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Plaque-Induced Abnormalities in Neurite Geometry in Transgenic Models of Alzheimer Disease:
Implications for Neural System Disruption
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Abstract. Neurites that pass through amyloid-3 deposits in Alzheimer disease (AD) undergo 3 changes. they develop
phosphorylated tau immunoreactivity; the density of SMI-32-positive dendrites diminishes; and they also develop a marked
alteration in their geometric features, changing from being nearly straight to being quite curvy. The extent to which the latter
2 phenomena are related to phosphorylated tau is unknown. We have now examined whether amyloid-3 deposits in APP695Sw
transgenic mice, which have only rare phosphorylated tau containing neurites, develop these changes. We found that dendritic
density is diminished within the boundaries of amyloid-R plagues, with the greatest loss (about 80%, p < 0.001) within the
boundaries of thioflavine S cores. Remaining dendrites within plagues develop substantial morphological alterations quanti-
tatively similar to those seen in AD. A dtatistically significant but smaller degree of change in geometry was seen in the
immediate vicinity around plagues, suggesting a propagation of cytoskeletal disruption from the center of the plague outward.
We examined the possible physiological consequences of this change in dendritic geometry using a standard cable-theory
model. We found a predicted delay of several milliseconds in about one quarter of the dendrites passing through a thioflavine
S plaque. These results are consistent with previous observations in AD, and suggest that thioflavine S-positive amyloid-3
deposits have a marked effect on dendritic microarchitecture in the cortex, even in the relative absence of phosphorylated tau

alterations.
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INTRODUCTION

Amyloid-3 deposits occupy as much as 10% of the
surface area of the cortex in an average Alzheimer dis-
ease (AD) brain (1). Although there is a consensus that
this deposition is at the heart of the disease process, the
mechanism whereby amyloid deposition impacts brain
function remains uncertain. We have recently demonstrat-
ed that amyloid-3 deposits in brains of AD patients cause
a diminution in the density of dendrites within their mi-
croenvironment, and that remaining dendrites that course
through amyloid deposits have an increased likelihood of
containing phosphophorylated tau (2). More recently, we
employed new quantitative measures of dendritic mor-
phology to determine that remaining phosphophorylated
tau-negative neurites that pass through plaques frequently
show substantial change in their morphology (an increase
in end-to-end distance ratios and curvilinear geometry)
(3). Together these results suggest that at least one of the
mechanisms by which amyloid deposition alters neuronal
function is by local disruption of the neuropil.
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One limitation of these studiesisthat in AD, extensive
neuronal loss, neurofibrillary tangles, and extensive neu-
ropil threads could each contribute to dendritic alter-
ations, and the exact role of amyloid-3 deposits is there-
fore difficult to ascertain with certainty. Here we use 2
mouse models of amyloid-3 deposition—Tg2576
(APPSw) (4) and APPSWX M146L PS1 (PSAPP) (5)—
to test the hypothesis that amyloid-3 deposits directly al-
ter dendritesin the neuropil. Neither model displays glob-
a neuronal loss or more than rare phosphorylated
tau-positive neurites (6, 7). In both models, we demon-
strate that thioflavine S-positive plagques (to a greater ex-
tent than thioflavine S-negative amyloid-3 deposits) are
associated with a local decrease in the density of den-
drites, and that there is a marked alteration of the ge-
ometry of dendrites that pass through or near thioflavine
S plagues. The degree of alterations in measures of den-
drite geometry is related to a dendrite’s spatial relation-
ship to a plaque. Dendrites that are within the boundaries
of athioflavine S stained deposit are most affected. Im-
portantly, dendrites in the immediate vicinity of thiofla-
vine S plagques are also altered, suggesting that the change
in dendritic morphology propagates beyond the borders
of the amyloid-3 deposit. Taken together, these results
argue that amyloid-I3 deposits, and especially thioflavine
S amyloid-I3 deposits, are sufficient to cause major alter-
ations in the dendritic microarchitecture independent of
phosphorylated tau and neuronal disruption seen in AD.

MATERIALS AND METHODS

Transgenic Mice

Hemizygous transgenic mice expressing mutant human
APPSw (4) and hemizygous mice expressing a mutant human
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PS-1 M146 (5) were crossed to generate offspring with 4 ge-
notypes: nontransgenic (non-tg); PS-1; APPSw; and PSAPP
These mice were studied at 12 months of age.

Mice were killed under ether anesthesia and the brains fixed
in 4% paraformaldehyde. Forty-pm-thick coronal sections were
obtained on a freezing sledge microtome and subsequently
stored in 15% glycerol at —20° until used.

Immunohistochemistry

Free-floating sections were permeablized with 0.5% triton
X100 in 0.05 molar Tris buffered saline, blocked in 3% nonfat
dry milk in Tris buffered saline pH 7.4, and sequentially labeled
with primary antibodies against amyloid-3 (R1282, Dr. Dennis
Selkoe, Brigham and Women's Hospital, Boston, MA) and
SMI32 (1:1,000, Sternberger Monoclonals, Baltimore, MD).
Cy3 and Cy5 conjugated secondary antibodies (Jackson Im-
munoresearch, West Grove, PA) were used. Some sections were
counterstained with 0.1% thioflavine S.

Confocal Microscopy

Confocal images were obtained on a laser-scanning confocal
microscope (MRC1024, Bio-Rad, Hercules, CA) utilizing a
krypton-argon laser with excitation wavel engths of 488 nm, 568
nm, and 647 nm. Images were obtained from frontal cortex
(S1BF and S1TR) dorsal to the anterior portion of hippocampal
field CA1. Three-dimensional reconstruction of images was tak-
en from 7 sequential Z series, each 0.2-um thick (100X 1.4 NA
oil immersion objective). The three-dimensional image was
then projected for analysis as described in our study of AD (3).

Characterization of Morphological Characteristics of
Dendrites

Dendritic geometry was characterized by marking the den-
drites, and recording their location with regard to the presence
of B-amyloid immunostaining or thioflavine S staining. The
mean curvature and end-to-end length measures were obtained
as previously described using a custom-designed software pro-
gram (see http://polymer.bu.edu/~ccruz/AD/dendrite-curvature/
curv-index.htm/). A running window technique was used to cor-
rect for different dendritic lengths. Each dendrite was examined
as a set of n-segments, each of which was approximated as a
straight line.

Neuronal Network Simulations

We used the Genesis (8) computer model to determine
whether an increase in the length of dendrite would affect spike
timing from a synaptic input. For these computations we used
R,= 100 Kohmcm?, R, = 300 Kohmcm, and C,, = 1 pF/cm?
(R,, axia resistance; R,, membrane resistance; C,, membrane
capacitance). These parameters were chosen to match our pre-
vious studies of Alzheimer plagues (3).

Statistical Analysis

Comparisons were by t-test (for SMI-32 ratios) or by AN-
OVA with Kruskal Wallis post-hoc test.

RESULTS
Triple Label Fluorescent Confocal Microscopy

Four groups of animals were studied at 12 months of
age: nontransgenic littermate control animals;, animals
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singly transgenic for mutant presenilin-1 (M146L); ani-
mals singly transgenic for APPSw; and animals doubly
transgenic with both the mutant presenilin and mutant
APP genes (PSAPP). The APPSw developed amyloid de-
posits and thioflavine S-positive amyloid deposits by 12
months of age throughout multiple cortical regions. As
previously reported, the PSAPP mice develop enhanced
levels of amyloid-3 deposition, the formation of thiofla-
vine S-positive plagues, but only very rare AT-8 phos-
phorylated tau immunopositive neurites and no neurofi-
brillary tangles.

Forty-pum-thick frozen sections were immunostained
for SMI-32, a nonphosphorylated neurofilament antibody
that recognizes the soma and dendritic harborizations of
large projection neurons (Sternberger Monoclonals), and
R-1282, a polyclonal antibody against amyloid-3. Some
sections were also counterstained with thioflavine S to
visualize dense core amyloid deposits (Fig. 1). Neurofil-
ament-positive dendrites were observed to pass through
plagues although qualitatively the density of SMI1-32-pos-
itive dendrites in a plaque appeared to be less than the
density of these dendrites in this neuropil. To assess this
quantitatively, we compared the percent area covered by
SMI-32-positive dendrites in a plaque to the percent area
covered by SMI-32-positive processes in the surrounding
field. When we looked at all amyloid-3 deposits, we
found that there was a diminution of SMI-32 density
within the amyloid-f3 on the order of 20%—40% (Table
1) that reached statistical significance only in the APPSw
mice. However, the subset of amyloid-R3 plagues that are
thioflavine S-positive had a much more striking alter-
ation: approximately 80% diminution in SMI1-32 immu-
noreactivity within the boundaries of thioflavine S de-
posits (p < 0.001, both APPSw and PSAPP mice).

Amyloid-B Deposits Disrupt Dendritic Geometry

In addition to an absolute loss of SMI1-32-positive den-
drites, the dendrites that crossed the plaques appeared to
be abnormal. We applied the same quantitative morpho-
logic measures we had earlier used for measuring den-
dritic abnormalities in plaques in AD brain to the current
analyses (3). The 2 quantitative methods measure the
amount of curvature, a variable that ranges from zero
(absolutely straight) to infinity (i.e. 1/radius of an infi-
nitely small circle), and relative length (R,), which is the
ratio of the end-to-end distance of a neurite, compared to
its actual curvilinear length. R, ranges from zero for a
maximally prolonged traverse to 1.0 if the length tra-
versed by the dendrite is the same length as the end-to-
end distance.

We next examined the curvature and relative length
parameters for dendrites within AR deposits, within the
immediate periphery of amyloid-3 deposits (within 15-
pm radial distance from the surface of a plague), and in
the neuropil farther away from an amyloid-3 deposit.
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Fig. 1. Confoca photomicrograph of a senile plague in a PSAPP mouse cortex, immunostained with anti-amyloid-3 (a) or
SMI-32 for nonphosphorylated neurofilaments (b). Scale bar = 10 um.

TABLE 1
SMI-32 Immunoreactivity within Amyloid-g Deposits

AB immunore-

active deposits % of Control Thioflavine S positive
APP 63 = 30* 21 + 10**
PSAPP 81 £ 50 21 + 10**

Mean = SD

*p < 0.05.

**p < 0.001.

Twenty to 25 plagues were identified on confocal micro-
graphs from triple labeled sections either by R1282 immuno-
reactivity (all AB deposits) or by thioflavine S staining from
each of four 12-month-old APP or PSAPP cases. An area of
approximately equal size, located more than 50 pm away from
any amyloid-B channel containing SMI-32 immunoreactivity
was also identified and optical density measured. The ratio of
SMI-32 pixel density within the boundaries of the plague to the
area outside of the plaque was calculated for each plaque.

Similar studies were performed for thioflavine S-positive
plagues. In nontransgenic animals and singly transgenic
PS-1 animals, dendrites are quite straight, with curvature
closeto 0.1 pum~* and R, above 0.95. However, in APPSw
and PSAPPSw animals, marked changes in dendrite mor-
phology were observed. There was a progressive change
in the curvature and R, values, with the most severe
changes occurring within the boundaries of the thiofla-
vine S-positive plagues, (Tables 2, 3). More subtle (but
statistically significant) alterations also occurred in the
immediate vicinity of plaques, suggesting a propagation
of the cytoskeletal disruption beyond the region occupied
by the thioflavine S or amyloid-I3 deposit.

Examination of Tables 2 and 3 suggests that the thio-
flavine S subpopulation of plagues is associated with the
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most severe changes. It should be noted that the PSAPP
mice show essentially the same type and degree of chang-
es as the APPSw mice, except that there are a greater
number of thioflavine S-positive plagues in the PSAPP
mice. These data are consistent with the idea that the
most severe disruption is within the thioflavine S-positive
region, a less severe disruption occurs in amyloid-3 de-
posits that are not thioflavine S-positive, and a modest
but still detectable disruption in dendritic architecture oc-
curs in the neuropil immediately surrounding plaques.

Modeling Functional Effects of Neurite Alterations
Suggests Potential Disruption of Spike Timing
Properties Due To Thioflavine S Plaques

We next examined the possible physiological conse-
quences of the altered dendritic geometry. Using the stan-
dard cable-theory model provided by the GENESIS com-
puter model and simulations based on the data of Yuste
and Tank (9), we examined whether the change in neurite
length would affect spike timing. Neurites that are
“curvy” (i.e. have a small R, traverse a longer path to
travel the same linear distance as an unaffected, straight
neurite. In the GENESIS model, increased length results
in aprolongation of spike timing. As one example of how
the changes we observe in neurite architecture would be
reflected in this model, we calculated the percent of neu-
rites in each anatomical compartment that are more than
2 standard deviations away from the mean of a normal
neurite (R, < 0.82). In this example, we calculate that
neurites that are longer than the average by more than 2
standard deviations have a prolongation of spike timing
by 30%. As expected, only about 3% of normal neurites
(neurites not associated with plaques) fall in this cate-
gory, but 27% of dendrites within thioflavine S-positive
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TABLE 2
Changes in Dendritic Curvature near Plagues

Location Amyloid-B immunoreactive Curvature (um-1) Thioflavine S positive
Nontransgenic — 0.09 = 0.07 (669)*
PS1 — 0.10 = 0.07 (725)
APPSw in 0.21 = 0.12 (345)* 0.32 £ 0.15 (36)**
peri 0.18 = 0.11 (521)* 0.21 = 0.12 (157)*
out 0.16 = 0.09 (586)* 0.16 = 0.08 (154)*
PSAPP in 0.16 = 0.11 (518)* 0.31 = 0.18 (139)**
peri 0.14 = 0.10 (696)* 0.19 = 0.11 (469)* *
out 0.13 = 0.10 (497)* 0.16 = 0.09 (293)*

Imean * sb (n). *p < 0.001 compared to nontransgenic. +p < 0.001 compared to amyloid-8 immunoreactive plaques.
Locations: in = within plague; peri = adjacent to plaque; out = remote from plaque.

TABLE 3
Changes in Dendritic End-to-End Distance Near Plagues

Location Amyloid-B immunoreactive R, Thioflavine S positive
Nontransgenic — 0.96 = 0.07 (669)*
PS1 — 0.96 + 0.07 (725)
APPSw in 0.92 * 0.10 (345)* 0.85 = 0.15 (36)**
peri 0.94 = 0.07 (521) 0.92 = 0.10 (157)*
out 0.95 = 0.07 (586) 0.96 = 0.04 (154)
PSAPP in 0.95 * 0.08 (518) 0.88 = 0.11 (137)*+
peri 0.96 = 0.07 (696) 0.93 = 0.07 (469)*
out 0.96 + 0.06 (497) 0.95 + 0.05 (293)

Imean *+ sb (n). *p < 0.001 compared to nontransgenic. +p < 0.001 compared to amyloid-B immunoreactive. Locations: in
= within plague; peri = adjacent to plaque; out = remote from plaque.

AR immunopositive
Thioflavine S negative

Outside Distant

AR immunopositive

. : 5% 0
Thioflavine S negative ) 3%

27 %

Fig. 2. Schematic diagram illustrating the percent of neu-
rites with a measured R, < 0.82 (i.e. more than 2 standard
deviations from the mean of normal neurites) in each anatom-
ical compartment. See text for details.

regions of plagues are abnormal to at least this degree
(Fig. 2). Surprisingly, subtle changes in R, also are evi-
dent in the region immediately surrounding the thiofla-
vine S core, including neurites within the amyloid-Z-im-
munoreactive, thioflavine S-negative ‘“‘rim” of plaques,
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and in the areaimmediately surrounding plaques (6% and
5%, respectively).

DISCUSSION

Our previous studies of AD cortex led us to the con-
clusion that neuritic plaques cause a marked disruption
of the neuropil microarchitecture, causing a local loss of
SMI-32-positive processes, with a concurrent increase in
phosphorylated tau-positive processes (2). Neuritesin the
vicinity of plagues become dystrophic, with quantitative-
ly atered morphology (3). In our current study, we ex-
amined the effect of amyloid-3 deposits on SM1-32 den-
drites in transgenic models of amyloid-3 deposition, in
which little or no phosphorylated tau occurs in neurites.

We first demonstrate a marked loss of SMI-32-positive
dendrites within the vicinity of plaques. Because SMI1-32
identifies a population of pyramidal neurons believed to
be important for cortical-cortical projections (10), disrup-
tion of this population would be expected to reflect func-
tional alterations in neuronal systems that depend upon
feedforward and feedback connections among cortical ar-
eas. Second, we found that remaining dendrites frequent-
ly have an altered morphology. This change in morphol-
ogy includes an increase in the curvature of the dendrites
and an increased length compared to a normal straight
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dendrite traversing the same region. This increase in
length is graded, and most marked within the boundaries
of thioflavine S-positive amyloid-3 deposits. Computer
modeling of the functional consequences of these chang-
es suggest marked differences in spike timing in more
than a quarter of the remaining dendrites. Thus, there is
both a structural loss of dendrites and a predicted func-
tional alteration of remaining dendrites within the vicinity
of thioflavine S-positive plaques. In addition, changes in
the cytoskeleton in these dystrophic dendrites may have
an effect on important cellular functions such as transport
of growth factors, protein sorting and targeting, and mes-
senger RNA trafficking. Taken together, these data sug-
gest that the presence of amyloid-3 deposits in the neu-
ropil, especialy thioflavine S-positive deposits, might
have a direct and profound impact on neural network
function.

Several other issues warrant comment. The most sub-
stantial alterations in dendrite morphology occur within
the confines of thioflavine S-positive amyloid-g plaques,
but neurites are not normal for a radius of about 10 to
20 pm surrounding the plaque. We postulate that the cy-
toskeletal changes that occur to a maximal degree within
the amyloid-3 deposit are propagated to some extent
proximally and distally. This would tend to worsen the
type of functional alterations suggested above, and per-
haps provides a framework in which to examine the con-
sequences of amyloid-3 deposits on distal sites.

Finally, comparison of these data with our observa-
tions on dendritic geometry associated with senile
plagues in human AD reveals many similarities (3). In
AD, the greatest changes in dendritic curvature and rel-
ative length occur within the confines of amyloid-I3 de-
posits in neurites that contain phosphorylated tau (e.g.
curvature = 0.49 pm-1). Neurites that traversed plaques
in AD but do not contain Alz-50 immunoreactivity were
abnormal (e.g. curvature = 0.30 wm™?), but not as se-
verely changed as the dysmorphic Alz-50 immunoreac-
tive neurites (3). In the APPSw and the PSAPP lines
studied here, the extent of alterations is nearly identical
to the nonphosphorylated tau containing neurites in AD.
Similar observations have been made in PDAPP mice,
another line of transgenic mice that overexpress mutant
human APP (11). Thus, the current data suggest that
transgenic models of amyloid-3 deposition replicate an
interesting feature of neuropil disruption due to amyloid
deposition also observed in human AD and, in the mouse
model, the alteration in dendritic geometry cannot be at-
tributed to the development of phosphorylated tau alter-
ations in the neuronal cell body or cytoskeleton.

Taken together, these results suggest that amyloid-3 de-
posits are integrally involved in structural and functional
alterations in the microarchitecture of the neuropil. Con-
sistent with this idea is the recent observation that so-
matostatin, substance P, and choline acetyl transferase
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disappeared in the areas of senile plagque and accumulated
in dystrophic neurites around amyloid cores (12). It is
not yet known with certainty to what extent amyloid-I3
deposits in the neuropil, soluble monomers or oligomers
of amyloid-3, or even overexpression of human amyloid
precursor protein itself contributes to behavioral and elec-
trophysiological deficits observed in amyloid precursor
protein overexpressing transgenic mice (4, 13, 14). To the
extent that our current formulation of direct amyloid-3
induced alterations in the microarchitecture of the neu-
ropil implies distributed neural system dysfunction due
to distributed amyloid-3 distribution, therapeutic strate-
gies aimed at preventing or reversing amyloid-3 deposi-
tion may have marked positive functional effects (15, 16).
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