a diverticulm. Two dark
inclusions (stars) in a diverticulum have the appearance of lipofuscin
with medium density vacuoles (curved arrow). This particular
diverticulum also has the uncommon characteristic of containing
many dense and multivesicular bodies that may be late endosomes or
lysosomes. Near the diverticulum, at the periphery of the plaque, is a
synapse (arrow) between a normal-looking bouton and dendritic
spine. Scale bar 1 pm
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arrow). A region (star) of densely-packed material similar in texture
to the clusters does not appear to be entirely bounded by a cell
membrane when viewed through serial sections. Scale bar 1 pm. b
Reconstruction of the neurite shaded in a shows the distribution of the
degenerating clusters (red) and the normal mitochondria (blue). Note
that one cluster resides in the main axis of the neurite while the others
are in the diverticula

et al. 2004; Spires et al. 2005; Tsai et al. 2004). Our results
are consistent with these light microscopic studies of
amyloid pathology, and with other studies of aging which
find frequent dystrophic axons throughout the cortex
(Braak 1979; Kawarabayashi et al. 1993; Martin et al.
1991).

Diverticula containing only microtubules may represent
the earliest pathology, since some diverticula contained
coiled microtubules but few other organelles. Microtubules
are the substrate for fast transport of organelles, and

Fig. 8 Degenerating diverticula. Reconstruction of a portion of ap-

plaque shows how the dense material in the extracellular space is
intermingled with what appears to be disintegrating diverticula. As
shown in the micrograph taken from the rectangular area outlined on
the reconstruction, regions of electron dense material are readily
distinguished from a diverticulum (D) with a more lucent cytoplasm
and clear plasma membrane. The same point on the electron dense
material is marked with a blue arrow both in the reconstruction and
the micrograph. In the micrograph, regions containing disordered
organelles (stars) are embedded in a dark, filamentous matrix similar
in appearance to the extracellular filamentous material (arrows) that
extends between dystrophic neurites throughout the plaque, and no
membrane can be discerned separating the extracellular material from
these regions. With three-dimensional reconstruction, the shape of the
dark regions with embedded organelles is seen to have a different
morphology from the smooth, convex shape of a diverticulum. Holes
in the dense material of the reconstruction represent the locations of
other neurites and diverticula. Scale bar 0.5 pm
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microtubule loops may cause organelles normally trans-
ported along the main axis of the neurite to be shunted into
diverticula. Video microscopy of living neurons has shown
that normal mitochondria are transported along the axon in
an anterograde direction, but when they become metabol-
ically impaired they switch to retrograde transport,
returning to the soma for degradation (Pilling et al. 2006).
Microtubule loops may hinder retrograde recycling of
dysfunctional mitochondria by forming circular transport
pathways that effectively trap mitochondria in diverticula.
Accumulation of mitochondria and lamellar bodies in
axonal swellings is consistent with the effects of blockade
of retrograde axonal transport seen in other studies (e.g.
Tsukita and Ishikawa 1980). Alternatively, the presence of
extracellular amyloid-f in the plaque may halt the transport
of mitochondria (Rui et al. 2006), leading to the formation
of diverticula with accumulations of mitochondria.

Transport-impaired mitochondria may degenerate after
becoming metabolically compromised, and a sufficient
accumulation of degenerated mitochondria may doom the
diverticulum to dissolution. Other studies have provided
evidence of neuronal lysis in plaques, with neuronal
cytoplasmic proteins, mRNAs, and membranous organelles
found among the extracellular amyloid (Ginsberg et al.
1999; Praprotnik et al. 1996b). We likewise saw evidence
of membranous organelles intermixed with the extracellu-
lar dense material, indicating that dystrophic neurites may
undergo dissolution in plaques. If the intracellular material
released by neuritic lysis were toxic to mitochondrial
transport in nearby neurites, e.g. by containing amyloid-f
(Busciglio et al. 1995; Rui et al. 2006), then progressive
plaque growth could occur through continual formation
and dissolution of diverticula. This would explain why
dystrophic neurites occur in localized clumps in the form of
neuritic plaques, but leaves unanswered the question of
what initiates the pathogenesis.

One possible initial trigger for neurite swelling could be
disorganization of microtubules. After ischemic injury to
dendrites, for example, there is disassembly of microtu-
bules and reassembly in unusual locations and orientations,
including within dendritic spines where microtubules
are not normally found (Fiala et al. 2003). If this type of
repolymerization leads to loops of microtubules, a diver-
ticulum capable of trapping organelles might be created. In
support of the possibility of abnormal repolymerization of
microtubules in axons, we note that coiled microtubules
occur in the presynaptic compartments of prepared syn-
aptosomes, even though microtubule loops are rarely found
in the boutons of intact axons (Chan and Bunt 1978;
Gordon-Weeks et al. 1982). Microtubule loops and coils
have also been reported in neurite growth cones during
pauses in outgrowth (Dent et al. 1999; Lankford and Klein
1990), and in developing fly neuromuscular junction (Roos
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et al. 2000). Even a single microtubule loop might be
sufficient to initiate the formation of a diverticulum with
large numbers of coiled microtubules, because microtubule
segments are transported along axons through the same fast
transport mechanisms as other organelles (Baas et al.
2006).

The stages of formation of lamellar bodies indicate that
mitochondria in diverticula are undergoing a type of
macroautophagy, as noted in earlier ultrastructural studies
(Kidd 1964; Suzuki and Terry 1967; Terry and Wisniewski
1970, 1972). Autophagy is the normal sequestration
mechanism for delivery of mitochondria to lysosomes (for
reviews see Brunk and Terman 2002; Kim et al. 2007). In
axons, lamellar autophagic vacuoles undergo retrograde
transport along axons toward the soma (Hollenbeck 1993).
Delivery to the cell body is required for maturation of these
autophagosomes by fusion with somal lysosomes contain-
ing acid hydrolases. Because axonal transport is disrupted
in diverticula, it is likely that the autophagosomes con-
tained therein do not receive the lysosomal enzymes
required for complete digestion. Inhibition of lysosomal
enzymes can lead to accumulation of incompletely digested
lysosomes in the neuron and induction of tauopathy (Bi
et al. 1999; Yong et al. 1999). The fine structure of
incompletely digested lysosomes depends on what aspect
of digestion is dysfunctional. For example, certain condi-
tions lead to lipofuscin-type accumulations that are derived
from incomplete mitochondrial digestion (Cao et al. 2006;
Elleder et al. 1997; Zheng et al. 2006). Neurons in other
lysosomal storage diseases accumulate lysosomes with a
lamellar structure similar to the lamellar bodies in plaques
(Ghadially 1997; Purpura et al. 1978). Thus, the clusters of
lamellar bodies in dystrophic neurites appear to be
incompletely digested autophagosomes derived from trap-
ped mitochondria, which would be consistent with the
evidence for increased mitochondrial degeneration and
autophagocytosis in Alzheimer’s disease (Hirai et al. 2001;
Moreira et al. 2007; Nixon and Cataldo 2006). The ultimate
fate of the lamellar bodies in dystrophic neurites may
depend on the extent to which lysosomal enzymes are able
to reach them.

Growing evidence indicates that the site of formation
and aggregation of amyloid-f is intraneuronal, but exactly
how this occurs is unknown. One proposed site of accu-
mulation of amyloid-f peptides is within endosomal
compartments in primary dendrites and somata of neurons,
as identified by immunolabeled multivesicular bodies in
single electron micrographs (Takahashi et al. 2002, 2004).
This somato-dendritic amyloidogenesis is not consistent
with the pathogenesis of small plaques because small pla-
ques do not involve proximal dendrites or neuronal cell
bodies (Terry and Wisniewski 1970). An immuno-electron
microscopy study by another group was not able to detect



Brain Struct Funct (2007) 212:195-207

205

amyloid-f oligomers within endosomes in plaques (Kok-
ubo et al. 2005c). The structural changes that we have
described suggest that the filamentous material in the pla-
que may originate from the autophagic degeneration of
mitochondria trapped in diverticula. Autophagic vacuoles
are a prominent site of amyloid-f production during Alz-
heimer’s disease or oxidative stress (Yu et al. 2005; Nixon
et al. 2005; Zheng et al. 2006). Recent studies also confirm
that amyloid-f precursor protein, amyloid-f peptide, and
enzymes related to the production of amyloid-f from
amyloid-f precursor protein, are found inside mitochondria
in Alzheimer’s disease and related animal models (Devi
et al. 2006; Hansson et al. 2004; Kokubo et al. 2005a, b;
Manczak et al. 2006). Additional support comes from
immuno-electron microscopy studies showing that the
amyloid-f precursor protein in dystrophic neurites is
located within the lamellar dense bodies we identify as
degenerating mitochondria (Boutajangout et al. 2004;
Kawai et al. 1992; Martin et al. 1994).

Our observations bring together a number of apparently
disparate ideas on brain amyloidosis, and indicate how
disrupted axonal transport, mitochondrial malfunction and
oxidative stress, macroautophagy, impaired lysosomal
digestion, and intraneuronal production of amyloid-f could
all contribute to amyloid plaque pathogenesis. Further
study of small, nascent plaques in aging, traumatic injury,
and Alzheimer’s disease using three-dimensional recon-
struction of fine structure may help discern additional
common mechanisms of plaque initiation and evolution in
these diverse conditions.
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