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Abstract

Transgenic mice that express mutant human amyloid precursor protein (APPr,5575) develop B-amyloid (AR) plaques throughout the
cortex starting at 10—12 months of age. We examined the neurochemical profile of APPr,,576 mice using in vitro and in vivo magnetic
resonance spectroscopy (MRS); gross abnormalities using magnetic resonance imaging (MRI) and plaque distribution; size and number
using immunohistochemistry. Transgenic mice were anesthetized with halothane and scanned at 4.7 T using T2-weighted imaging and in
vivo MRS of frontal cortex. In vitro MRS was run from brain extracts of frontal cortex in both APP and wild-type mice. Mice were also
perfused and brains were collected and cut for immunohistochemistry. We found that N-acetylaspartate (NAA), glutamate and glutathione
were decreased by 17%, 22% and 36%, respectively, in the cerebral cortex of APP transgenic mice at 19 months of age when AR deposits
are widespread. Taurine was increased 21% compared to wild-type. Decreased levels of NAA and increased levels of taurine are
consistent with decreased neuronal viability and increased glial volume, and are similar to findings of decreased NAA and increased myo-
inositol in human Alzheimer’s disease (AD) brains. Correlation between the severity of AP deposition and altered neurochemical profile
remains to be studied. Nevertheless, the altered neurochemical profile may be a valuable marker to test therapeutics in this mouse model.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Alzheimer’s disease (AD) is an age-dependent neurode-
generative disorder that causes a progressive decline in
cognitive function. The neuropathological hallmarks of
AD are senile plaques, that contain 3-amyloid (AR) peptide
and neurofibrillary tangles, composed of filamentous aggre-
gates of hyperphosphorylated tau protein [30]. AD is a
complex, multifactorial disease in which several genes act
independently or in concert with each other and/or with
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environmental agents resulting in amyloid deposition in the
brain, neurofibrillary tangle formation and cell death. The
deposition of amyloid follows a specific spatial and tem-
poral pattern. Whether amyloid plaques represent a primary
or secondary event in AD has been an area of contention.

Development of mouse models has been a critical
milestone in AD research making it possible to study
the mechanisms of the disease as well as testing thera-
peutics. Mutations in the APP and PS-1 (presenilin-1)
genes are linked to familial AD [14,25,28]. The “Swed-
ish” APP mutation affects the p-secretase cleavage site of
the AP domain, leading to increased brain production of
both APj_49 and AP;_4o from APP [8,11]. Transgenic
mice carrying the human Swedish mutant APPry,576 have
been shown to have elevated brain levels of soluble AB;_
40 and AP _4> by 6—8 months of age and to develop ApR-
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containing neuritic plaques in the neocortex and hippo-
campus by 10—16 months of age [13,15,16].

Magnetic resonance spectroscopy (MRS) is a nonin-
vasive technique that permits the quantification of meta-
bolic biomarkers in vivo and in vitro, and has been used
to characterize Alzheimer’s disease [4,31]. Studies in
humans show decreases in N-acetylaspartate (NAA, a
marker for neuronal number and health) and myo-inositol
which may either be a marker for osmotic stress or
astrogliosis. Myo-inositol may be an earlier marker of
pathological change than NAA in AD because of this.
Taurine may serve a role similar to myo-inositol in the
rodent brain. This study is designed to examine whether
the metabolic profile of APPryys7¢ transgenic mouse
brain is altered at an age when the AP deposits are
widespread.

2. Materials and methods
2.1. Mice

Transgenic mice overexpressing the human AP with the
Swedish mutation [15], APPr45576, and wild-type littermate
controls were used in the study. Separate sets of age-
matched mice (19 £ 2 months of age) were used for NMR
and immunohistochemistry experiments.

2.2. Histology/immunohistochemistry

Brains were serially cut at 50 um on a freezing micro-
tome and stained with cresyl violet to identify histopatho-
logical abnormalities. Sections were immunostained for
AP _40, APy _4> to define AP deposits and GFAP to define
astrocytes. Immuno-cytochemical procedures were per-
formed as previously described [21]. In brief, free-floating
sections were incubated overnight in primary antibody
followed by PBS washes and incubation in peroxidase-
conjugated secondary antibody followed by development
using DAB as a chromagen.

2.3. Quantitative analysis of A} deposits

Three serial sections per mouse brain were analyzed
using Image-Pro Plus version 4.5 (Silver Spring, MD).
The most rostral, reference section was at the anterior
commisure level (~ 0.1 mm anterior to bregma) and
other two sections were 0.3 mm increments caudal to the
first one. The plaque number, mean diameter of the
plaques and plaque area were determined in the cerebral
cortex of one hemisphere of these three sections. All
computer identified plaque profiles were manually veri-
fied as plaques and were exported to Microsoft Excel. In
addition, the cortex area was measured and plaque size
and volume were divided by the cortex area to calculate
the plaque density.

2.4. MR spectroscopy and imaging

MR imaging of the mice was performed in conjunction
with the spectroscopy at 4.7 T (GE Omega, Freemont, CA)
using a 20-mm sinusoidal birdcage coil. Animals were kept
warm with a 38 °C circulating water blanket. Animals were
anesthetized using 1.5% halothane in an NO,/O, mixture.
The dose was monitored from outside the magnet and gas
was delivered through an extension line. T2-weighted spin
echo MR images (TR/TE 3000/60 ms) were collected with
spatial resolution of 0.1 X 0.2 mm in plane and consecutive
1-mm slices. MR spectroscopy was performed as previously
reported [17]. Briefly, voxels were placed centered over the
cingulate cortex extending to include sensorimotor cortex
(see below). The centering over the cingulate was chosen
since this area shows a high plaque density in these
mice. We analyzed the partial volume averaging of the
voxels by superimposing the voxel we collected over a
brain image and then aligned that with a standard mouse
brain atlas available on the web (http://www.nervenet.org/
mbl/atlas170). Thus, the average voxel from frontal
cortex had approximately the following volume components:
3.7% non-brain, 5% corpus callosum, 15.1% cingulate,
15.3% sensory, 21.1% parietal and 39.9% motor cortex.
The MRS voxel was a subset of the cortical area sampled
for the histopathology, however, since the plaque density is
reasonably constant in the sampled cortical sections (with the
exception of slightly higher density in the cingulate region),
the MRS voxel adequately represents the histopathology
data. Voxel sizes were tailored to the size of the brain.
Typical voxel sizes were approximately 6 X 2 X 3 mm (ca.
36 ul). Spectra were recorded using a PRESS technique with
a TR of 2.2 s and TE values of 144 and 272 ms. Data were

Fig. 1. Representative examples of immunostaining of coronal sections at
the level of bregma from APPrys76 mice at 19 months of age. A (lower
magnitude) and C (higher magnitude) show plaques stained by specific
antibody AR 40 and B (same magnitude as C) is stained by GFAP (a
marker for astrocytes). Scale bars: (in A) A, 2 mm; (in C) B,C 10 pm.
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Table 1
Size, area and density of plaques that are immunostained by specific
antibodies that recognize AR 40, AP;_42 Species

APy 40 APy a2
Plaque number 197.2 + 80.5 186.6 + 54.7
Plaque mean diameter (ium) 275+£03 330+0.2
Total plaque area (um?) 1524.9 + 627.2 2263.3+£977.5
Plaque number/ctx area ( x 10~ ©) 7.8+ 3.1 74+23
Plaque area/ctx area ( X 10~ %) 60.6 £25.9 90.1 +£39.4

The data is collected from five 19-month-old APPrg,s76 transgenic mice
hemicortex as explained in detail in Materials and methods. Values are
expressed mean + S.D.

processed using curve fitting of the spectra and intensities
were integrated. Resonance integrals were normalized to the
creatine peak. Collection of the two TE values allowed for
corrections in the T2s of the metabolites that might occur due
to differences between the transgenic and wild-type animals.
In vitro MRS measurements were made from PCA brain
extracts of brain tissue and were run at 11.75 T Bruker
spectrometer. Samples were prepared in 99.9% D,O (pH 7.2)
and run at 26 °C. Spectra were analyzed as above for the in
vivo spectra.

3. Results and discussion

Coronal sections were immunostained for APR;_40,
APi_4o to define AP deposits and for GFAP to define
astrocytes. GFAP is a marker for astrocytosis that is
elevated with age in mammals [22] and is increased in
amyloid forming APP transgenic mice [16,24]. A represen-
tative picture of the distribution of plaques in the cerebral
cortex of one hemisphere (Fig. 1A) and a high magnifica-
tion picture of plaques stained by specific AB;_49 antibody
(Fig. 1C) together with a picture of plaques stained by
GFAP antibody (Fig. 1B) is shown in Fig. 1. The number of
plaques, mean diameter and area is calculated in the
cerebral cortex of one hemisphere and shown in Table 1.

In vivo MRS of five APPr,,576 and three wild-type mice
was performed as described in Materials and methods. The
most remarkable differences were increased taurine and
decreased NAA in the cortex in the APP mice (Fig. 2B).
In the in vivo spectra we found, for APP and WT mice,
respectively, that NAA/Cr was 1.30 + 0.13 vs. 1.47 £ 0.12
(p=0.12); taurine/Cr was 0.31 £0.12 vs. 0.21 £0.04
(p=0.12); glx (glutamate plus glutamine) was 0.26 £ 0.16

Glx wTt

APP
MM T T T T[T T T T [T T T T[T T T T[T T T T [T T T T[T T T T [TTTT]
4.0 3.5 3.0 25 2.0 15 1.0 05 PPM

Fig. 2. (A) Representative T2-weighted image showing an APPr,,576 mouse brain. Voxels were placed centered over the cingulate cortex extending to include
sensorimotor cortex to perform spectroscopy in the defined area. Voxel sizes were tailored to the size of the brain. Typical voxel sizes were approximately
6 X2 X3 mm (ca. 36 pl). (B) Spectra from frontal cortex in wild-type (top) and in an APPrg;57¢ mouse showing frontal cortex (bottom). There is a decrease in

NAA, and an increase in taurine in the APP mice. TR/TE (2200/144 ms).
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vs. 0.30 £ 0.10 and Cho/Cr was 1.06 + 0.22 vs. 0.75 £ 0.24
(p=0.07).

Mice that were studied with in vivo MRS, as well as
additional mice, were sacrificed and samples of cortex that
corresponded (as closely as possible) to the in vivo voxels
were analyzed with in vitro MRS. Representative proton
spectra from an APP and wild-type mouse are shown in Fig.
3. A wider range of neurochemicals can be measured by in
vitro MRS compared to in vivo MRS as shown in Table 2.
Similar to what we observed in the in vivo MRS, NAA is
decreased by 17% and taurine levels are increased by 21%. In
addition, glutamate, and glutathione levels were decreased
by 22% and 37%, respectively. No significant changes were
noted in any other chemicals including myo-inositol, a
chemical often elevated in studies of human AD cortex
[4,31]. Taurine is much more highly concentrated in rodent
brain compared to human brain, and the previous data
support the role of taurine as an osmoregulator [7], similar
to the role that myo-inositol has been conjectured to play in
human brain [5,23]. Thus, the increased taurine levels noted
in these mice may reflect a similar process to that which
occurs with increased myo-inositol in human AD.

A number of studies have shown depleted glutathione
levels in AD tissue [1,2,10] and that glutathione cycle
impairment is a key event in Ap-induced cell toxicity [9].
In addition, reduced levels of glutathione are correlated with
cognitive impairment [26]. The reductions of glutathione
that we observe in the APP mice compared to the age-
matched controls thus fit into this idea and suggest that
oxidative stress may play a role in the development of the
altered metabolic profile we observe. Since normal aging is
associated with decreased levels of many anti-oxidants and

Cr

Tau

GSH

f

Table 2
In vitro MRS results showing the metabolite changes in APPr,»s576 and
wild-type control mice

Chemical WT (n=10) APPrg576 % Change
(n=9)
Myo-inositol 0.52+0.08 0.58 £0.12
Taurine 0.67 £0.14 0.81+0.17 20.80 p<0.05
Scyllo-inositol 0.10 £0.08 0.05+0.04
Choline 0.83£0.22 0.77 £ 0.19
Cr—CH3 1 1
GSH 0.19 £ 0.06 0.12 +0.06 —36.80 p<0.05
Aspartate 0.14 £0.09 0.12+0.13
Glutamine 0.40 £ 0.09 0.40£+0.10
Succinate 0.07 £0.02 0.07 £0.02
Glutamate 0.99 +0.11 0.77+0.16 —22.20 p<0.01
NAA 0.86 + 0.10 0.71 £ 0.12 —17.40 p<0.05
GABA 0.23 £0.08 0.20 £+ 0.05
Alanine 0.15£0.07 0.11 £ 0.06
Lactate 0.65 %+ 0.05 0.59 £0.15

Values are expressed mean + S.D. p-value compared to wild-type vs. APP
mice.

increased oxidative damage [3], the interaction between
aging and plaque burden may lead to the changes we found.

Numerous studies have shown a decreased NAA in AD
cortex [4,20,29,31]. NAA is predominantly an intraneuronal
chemical and can be used as marker for neuronal density
and/or health [17,27,32,33,34]. Decreased NAA in trans-
genic APP mice may either suggest neuronal loss or an
altered volume ratio of neuron to other cells such as micro-
glia and/or astrocytes which are known to be increased in
the presence of AP plaques and related neuroinflammation.

Our immunohistochemical analysis of brains of APP mice
using GFAP antibody to identify astrocytes is consistent with

NAA
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Fig. 3. Representative high resolution in vitro MR spectroscopy taken at 500 MHz from extracts of cortex from an APP transgenic mouse and a littermate wild-
type. A large number of neurochemicals can be measured using this method. Significant changes are shown with arrows going up or down. NAA, N-

acetylaspartate; glt, glutamate; gsh, glutathione; tau, taurine.
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the presence of activated astrocytes. Likewise, taurine, which
is predominantly present in the glia, was higher in APP
transgenic mice compared to the same age wild-type mice
in both in vivo and in vitro MRS studies. Histological
analysis and MR analysis were performed in two separate
sets of mice since tissue collection was completely different
in two procedures. Therefore, there was no way to correlate
the findings in the same mice. It is not possible to draw
conclusions since no correlation analysis is provided in this
study. However, our preliminary observations in another
mouse model (APPxPS-1) that express comparable amounts
of plaque pathology at a younger age suggest that similar
amounts of plaques are not accompanied with similar
changes in younger and older mice [12]. Conclusive results
require further studies at multiple ages. It is known that
astrogliosis is related to aging and that GFAP is increased
by aging [22]. Astrogliosis is also related to plaque formation
[16,24]. Our studies on 19-month-old single transgenic
APPrgr57¢ mice and 6-month-old double transgenic
APPxPS-1 mice suggest that plaques themselves are not
enough to cause similar neurochemical changes since both
of these models develop plaques in similar quantities at
different ages. It is possible that in addition to plaque
formation, age is a very important factor in causing an altered
neurochemical profile in the brains of mice. Numerous
studies have suggested changes in chemicals measurable by
MRS such as cholines and NAA which occur as a result of
normal aging in both humans and rodents [6,18,19]. Thus, the
interaction between normal aging and expression of plaques
may accelerate the changes that occur as a consequence of
normal aging.
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