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ABSTRACT: Dystrophic neurites are associated with fibrillar amyloid de-
position in Alzheimer’s disease (AD), but the frequency and types of
changes in synaptic structures near amyloid deposits have not been
well characterized. Using high-resolution confocal microscopy to im-
age lipophilic dye-labeled dendrites and thioflavin-S-labeled amyloid
plaques, we systematically analyzed the structural changes of dendrites
associated with amyloid deposition in both a transgenic mouse model of
AD (PSAPP) and in human postmortem brain. We found that in PSAPP
mice, dendritic branches passing through or within 40 pm from amy-
loid deposits displayed various dendritic abnormalities such as loss of
dendritic spines, shaft atrophy, bending, abrupt branch endings, vari-
cosity formation, and sprouting. Similar structural alterations of den-
drites were seen in postmortem human AD tissue, with spine loss as the
most common abnormality in both PSAPP mice and human AD brains.
These results demonstrate that fibrillar amyloid deposits and their sur-
rounding microenvironment are toxic to dendrites and likely contribute
to significant disruption of neuronal circuits in AD.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disease that is
pathologically characterized by the accumulation of amyloid-3 peptide (A)
and neurofibrillary tangles in susceptible brain regions.!”!® Many lines of
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evidence suggest that synapse loss occurs early and progressively in the patho-
genesis of AD and is closely associated with the duration and severity of
cognitive impairment in AD patients.''"!7 The accumulation of both diffusible
and fibrillar forms of AP has been linked to functional and structural synap-
tic alterations, contributing to the cognitive decline seen in AD. The presence
of elevated levels of soluble A3 peptides has been shown to lead to a reduc-
tion in long-term potentiation, as well as deficits in learning and memory that
occur even before amyloid plaque formation.!®23 In addition, the deposition
of fibrillar amyloid has been associated with various morphological changes
in synaptic structures. Electron microscopy studies in human AD tissue and
transgenic mouse models have revealed dystrophic neurites surrounding the
amyloid deposits,”®?” while Golgi and immunocytochemical staining have
shown aberrant neuritic sprouting near amyloid plaques.?®3! Neuronal pro-
cesses located near plaques exhibit increased curvature or tortuosity, and such
distortion in neurite geometry has been implicated in the dysfunction of neu-
ronal circuitry.’>34 Recent studies in a mouse model of AD have shown that
dendrites located near amyloid deposits exhibit local spine loss and shaft at-
rophy that may eventually lead to dendrite breakage, indicating that the de-
position of fibrillar amyloid could contribute significantly to the progression
of AD.%

In this study, we examined the frequency and types of dendritic structural
abnormalities within and near amyloid deposits in a transgenic mouse (PSAPP)
model of AD3¢37 as well as in human postmortem AD brain. We found several
dendritic abnormalities, including spine loss, shaft atrophy and bending, branch
breakage, and sprouting. In both PSAPP mice and human AD brain, dendritic
spine loss was the most frequently seen structural abnormality in the vicinity of
amyloid deposits. These results indicate that synaptic disruption is a prominent
feature associated with fibrillar amyloid plaques and underscores the potential
importance of therapies aimed at preventing or removing amyloid deposits in
AD.

METHODS
Experimental Animals

Transgenic mice overexpressing mutant human amyloid precursor protein
(Tg2576) and mutant human presenilin 1 (PS1y46) Were obtained from
Dr. Karen Duff at the Nathan Klein Institute at New York University.>® Mice
of 4 to 7 months of age were anesthetized with pentobarbital (80 mg/kg) and
perfused transcardially with 40 mL of 4% paraformaldehyde. Brains were dis-
sected out and postfixed for 10 min in 4% paraformaldehyde before slicing.
Transversal slices (150—200 thick) at the level of the hippocampus were cut on
a vibratome (Vibratome 1000, TPI Inc., St. Louis, MO) and were subjected to
labeling.
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Postmortem Human Brain

The brains from two patients with a diagnosis of AD were obtained within
24 h postmortem. Small hippocampal and frontal lobe blocks were immediately
placed in 4% paraformaldehyde for less than 12 h and then stored in PBS until
the time of sectioning. Tissue slices of 200 wm were obtained with a vibratome
prior to labeling.

Labeling of Neurons

Neuronal structures were labeled with the DiOlistic technique as previously
described.’® Briefly, 3 mg of lipophilic dye Dil were dissolved in 100 pl of
methylene chloride (Sigma, St. Louis, MO). The solution was used for coating
a small amount (100 mg) of tungsten particles (1.5 pwm diameter) (Bio-Rad,
Hercules, CA) with the dye. Tungsten particles were introduced into Tefzel
tubing (Bio-Rad cat 165-2441) for the preparation of “bullets.” Dye-coated
particles were delivered to the preparation using a commercially available
biolistic device, a “gene gun” (Bio-Rad, Helios Gene Gun System). Tissues
were protected from the air shock wave by interposing a membrane filter
with a 3-uwm pore size (Millipore cat TSTP04700) between the gun and the
tissue. After particle delivery, the dye was allowed to diffuse for >24 h prior
to mounting and imaging.

Staining of Fibrillar Amyloid Deposits

Following lipophilic dye labeling, fibrillar amyloid deposits (neuritic
plaques) were stained for 10 min in a solution of thioflavin-S (2 wg/mL, Sigma,
cat T-1892) in 0.1 M PBS and then rinsed with 0.1 M PBS.

Imaging of Neuronal Structures

Images of labeled neurons were acquired by a Zeiss LSM 510 confocal at-
tached to an upright Zeiss Axioplan 2 microscope. Neurons were viewed under
a 40X/1.30 oil immersion DIC Plan-Neuofluar objective. Neuronal structures
labeled with Dil were sequentially scanned using the appropriate excitation
lasers (458 nm for thioflavin S and 543 nm for Dil) combined with the appro-
priate emission filter (LP 560 for Dil and BP475-525 for thioflavin S). Stacks
of images at 0.3—1.0-p.m steps were acquired to generate a three-dimensional
data set of imaged neurons.
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Quantification of Spine Density, Dendritic Diameter,
and A3 Concentration

Dendritic spine densities, dendritic diameters, and thioflavin-S labeling in-
tensity profiles (a correlate of fibrillar A deposit) were quantified with Meta-
morph software (Universal Imaging Corporation, Downingtown, PA) as de-
scribed in Tsai et al.*’ Each dendrite was divided into 6-um segments and
spines were counted and diameters measured for each segment. Dendrites are
considered exhibiting spine loss or shaft atrophy if they contain segments
with more than 15% reduction in spine density or shaft diameter near amyloid
deposits as compared to the adjacent segments of the same dendrites. Spine
density was normalized to the spine density of segments in the same dendritic
branch immediately adjacent to the segment passing through the amyloid de-
posit.

RESULTS

We first examined the characteristics and frequency of structural dendritic
alterations in a transgenic mouse model overexpressing mutant human amyloid
precursor protein (APP) and mutant presenilin-1 (PS1) (PSAPP).3%37 These
mice begin to develop amyloid plaques at around 10 weeks of age and had
large-scale deposition by 6 months of age.3® Fixed hippocampal and cortical
slices from PSAPP mice between 4 to 7 months of age were labeled by ballistic
delivery of lipophilic dyes (DiOlistic technique), which labels neuronal den-
drites in a Golgi-like manner (FIG. 1A).3*4° Fibrillar amyloid deposits were
labeled with thioflavin-S and dendrites in and around these deposits were vi-
sualized using high-resolution confocal microscopy.

We found that dendrites passing through or near fibrillar amyloid deposits
showed various abnormalities including spine loss, dendritic shaft atrophy and
bending, abrupt branch ending within and near deposits, branch sprouting, and
varicosity formation (TABLE 1). Spine loss and shaft atrophy were observed,
respectively, in 41% (101/244) and 24% (58/244) of dendrites passing through
or within 40 pwm of amyloid deposits (FiG. 1B, C; see METHODS). Overall,
dendritic segments within amyloid deposits showed ~40% reduction in spine
density and ~20% reduction in shaft diameter as compared to those outside de-
posits.>> Consistent with previous studies,”>*! we found that dendrites closely
surrounding or inside fibrillar deposits were more likely to exhibit shaft bend-
ing (F16. 1A-B). Within ~40 pwm from the edge of deposits, over half of the
dendrites curved around deposits as if being displaced from their original
locations. Furthermore, 34% of dendrites (16/47) passing through deposits
displayed single or multiple sharp bends (TABLE 1).

The fourth most frequently encountered dendritic abnormality was abrupt
ending of dendrites near or within amyloid deposits (FiG. 1B; TABLE 1).3° This
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FIGURE 1. Dendritic structural abnormalities seen near fibrillar amyloid deposits in
PSAPP mice labeled with the DiOlistic technique. (A) A cell with dendrites bending around
amyloid deposits. (B) Dendrite abruptly ending inside an amyloid deposit (arrowhead), as
well as spine loss and dendritic atrophy (arrow). (C) Dendritic varicosity near amyloid
deposit (arrowhead) and spine loss and dendritic atrophy (arrow). (D) Dendritic sprouting
near plaque (arrows), bending around plaque, and small varicosities (arrowheads). Amyloid
deposits are marked with asterisks. Scale bars, 10 wm for A and 5 pm for B-D.

finding suggests that amyloid deposits may induce the breakage of nearby
dendrites, consistent with previous results from in vivo imaging studies.’
Occasionally, some dendritic shafts near deposits (5%; 12/244 dendrites) ex-
hibited sprouting (unusually long, thin processes that do not resemble typical
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TABLE 1. Frequency of dendritic abnormalities within 40 pm of fibrillar amyloid deposits
in PSAPP mice?

Percentage

Abnormality Frequency (number of dendrites) of dendrites (%)
Spine loss 101/244 41

Sharp bending within plaques 16/47 34

Shaft atrophy 58/244 24
Abrupt ending 31/244 13
Sprouting 12/244 5
Varicosities 3/244 1

%n = 4 animals.

Note: A total of 244 dendrites from 4 PSAPP animals were examined for various dendritic
abnormalities. In the case of sharp bending within plaques, only those dendrites passing through
plaques (n = 47 dendrites, 4 PSAPP animals) were used.

dendritic spines; F1G. 1D). Sprouting dendrites were found concurrently with
other abnormalities, such as abruptly ending dendrites, suggesting that sprout-
ing could occur as a compensatory mechanism following dendritic breakage.

A rare but occasional amyloid deposit-associated abnormality was the pres-
ence of dendritic varicosities (1%; 3/244 dendrites; FiG. 1C), which in con-
trast are seen very frequently in axons near amyloid plaques.>> Axonal vari-
cosities have been shown to contain large numbers of clustered vesicles that
can be labeled by antibodies against presynaptic proteins.*> Lack of synap-
tic vesicles could explain why dendrites are much less prone to varicosity
formation.

To determine whether fibrillar amyloid deposits in human AD brain are
associated with similar dendritic abnormalities as those in PSAPP transgenic
mice, we analyzed dendrites in slices obtained post mortem from the frontal
cortices and hippocampi of two elderly patients with a diagnosis of AD. Confo-
cal microscopy of lipophilic dye-labeled dendrites passing through thioflavin-S
positive amyloid deposits revealed several dendritic abnormalities similar to
those seen in transgenic PSAPP mice. On average, we observed a 23% reduc-
tion in dendritic spine density (» = 120 dendrites near 52 plaques; P < 0.05)
on segments passing through or up to 15 pm from the thioflavin-S-positive
plaques when compared to the immediately adjacent dendritic segments from
the same dendritic branch outside of the plaque (FiG. 2A—C). Approximately
35% of these dendritic segments displayed at least a 15% reduction in spine
density. Because of the large variability in spine density in different dendrites
and regions in human tissue, we did not quantify spine density in dendritic
branches that were not in the vicinity of plaques. In addition to spine loss, den-
dritic varicosities and sprouting were also occasionally (1-2% of dendrites)
seen near plaques (FiG. 2C). However, in contrast to PDAPP mice, no obvious
dendritic shaft atrophy or breakage was seen in the 120 dendrites observed
(F1G. 2D).
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FIGURE 2. Dendritic structural abnormalities seen near fibrillar amyloid deposits in
postmortem human AD brain. (A-B) Lipophilic dye-labeled dendrites passing through
thioflavin-S-positive amyloid plaques show decreased spine density inside amyloid deposits.
(C) Varicosity (arrowhead) and sprouting (arrow) on a dendrite passing through an amyloid
plaque. (D) A 23% decrease in spine density is seen on dendritic segments passing through
amyloid deposits (dark gray bars) when compared to adjacent segments on the same dendrite
but outside the amyloid plaque (light gray bars); no significant difference in dendrite
diameter is seen. Amyloid deposits are marked with asterisks.

DISCUSSION

The accumulation of amyloid-3 peptide in susceptible brain regions is one of
the pathological hallmarks of Alzheimer’s disease.!"'° To better understand the
impact of amyloid deposition on the process of neuronal circuit disruption in
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AD, we examined the type and frequency of dendritic structural abnormalities
in a transgenic mouse model of AD (PSAPP) and in postmortem human AD
tissue. Spine loss, shaft atrophy, and dendritic bending were the most common
abnormalities seen in PSAPP mice, with abnormalities such as dendritic break-
age, sprouting, and varicosities seen less frequently. In the human AD brain,
spine loss was the most common abnormality, but sprouting and varicosities
were also occasionally seen.

Overall dendritic structural changes are much more marked in PSAPP mice
than in the human brain. These differences may be due to the fact that amyloid
deposition in mice is likely to accumulate much more rapidly. Despite the
lower degree of dendritic toxicity in humans, the detrimental effect of amyloid
deposition could last over the much longer life span of a human and therefore
may have a large cumulative effect on neuronal circuit disruption.

These studies demonstrate that fibrillar amyloid deposits and/or the mi-
croenvironment that surrounds them have a toxic effect on dendrites leading
to the elimination of spines. This effect is highly local, suggesting that signals
derived either from the amyloid deposits and/or the surrounding glial cells
are responsible for the damage. Accumulation of soluble amyloid peptides
could be the primary event in generating various dendritic abnormalities. Al-
ternatively, fibrillar AR may activate surrounding astrocytes and microglia
to produce substances that lead to neuritic structural changes in AD.* A
combination of cellular and molecular mechanisms could be involved in
generating the various dendritic abnormalities we observed here. Because
the amyloid burden could be extremely high in certain susceptible brain re-
gions, synaptic pathology associated with amyloid deposition could lead to a
large-scale and permanent disruption in neuronal circuitry. It is therefore
important in the future to develop treatment strategies to prevent and/or al-
leviate synaptic pathology associated with amyloid deposition.
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