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�-Amyloid (A�) accumulation and aggregation are hall-
marks of Alzheimer’s disease (AD). High-resolution
three-dimensional (HR-3D) volumetric imaging allows
for better analysis of fluorescence confocal microscopy
and 3D visualization of A� pathology in brain. Early
intraneuronal A� pathology was studied in AD trans-
genic mouse brains by HR-3D volumetric imaging. To
better visualize and analyze the development of A� pa-
thology, thioflavin S staining and immunofluorescence
using antibodies against A�, fibrillar A�, and structural
and synaptic neuronal proteins were performed in the
brain tissue of Tg19959, wild-type, and Tg19959-YFP
mice at different ages. Images obtained by confocal mi-
croscopy were reconstructed into three-dimensional
volumetric datasets. Such volumetric imaging of CA1
hippocampus of AD transgenic mice showed intraneu-
ronal onset of A�42 accumulation and fibrillization
within cell bodies, neurites, and synapses before plaque
formation. Notably, early fibrillar A� was evident within
individual synaptic compartments, where it was associ-
ated with abnormal morphology. In dendrites, increas-
ing intraneuronal thioflavin S correlated with decreases
in neurofilament marker SMI32. Fibrillar A� aggregates
could be seen piercing the cell membrane. These data
support that A� fibrillization begins within AD vulner-
able neurons, leading to disruption of cytoarchitecture
and degeneration of spines and neurites. Thus, HR-3D
volumetric image analysis allows for better visualization
of intraneuronal A� pathology and provides new in-
sights into plaque formation in AD. (Am J Pathol 2011,
179:2551–2558; DOI: 10.1016/j.ajpath.2011.07.045)
�-Amyloid (A�) accumulation is a pathological hallmark
of Alzheimer’s disease (AD), and during the past decade
there has been increasing evidence for a critical role for
the accumulation of A� within neurons in AD. Many stud-
ies have shown early intraneuronal A�42 accumulation in
AD, Down syndrome, and familial Alzheimer’s disease
(FAD) mutant transgenic rodents.1–18 Importantly, in a
triple transgenic mouse, intraneuronal A� accumulation
was the earliest pathological correlate of abnormalities in
long-term potentiation and behavior.19,20 Thioflavin S
(ThS)-positive intraneuronal A� fibrils have been de-
scribed in both APPSLPS1KI and 5XFAD transgenic
mice.21,22 Moreover, neuron loss correlated with the prior
appearance of ThS-positive intraneuronal A� fibrils in
transgenic mice.22 By immunoelectron microscopy,
A�42 normally localizes to endosomal vesicles. A�42
increases with aging, particularly at the outer membranes
of multivesicular bodies and smaller endosomal vesicles,
and particularly in distal processes and synaptic com-
partments, where such A� accumulation can be directly
associated with ultrastructural pathology.6,23

The development of new imaging software allows for
higher resolution image analysis of immunofluorescence
confocal microscopy. Volume-rendering techniques dis-
play two-dimensional stacks of images as 3D volumetric
images. High-resolution three-dimensional (HR-3D) volu-
metric image analysis provides a more complete 3D view
of A� pathology, leading to new insights into neurite and
synapse disruption. In the present study, we provide
HR-3D evidence for intracellular A� accumulation and
fibrillization within synapses, and distal and proximal pro-
cesses of neurons in CA1 hippocampus. These images
demonstrate that before the onset of plaque pathology,
intraneuronal A� accumulation and fibrillization can de-
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velop within soma, dendrites, and even within individual
spines, with disruption of synaptic and neuritic cytoarchi-
tecture. These new data support that intraneuronal A�
provides the nidus for plaque formation.

Materials and Methods

Antibodies

Mouse monoclonal antibody G2-13 recognizes the C-ter-
minus of A�42 (Millipore, Billerica, MA). Rabbit polyclonal
antibody OC (Millipore) recognizes epitopes common to
fibrillar A� species, but not nonfibrillar oligomers or na-
tively folded proteins, as characterized biochemically
and morphologically by Kayed et al.24 We used ThS to

Figure 1. Thioflavin S (ThS) positive plaques colocalize with neuronal ma
(green) positive �-amyloid (A�) plaques within the CA1 pyramidal cell body
colabeled with neuronal marker NeuN (red; arrows). B: In contrast, ThS
3-month-old Tg19959 mice. C: Colocalization (arrows) of ThS, A�42 (blue),
stratum lacunosum moleculare in 3-month-old Tg19959 mice, supporting tha

(A, B), 50 �m (C). Animations of the high-resolution three-dimensional reconstru
http://ajp.amjpathol.org), respectively.
visualize amyloid fibrils. Antibody SMI32 reacts to a non-
phosphorylated epitope in neurofilament H and visualizes
neuronal cell bodies, dendrites, and some thick axons in
the central and peripheral nervous systems; thin axons
are not labeled (Convance, Princeton, NJ). Mouse mono-
clonal antibody NeuN specifically recognizes a DNA-
binding, neuron-specific protein. NeuN protein distribu-
tion is restricted to neuronal nuclei, perikarya, and some
proximal processes (Millipore). Vesicular glutamate
transporter-1 (VGlut1) guinea pig antibody recognizes
glutamatergic synaptic vesicles (Millipore). Postsynaptic
density 95 (PSD-95) antibody specifically recognizes the
PSD-95 protein located in postsynaptic terminals of ex-
citatory synapses (Santa Cruz Biotechnology, Santa
Cruz, CA).

uN in CA1 hippocampus. A: The 5-month-old Tg19959 mouse reveals ThS
t this age, areas that are labeled with ThS (arrows) are near but not directly
uN colocalize (merged arrows) in the CA1 pyramidal cell body layer in
N is also seen in synaptic layers of the hippocampus, stratum radiatum, and
rgic interneurons are also a site of ThS positive A� fibrils. Scale bars: 25 �m
rker Ne
layer. A
and Ne
and Neu
t GABAe
ctions (B, C) are shown in Supplemental Videos S1 and S2 (available at
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Animals

All mouse experiments were compliant with the require-
ments of the Institutional Animal Care and Use Committee
of Weill Cornell Medical College and with the National
Institutes of Health guidelines. Tg19959 mice were ob-
tained from Dr. George Carlson (McLaughlin Research
Institute, Great Falls, MT). These mice contain human
APP695 with two familial AD mutations (KM670/671NL
and V717F) under the control of the hamster PrP pro-
moter.25 Hemizygous male Tg19959 mice were bred to
female Thy1.2-YFP-H homozygotes26 to produce double
hemizygous Tg19959/YFP-H mice in the F1 generation. An-
imals were screened for the presence of the human APP695
and Thy1.2-YFP-H transgenes by PCR. Brain sections from
Tg19959 (n � 6), wild-type (n � 6), Tg19959-YFP (n � 3),
and YFP (n � 3) mice were analyzed.

Immunohistochemistry

Mice were anesthetized with intraperitoneal pentobarbital
and perfused transcardially with saline followed by 4%
paraformaldehyde in 0.1 M PBS (pH 7.4) at room tem-
perature. After dissection, brains were postfixed by im-
mersion in 4% paraformaldehyde in 0.1 M PBS (pH 7.4) at
4°C for 2 hours or overnight. After fixation, brains were cut
in 40- or 100-�m thick sections with a vibratome. Sections
were kept in storage buffer composed of 30% sucrose
and 30% ethylene glycol in PBS at �20°C. Free-floating
sections were first incubated in primary antibodies for 24
hours at room temperature, followed by appropriate flu-
orescent Alexa secondary antibodies (1:200; Molecular
Probes, Eugene, OR) for 1 hour at room temperature. For
dual and triple label ThS staining, sections were incu-
bated in 0.001% ThS in 70% ethanol for 20 minutes, and
then rinsed sequentially with 70%, 95%, and 100% eth-
anol after immunofluorescent labeling.

Imaging

Images were collected using a Leica SP5 spectral con-
focal microscope (Leica Microsystems, Inc., Buffalo
Grove, IL) equipped with HeNe 633 nm/HeNe 543 nm/
Argon (458, 476, 488, 514 nm) lasers and with an HCX PL
APO CS 63x/NA1.4 oil objective. Two-dimensional im-
ages obtained by confocal microscopy were recon-
structed into 3D volumetric datasets using Avizo software
(Visualization Science Group, Burlington, MA). Isosur-
faces were defined individually for each channel from the
raw confocal data and rendered as semi-opaque, solid
surfaces. During data visualization and exploration, volume-
texture visualizations were also used to better appreciate
the continuum of intensities in each channel throughout the
dataset. This technique computes the opacity and color of
each voxel in the 3D volume as a function of the intensities
of both channels. Visualization parameters for both isosur-
face and volume textures were optimized to highlight rele-
vant neuronal structures and pathologies. Movie animations
were generated from the Avizo software (Visualization Sci-
ence Group) to highlight features of interest and to visualize

the three-dimensionality of the datasets.
Quantification
Colocalization of A�42 with synapses labeled with pre-
VGlut1 or PSD-95 markers from confocal acquired im-
ages was determined by using a colocalization algorithm
(Leica Application Suite 1.8.2 software), which shows
only pixels with relative colocalization.

Statistical Analysis
Statistical comparisons were made using the Student’s
t-test with significance placed at P � 0.05. Data were
expressed as mean � SEM. Statistical analysis was per-
formed using Excel (Microsoft, Redmond, WA).

Figure 2. Early intracellular fibrillar �-amyloid (A�) species within soma and
proximal processes of pyramidal neurons of CA1 hippocampus in Tg19959-
YFP mouse brain. A: OC antibody immunofluorescence reveals fibrillar A�
species in the cell body (arrow) and in proximal areas of apical dendrites
(green; arrowheads), where at times they are seen piercing the cell mem-
brane (large arrowhead). B: High-resolution three-dimensional (HR-3D)
surface representation of (A). C: Higher magnification of boxed area in B
more clearly shows intracellular OC labeling (arrows). Scale bar: 20 �m (A).

Animation of the HR-3D reconstruction is shown in Supplemental Video S3
(available at http://ajp.amjpathol.org).
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Results

High-Resolution 3D Volumetric Images
Demonstrate Amyloid Fibrils within Neuron Cell
Bodies in CA1 Hippocampus

Tg19959 mice over-express double FAD mutant
(KM670/671NL and V717F) human APP695 and exhibit

Figure 3. Intraneuritic fibrillar �-amyloid (A�) disrupts the cytoarchitectur
(green) is seen in selective pyramidal neuron cell bodies (blue; NeuN) and
representation of (merged A). C: Rear view of the selected area in (B) show
View from another angle of the surface representation of (A). E: Higher magn

correlates with reduced neurofilament SMI32 labeling intensity (arrowhead). Sca
Supplemental Video S4 (available at http://ajp.amjpathol.org).
plaque formation between 2 and 3 months.25 At 4
months of age these mice show spatial memory deficits
and reduced levels of synaptophysin.27At 5 months of
age, when these mice show marked A� pathology, we
noted that some A� plaques were located within the
CA1 pyramidal cell body layer of the hippocampus.
Double labeling with a neuronal marker (NeuN) and
ThS at this age showed ThS-positive A� plaques within

drites in Tg19959 mice. A: Intracellular thioflavin S (ThS)-positive staining
(red; arrowheads). B: High-resolution three-dimensional (HR-3D) surface
llular ThS-positive staining within a SMI32-positive neurite (red; arrow). D:
of the box in (D) highlights that increasing ThS staining (arrow) in a neurite
e of den
neurites
s intrace
ification
le bar � 25 �m (A). Animation of the HR-3D reconstruction is shown in
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the CA1 pyramidal neuron cell body layer. At this late
age, with A� appearing in extracellular plaques, there
was no direct overlap of ThS with the neuronal marker
NeuN (Figure 1A).

To examine whether A� plaque-like deposits in CA1
arose from neuron cell bodies, we studied these mice at
an earlier stage of plaque pathology at 3 months of age.
At this earlier age, HR-3D images now showed colocal-
ization of ThS and NeuN in the CA1 hippocampal pyra-
midal cell body layer of Tg19959 mice (Figure 1B) (see
Supplemental Video S1 at http://ajp.amjpathol.org),
supporting that A� fibrils are within CA1 neurons at this
time. To examine whether ThS and NeuN dual-labeling
also occurred outside the CA1 pyramidal cell body
layer, we examined the CA1 stratum radiatum and stra-
tum lacunosum moleculare. Neuron populations lo-
cated in these CA1 hippocampal areas are GABAergic
interneurons. Triple labeling of 3-month-old Tg19959
mice revealed colocalization of ThS, A�42, and NeuN
in these layers as well (Figure 1C) (see Supplemental
Video S2 at http://ajp.amjpathol.org). These data sup-
port that at least some A� fibrils arise from neuron cell
bodies, including glutamatergic pyramidal neurons
and GABAergic interneurons, of CA1 hippocampus in
Tg19959 transgenic mice.

Figure 4. Early intracellular fibrillar �-amyloid (A�) species within individu
labeling fibrillar A� species (red) with YFP (green) within an individual spin
image shows dystrophic enlargement of the spine with intracellular fibrillar A�
The image represents a two-dimensional projection of a stack of five consecu
mostly mushroom shaped and can be located near the OC-positive spine show

Scale bar � 4 �m (A). Animation of the high-resolution three-dimension
http://ajp.amjpathol.org).
Fibrillar A� Species Occur Early within Neurons
and Can Traverse the Cell Membrane

To focus on an even earlier stage in the progression of A�
pathology, we analyzed Tg19959 mice at 2 months of
age, which is just before the onset of A� plaque pathol-
ogy in these mice. To better study morphological altera-
tions in neurons and their processes, we crossed
Tg19959 mice with YFP mice.26 Tg19959-YFP mice mir-
ror the A� pathology of Tg19959 mice and also contain a
subset of neurons that are YFP labeled, including cell
bodies, axons, dendrites, and spines. These mice do not
show ThS positive A� plaques at 2 months of age, and
therefore we used antibody OC, which has been shown
to detect A� fibrillar species, as characterized biochem-
ically and morphologically by Kayed et al.24 It should be
noted that the characterization of these different A� spe-
cies and their conformations is complex, and moreover
that characterization of antibody binding in vitro may not
necessarily reflect binding in vivo in the brain. With these
caveats in mind, we used antibody OC as a marker for A�
fibrillar species. It has been described that OC detects
fibrillar A� species in the absence of ThS staining,24

which we also confirmed (see Supplemental Figure S1 at
http://ajp.amjpathol.org). We found OC antibody labeling

s in CA1 stratum radiatum. A: Merged image shows the colocalization of OC
endrite of a 2-month-old Tg19959-YFP mouse (arrow). The representative
ulation compared to spines without fibrillar A� accumulation (arrowheads).
ges. B: Sequence of individual images shown in (A). OC negative spines are
trophic elongation of the spine head and neck and more diffuse YFP staining.
al spine
e in a d
accum

tive ima
ing dys
al reconstruction is shown in Supplemental Video S5 (available at

http://ajp.amjpathol.org
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in the 2-month-old Tg19959 mice, which were negative
for ThS. At 2 months of age, before formation of ThS
plaques, OC antibody immunofluorescence colocalized
with YFP in proximal and distal processes of pyramidal
CA1 neurons in Tg19959-YFP mice (Figure 2A) (see Sup-
plemental Video S3 at http://ajp.amjpathol.org). HR-3D
isosurface representation clearly showed that OC antibody
labeling was intraneuronal (Figure 2, B and C). For example,
fibrillar A� species could be seen in the cell body and
proximal CA1 apical dendrites. In some HR-3D isosurface
images, OC positive fibrillar A� species were even seen
traversing the plasma membrane of neurites (Figure 2C).

Figure 5. Fibrillar �-amyloid (A�) within postsynaptic terminals in Tg1
representation. A: Three-dimensional representation of a stack of images
transporter-1 (VGlut1) (green), postsynaptic density 95 (PSD-95) (blue), a
visualization of synapses. C: Side view of the selected area in (B). OC antib
adjacent to a glutamatergic pre-synaptic terminal (arrowhead). D: Side view
views of (C). E and F show intracellular fibrillar A� within the postsynaptic c

set to be more transparent than in (E) to more clearly show the intracellular localiza
HR-3D reconstruction is shown in Supplemental Video S6 (available at http://ajp.am
Amyloid Fibrils also Occur within Neurites and
Disrupt their Cytoarchitecture

To examine whether intracellular A� accumulation and
fibrillization disrupts the cytoarchitecture of neurites,
brain sections of 3-month-old Tg19959 mice were co-
labeled with ThS, neurofilament specific antibody SMI32,
and NeuN. We note that ThS is not evident in wild-type
mouse brain using these methods (data not shown).
HR-3D fluorescence imaging clearly showed the intran-
euronal onset of A� fibrillization in processes of Tg19959
mouse brains (Figure 3) (see Supplemental Video S4 at

ice visualized by the high-resolution three-dimensional (HR-3D) surface
ection with triple immunofluorescence labeling with vesicular glutamate
(red) antibodies. B: HR-3D surface representation of (A) provides better
eling shows fibrillar A� piercing the PSD-95 positive (arrow) compartment
shows postsynaptic intraneuronal fibrillar A� (E, F). Both images show top
ment (arrows). In (F), surface representation intensity of PSD-95 labeling is
9959 m
of a s

nd OC
ody lab

of (C)
ompart
tion of OC labeling. Scale bars: 3 �m (A, B), 1 �m (C–F). Animation of the
jpathol.org).
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http://ajp.amjpathol.org) now revealed that increasing in-
tracellular ThS staining intensity correlated with decreas-
ing intraneuronal SMI32 neurofilament labeling.

Fibrillar A� Species Occurring within Individual
Spines Can Penetrate the Cell Membrane and
Are Associated with Dystrophy

Next we focused on whether A� accumulation preferen-
tially occurred in presynaptic or postsynaptic compart-
ments of different CA1 hippocampal synaptic layers (see
Supplemental Figure S2 at http://ajp.amjpathol.org). At 2
months of age, Tg19959 mice showed 50 � 5% colocal-
ization of A�42 and PSD-95 in the stratum lacunosum
moleculare and 52 � 3% in the stratum radiatum. Colo-
calization of A�42 with the glutamatergic pre-synaptic
marker VGlut1 was 28 � 2% in the stratum lacunosum
moleculare and 13 � 2% in the stratum radiatum. These
data indicate that before the onset of plaque pathology,
A�42 accumulated more in postsynaptic compared to
presynaptic terminals of CA1 hippocampus.

Remarkably, we noted that OC-positive fibrillar A� spe-
cies could be located within individual postsynaptic ter-
minals before the onset of A� plaque pathology in
2-month-old Tg19959-YFP mouse sections. Intracellular
OC labeling was evident within individual spines in CA1
stratum radiatum (Figure 4) (see Supplemental Video S5
at http://ajp.amjpathol.org). OC-negative spines tended to
show mainly a mushroom shape compared to OC-posi-
tive spines, which showed dystrophic enlargement of the
spine head and neck. Interestingly, OC-positive and OC-
negative spines could be located in close proximity on
the same dendrite. Dystrophic OC-positive spines also
showed more diffuse YFP labeling compared to the OC-
negative spines with intense YFP labeling.

To further examine this synaptic localization of A�
fibrillar species at a later time point, we co-labeled
3-month-old Tg19959 mouse sections with VGlut1,
PSD-95, and OC antibodies. HR-3D surface represen-
tations of immunofluorescent-labeled sections showed
OC immunoreactivity clearly associated with synapses
and within synaptic compartments. Intracellular OC label-
ing was particularly evident within PSD-95 labeled post-
synaptic compartments and also could be seen travers-
ing the cell membrane (Figure 5) (see Supplemental
Video S6 at http://ajp.amjpathol.org).

Discussion

Many aspects of the origin of plaques and the pathogenic
role of A� in AD remain unclear.28 Although the A� hy-
pothesis has posited that extracellular A� aggregates
lead to plaque formation,29 increasing evidence supports
that the intraneuronal accumulation of A� plays a critical
role in AD.1,2,21,22,30,31 Numerous studies have reported
early intraneuronal accumulation of A� in AD, Down syn-
drome, and FAD transgenic rodents.1–9,11,12,16 Intraneu-
ronal A� oligomerization16,23 and fibrillization have also
been reported in FAD transgenic models.21,22 At the

same time, immunohistochemical demonstration of intra-
neuronal A� is technically difficult, which has contributed
to the slow acceptance for the role of this pool of A� in
AD. We set out, therefore, to better visualize A� pathol-
ogy in FAD transgenic mouse brains using immunofluo-
rescence confocal microscopy combined with a novel
HR-3D imaging technology to better delineate the pro-
gression of intraneuronal A� pathology within the CA1
area of the hippocampus.

Now we use HR-3D imaging to clearly show that i)
intraneuronal A� accumulates at early ages before the
formation of plaques. This intraneuronal A� already forms
fibrillar species; ii) within the CA1 region of the hippocam-
pus, these intraneuronal fibrillar species were found
within cell bodies of pyramidal and GABAergic neurons,
processes, and synaptic structures, especially in post-
synaptic compartments; iii) intraneuronal fibrillar A� spe-
cies were seen, even at the level of individual spines
where such spines tended to appear less mushroom
shaped and were associated with dystrophic enlarge-
ment; iv) remarkably, spines containing fibrillar A� spe-
cies could be seen right next to spines devoid of such
species; v) within dendrites, increasing accumulation of
fibrillar A� species was associated with reduction in cy-
toskeletal proteins; and vi) fibrillar A� species were seen
piercing the cell membrane. In aggregate, these new
data support a scenario in which plaques begin with
deposits of intraneuronal A�, which then disrupts the
cytoarchitecture, pierces the cell membrane, and forms
the nidus for extracellular plaques.
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