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Abstract Murine models that mimic the neuropathol-
ogy of Alzheimer’s disease (AD) have the potential to
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provide insight into the pathogenesis of the disease and
lead to new strategies for the therapeutic management of
afflicted patients. We used magnetic resonance imaging
(MRI), design-based stereology, and high performance
liquid chromatography (HPLC) to assess the age-related
neuropathology in double transgenic mice that over-
express two AD-related proteins—amyloid precursor
protein (APP) and presenilin 1 (PS1)—and age- and
gender-matched wild-type (WT) controls. In mice
ranging in age from 4-28 months, total volumes of the
hippocampal formation (Vr) and whole brain (Vypain)
were quantified by the Cavalieri-point counting meth-
od on a systematic-random sample of coronal T2-
weighted MRI images; the same stereological methods
were used to quantify Vyp and Vi, after perfusion
and histological processing. To assess changes in AD-
type beta-amyloid (Af3) plaques, sections from the
hippocampal formation and amylgdaloid complex of
mice aged 5, 12, and 15 months were stained by
Congo Red histochemistry. In aged mice with large
numbers of amyloid plaques, systematic-random sam-
ples of sections were stained by GFAP immunocyto-
chemistry to assess gender and genotype effects on
total numbers of astrocytes. In addition, levels of nor-
epinephrine (NE), dopamine (DA), serotonin (5-HT)
and 5-HT metabolites were assayed by HPLC in
fresh-frozen samples from neocortex, striatum, hip-
pocampus, and brainstem. We confirmed age-related
increases in amyloid plaques, beginning with a few
plaques at 5 months of age and increasing densities by
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12 and 15 months. At 15 months of age, there were
robust genotype effects, but no gender effects, on
GFAP-immunopositive astrocytes in the amygdaloid
complex and hippocampus. There were no effects on
monoamine levels in all brain regions examined, and
no volume changes in hippocampal formation or whole
brain as quantified on either neuroimages or tissue
sections. Strong correlations were present between
volume estimates from MRI images and histological
sections, with about 85% reduction in mean Vyg or
mean Vi, between MRI and processed histological
sections. In summary, these findings show that the
double transgenic expression of AD-type mutations is
associated with age-related increases in amyloid
plaques and astrocytosis; however, this model does
not recapitulate the cortical atrophy or neurochemical
changes that are characteristic of AD.

Keywords MRI - Alzheimer’s disease -
Hippocampal formation - Amygdala -
Unbiased stereology

Introduction

About a century ago Alois Alzheimer described neuro-
fibrillary tangles and neuritic plaques in cortical brain
regions of a 51-year-old woman with progressive
dementia (Alzheimer 1907). Although neuritic plaques
and their amyloid components continue to play a
critical role in the diagnosis of Alzheimer’s disease
(AD), semi-quantitative studies in groups of normal-
aged and AD patients have reported that these so-called
neuropathological markers of AD also occur to varying
degrees in cortical tissue during normal aging, and that
their accumulation does not directly correlate with the
progression of dementia (Mirra et al. 1993; McKeel
et al. 2004; Tiraboschi et al. 2004). Stereological and
neurochemical studies of brain tissue from patients
with AD have confirmed widespread astrocytosis and
microgliosis in cortical brain regions and significant
reductions in neurotransmitter-specific subcortical nu-
clei, including the locus coeruleus (LC) and dorsal
raphe (DR), and diminished concentrations in their
cortical projections of corresponding monoamine neu-
rotransmitters, norepinephrine (NE) and 5-hydroxytrpt-
amine (5-HT); in contrast, these parameters remain
relatively stable in brains of persons that undergo
normal (non-demented) brain aging (Aletrino et al.

@ Springer

1992; Mouton et al. 1994; Storga et al. 1996; Zarow
et al. 2003; Tuppo and Arias 2005). The strongest
correlations with dementia severity have been reported
in the loss of cortical volume (atrophy), observed by
either ante-mortem or post-mortem analyses, and the
reduction in cortical synapses (de la Monte 1989;
DeKosky and Scheff 1990; Terry et al. 1991; Convit
et al. 1993; Jobst et al. 1994; Stout et al. 1996; Mouton
et al. 1998; Zarow et al. 2003; de Leon et al. 2004).
Thus, the evidence to date indicates that, while the
diagnosis of AD depends heavily on the presence of
amyloid plaques in neocortical brain regions, the
progression of AD dementia appears to correlate more
closely with degeneration of subcortical neurotransmit-
ter systems that project to cortex, cortical synapse loss,
and reduction of cortical volumes.

The transgenic murine expression of amyloid
precursor protein (APP) and presenilin 1 (PS1) human
mutation cloned from patients with familial AD results
in the deposition of mutant beta-amyloid (A 3) protein
and the formation of amyloid plaques that appear
indistinguishable from those in AD (Sze et al. 1997;
McGowan et al. 2003). However, no studies have
reported on the question of double transgenic (dtg)
mice that undergo the progressive cortical atrophy and
biochemical degeneration that are characteristic of
AD. To address this question we quantified AD-type
neuropathology in dtg APP/PS1 mice across the adult
mouse lifespan using stereological analyses of ante-
mortem neuroimages and post-mortem histological
tissue, and neurochemical measurement of NE,
dopamine (DA), 5-HT and metabolites by high
performance liquid chromatography (HPLC). The
results indicate that this line of dtg APP/PS1 mice
show some of the neuropathological characteristics
associated with AD (amyloid plaque deposition and
astrocytosis), but not others (cortical atrophy and
reductions in cortical monoamines).

Materials and methods

Mice for these studies were dtg APP/PS1 [Tg
(APPswe, PSEN1dE9) 85Dbo, stock #005864] from
the Jackson Laboratory (Bar Harbor, Maine, USA)
and age- and gender-matched, non-tg, littermate
controls (wild-type, WT). At the start of the study
all mice weighed between 25 and 28 g and were
randomized into dtg APP/PSI and non-tg groups for
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MRI and HPLC (n=13/group) or histology (n=10/
group). The age of the 13 mice in the MRI studies
spanned the adult lifespan of the mice (4-28 months),
with dtg and WT mice matched for age and gender.

MRI Mice were anesthetized with 1.5~2.0 vol%
isoflurane mixed with oxygen at a 200 cm®/min flow
rate administered through a nasal cone mask. Mice
were placed in the supine position at the center of a
Varian 4.7 Tesla NMR machine with 33 cm horizontal
magnet bore. A 25-mm long birdcage RF (radio
frequency) coil with 20 mm inner diameter was
placed around the head of the mouse and used as an
RF transmitter and receiver.

High resolution spin echo MRI Spin-echo T2-weighted
MRI was used to capture images through the entire
brain and hippocampus at scan times of 1.5 h using a
4.7 Tesla NMR machine with the following parame-
ters: repetition time (TR) 2.5 s; echo time (TE) 40 ms;
field-of-view 14 mm X 14 mm; and, matrix size 256 x
256 pixels. The resulting images had a spatial
resolution of 55 um and a slice thickness of 1 mm.
Two sets of 15 images were taken interleavedly
through each brain. The total brain volume and
hippocampal formation were measured randomly by
two investigators hand-drawing the outlines of the
regions of interest and then analyzed using the
Cavalieri method (Fig. 1). The two investigators were
blind to the grouping of the animals. The results were
collapsed across age and gender and analyzed for
possible transgene effects on Vg and Viain.

Histology Mice were deeply anesthetized via CO,
inhalation, and then transcardially perfused with
phosphate-buffered saline (PBS), 4% paraformalde-
hyde in 0.1 M PBS (pH 7.4) and postfixed in the 4%
paraformaldehyde fixative overnight. The brains were
transferred to a 30% sucrose phosphate buffer
solution until they sank, then frozen in CO,/isopen-
tane and stored at —80°C until sectioning. Each brain
was serially sectioned in the coronal plane on a
sliding freezing microtome. Sections were cut at an
instrument setting of 50 pm and sampled in a
systematic-random manner, i.e., with random start in
the first five sections, then systematic for every fifth
section. For estimation of the volume of hippocampal
formation (Vyg), which included neuronal and molec-
ular layers of DG and CA1-4 regions, sampling was
carried out through the entire hippocampus. A similar
approach was applied to sampling every tenth section
of the total sections through a complete hemisphere
for estimation of total brain volume (Vjain). Sampled
sections were stained using routine cresyl violet (CV)
for Nissl substance and cover-slipped for microscopic
visualization (Fig. 2). For neurochemistry studies of
monoamine concentrations, a separate cohort of mice
was sacrificed by cervical dislocation, the brain
quickly removed and frozen on powdered dry ice,
and stored at —80°C until analysis.

Stereology Using computer-assisted stereology, vol-
umes for MRI slices and tissue sections were
estimated using the Cavalieri principle with point
counting (Gundersen and Qsterby 1981; Gunderson

Fig. 1 a—j Representative T2-weighted MRI of serial sections through the entire mouse hippocampus (outlined), with an interslice
distance of 1 mm. Note that the first and the last image (shown at lower magnification) do not contain hippocampus
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Fig. 2 a—g Low power
photomicrographs of serial
sections through the entire
mouse hippocampus; sec-
tions were cut at an instru-
ment setting of 50 um and
stained with CV

and Jensen 1987; Long et al. 1998; Gundersen et al.
1999; Roberts et al. 2000; O’Neil et al. in press), as
we have detailed previously for brain and hippocam-
pus volumes in human, non-human primate, and
rodent brains (de la Monte 1989; Subbiah et al.
1996; Mouton et al. 1997; Mouton 2002; for review
Cavalieri 1635 with reprint 1966). The relevant
equation for volume estimation: Vi = Y Area
» Mean ¢

slices

where,
Viet Reference volume (hippocampal
formation or whole brain, in mm?®)
> Areagices area on slice or section, in mm?
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Mean ¢

mean post-processing section or slice
thickness, mm

In order to capture the majority of variability within-
and between-mice for each group, data were collected
at a high level of stringency, i.e., the coefficient of error
(CE) was less than one-half of the biological variability
(Gundersen and Osterby 1981; Long et al. 1998;
Gundersen et al. 1999). The results were calculated as
mean +/— (SEM) for each group and for each
modality (MRI or histology); inter-rater variation
between the volumetric measurements was less than
2%. Quantification of total numbers of GFAP-positive
astrocytes used the optical disector method, as
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Fig. 3 Congo Red stained sections through the amygdaloid complex of female dtg APP/PS1 mouse brain at increasing ages (from left
to right, 5, 12, 16 months of age). Pink staining amyloid-containing plaques present at 12 months, and increase in areal density at
15 months (white arrows show amyloid plaques). Magnification bar=250 um

detailed previously (West 1993; Subbiah et al. 1996;
Mouton et al. 1997, 2002; Jankowsky et al. 2003; for
review Cavalieri 1635 with reprint 1966).

Monoamine Analyses Due to the stress of MRI
procedures, a separate cohort of age-matched mice
was sacrificed for analysis of catecholamines and
indolamines by HPLC using electrochemical detection
(Bioanalytical Systems, West Layfeyette, Indiana,
USA). Brains were stored frozen (—80°C) then micro-
dissected regions immediately placed into 0.1M HCI
for homogenization. Regions analyzed in this study
included the hippocampus, striatum, and cortex.
Following homogenization, each sample was centri-
fuged and filtered (0.2u ACRO, Gelman Sciences,
Ann Arbor, Michigan, USA). Samples were assayed
individually and kept covered on ice to slow degrada-
tion. Monoamines analyzed included NE, DA, 5-HT,
and 5-hydroxy-indole-amino acid (5-HIAA). Sample

concentrations were calculated against standards that
were measured on two channels on the electrochemical
detector, which were set at two sensitivities to allow
measurement over a greater range of sample concen-
trations. The software utilized the area under the curve
for each standard and unknown for calculations of
concentrations. Intra-assay variability was 3—5% and
sensitivity was 25-50 pg/sample, with average recov-
ery ranges from 80-90%.

Statistical analysis The groups were analyzed for
statistical difference using independent two tailed t-
tests; the level for significance was set at p<0.05.

Results

Using the Cavalieri-point counting method, Vyr and
Virain Were quantified on systematic-random samples
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Fig. 4 GFAP-
immunostained sections
counterstained with CV
through amygdaloid
complex of 15-month-old
female wild-type control
(left) and dtg APP/PS1 mice
(right). Note the presence of
activated astrocytes in a
reticular network around
the amyloid deposit at
lower right. Magnification
bar=25 pm

of MRI images and histology sections from dtg APP/
PS1 and WT controls (Figs. 1 and 2). No genotype-
based differences were observed in either hippocam-
pus or whole brain volumes from MRI images of dtg
APP/PS1 mice [Vir=30.4 (0.12) mm>, Vprin=451.5
(4.31) mm>, parenthesis represent (SEM)] compared
to that for WT controls [Vr=30.7 (0.66) mm>,
Vorain=449.6 (0.54) mm?®]. Similarly, the analyses on
histological sections revealed no genotype effects on
Var and Vipin, With average volumes in the dtg
APP/PS1 mice [Vyr 4.6 (0.12) mm®, Vyin=61.5
(1.12) mm®] comparable to that for the WT controls
[Var=4.8 (0.13) mm>, Vpain= 60.2 (2.05) mm].
Comparison of the ratio of hippocampus to whole
brain volumes [(mean Vygp/ mean Vy,in) ©100] showed
no differences for volume estimates on MRI images
(dtg APP/PS1=6.73% vs. WT=6.83%) or histological
sections (dtg APP/PS1=7.48% vs. WT=7.97%). The
effects of agonal and tissue processing reduced the
average volumes in histological sections by about
84-87% of the same volumes in MRI images.
Congo Red staining of sections showed amyloid
deposits in the amygdaloid complex and hippocampus
(Figs. 3 and 4), with few deposits at 5 months of age,
large numbers by 12 months, and marked increases in
densities by 16 months of age. Stereological analysis
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of total astrocyte numbers in the amygdaloid complex
and hippocampus starting at age 15 months revealed
significant genotype effects for both males and
females (Figs. 5 and 6) compared to age-matched
wild-type controls. In the amygdaloid complex this
effect was particularly strong, as shown in Fig. 7, with
the total number of astrocytes in both male and female
dtg APP/PS1 mice more than twice that in the same

80000
70000 { .
60000
50000
40000
30000 [
20000
10000

Totalnumber of astrocytes

n=8 n=8

Non-dtg APP/PS1 Non-dtg APP/PS1

Female Male
Fig. 5 Stereological counts of mean total numbers of GFAP-
immunopositive astrocytes in amygdaloid complex of wild-type
and dtg APP/PS1 mice aged 15-23 months (n=7-8/group).
Asterisk indicates significant genotype effect (»<0.001); there
was no significant effect of gender
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Fig. 6 Congo Red stained sections through hippocampal formation of female dtg APP/PS1 mouse brain at increasing ages. Pmk staining
amyloid-containing plaques present at 12 months, and increase in areal density at 16 months. Magnification bar=250 pum; arrows point to

amyloid plaques

regions of age- and gender-matched wild-type con-
trols (Fig. 5). The number of astrocytes increased
significantly in hippocampal formation of dtg APP/
PS1 compared to age- and gender-matched wild-type
controls (Figs. 6 and 8), though this increase was less
robust than in the amygdaloid complex.

The results of neurochemistry studies in hippo-
campus, striatum, or cortex did not reveal any
significant differences in monoamine concentrations
in brains of dtg APP/PS1 mice compared with values
from the same brain regions in age- and gender-
matched WT controls.

Fig. 7 GFAP-
immunostained sections
counterstained with CV
through hippocampal for-
mation of 15-month-old fe-
male wild-eyed control (/ef?)
and dtg APP/PS1 mice
(right; at magnification
bar=250 pum). Note the
presence of activated astro-
cytes in the layer of CAl
pyramidal neurons at lower
right (magnification

bar=25 pm). Localization
of high magnification image
in lower panel indicated by
small box in upper panel

Discussion

An important criterion for assessing neurodegenera-
tive progression, as seen in AD, is to quantify the
neuropathological changes that exist in murine mod-
els that overexpress AD-type mutations in relation to
those that occur in AD. The present study used
neuroimaging, design-based stereology, and HPLC to
begin to understand the genotype and gender effects
of APP and PS1 co-expression in dtg mice, a strain
that forms AD-type amyloid plaques at a much earlier
age than single tg APP mice (Jankowsky et al. 2003;

OF . . . i
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n=8

Total number of astrocytes

Non-dtg APP/PS1 Non-dtg APP/PS1
. . Female Male
Fig. 8 Stereological counts of mean total numbers of GFAP-

immunopositive astrocytes in hippocampal formation of wild-
type and dtg APP/PS1 mice aged 15-23 months (n=7-8/group).
Asterisks indicate significant genotype effect (xp<0.01,%xp<
0.001); there was no significant effect of gender

McGowan et al. 2003). The findings reported in this
study appear to show that dtg APP/PS1 mice manifest
certain forms of AD-type neuropathology and fail to
manifest others.

The dtg APP/PS1 mice in the present study hyper-
accumulate 42 amino acid A3 residues and Af,
leading to the earlier appearance of amyloid plaque
formation compared to that in single tg APP mice
(Jankowsky et al. 2003; McGowan et al. 2003).
Sections from age-matched dtg APP/PS1 mice and
WT controls were histochemically stained by Congo
Red to assess age-related changes in AD-type beta-
amyloid (Af) plaques. This study confirmed age-
related increases in A3 plaques beginning at 5 months
of age and increasing progressively by 12 and
15 months, in agreement with a previous study in a
different cohort of the same line of dtgAPPswe/
PS1dE9 (Ohno et al. 2000).

Total numbers of GFAP-immunopositive-astrocytes
in hippocampal formation and amygdala were quanti-
fied by the optical fractionator method. These stereo-
logical studies from age 15-23 months confirmed
robust astrogliosis in both cortical regions examined,
particularly the amygdaloid complex, with no gender
effects. With regard to other morphological changes in
this strain of dtg APP/PS1 mice, we have previously
found evidence of reduced capillary branching at
7 months of age (Lee et al. 2005). We have also
reported a significant degeneration in noradrenergic
neurons in the LC in dtg APP/PS1 mice at 15 months
of age (O’Neil et al. in press). Another study in the
same line of dtg APP/PS1 mice (Savenenko et al.
2005), which found no differences in cognitive perfor-
mance at 6- or 18-months of age, have reported mild
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decreases in acetylcholinesterase histochemical staining
and somatostatin levels in cortex at 18 months of age.
Szapacs et al. (2004) reported reduced 5-HT levels in
hippocampus at 18 months of age and reduced NE
levels at 12- and 18-months of age. In 5-month-old dtg
APP/PS1 in this line using a different PS1 mutation
(PSIM146V), no differences were found in paired-
pulse facilitation (PPF) or post-tetanic potentiation
(PTP), two markers of presynaptic component of
neurotransmitter release (Szapacs et al. 2004). Thus,
neuropathological changes appear to occur in dtg APP/
PS1 mice primarily in older age groups.

We found no genotype or gender effects on total
volumes of the hippocampal formation (Vyr) and
whole brain (Vii,) quantified either by the stereo-
logical method on T1-weighted MRI images or tissue
sections after perfusion and histological processing.
Since the aim of this study was to quantify total
volumes for defined reference spaces, it was not
necessary to co-register matched areas on the same
coronal level between the MRI images and histological
tissues. There were robust quantitative correlations
with agonal and tissue-processing changes accounting
for ~85% of the differences in cortical and brain
volumes in vivo when comparing volume measure-
ments using MRI with the same parameters on cover-
slipped histological sections. These robust reductions
in mean volumes occurred in both dtg APP/PS1 and
wild-type. Brain volumes were quantified at an
intermediate step in tissue processing, i.c., after
sections were cut, but prior to further tissue processing,
which allows the total tissue shrinkage to be partitioned
into two components: ~15% shrinkage from agonal
effects and the initial steps of tissue processing
(fixation and sectioning), and ~70% volume loss
during the final steps of tissue processing for micro-
scopic visualization (i.e., dehydration, cresyl violet
histochemistry, and coverslipping). The close corre-
spondence in the ratios of hippocampal to whole brain
volumes on MRI images and histological sections,
along with inter-rater variation of the volumetric
measurement of less than 2%, confirms the reliability
of the technique for quantification of volumes. Finally,
these comparable ratios indicate that the methods for
immobilization and monitoring of cardiac and respira-
tory function did not blur the MRI images enough to
confound the quantification process.

Another important goal of this research is to
investigate the potential of ante-mortem neuroimaging
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of AP-containing plaques in cortical brain regions to
assist in the early clinical diagnosis of AD (Convit et al.
1993; Benveniste et al. 1999; Dedeoglu et al. 2004).
Previous studies using T1p("T-1-rho")-weighted MRI
have been moderately successful in demonstrating A 3-
containing plaques in vivo based on local variations in
protein content (Poduslo et al. 2002). Enhanced
visualization of amyloid plaques in dtg APP/PS1 mice
has been demonstrated by pre-injecting A3 peptides
magnetically labeled with gadolinium or iron oxide
nanocrystals (Borthakur et al. 2003). A recent MRI
study of dtg APP/PS1 mice reported differences with
respect to non-tg controls in the transverse relaxation
time 72, in several regions of cortical grey matter
(hippocampus, cingulate, and retrosplenial cortex),
which may reflect impaired cell physiology in these
regions (Wadghirii et al. 2003). The absence of
differences in T1-weighted or proton density weighted
MRI images suggests that heavily T2-weighted images
may be more sensitive to amyloid accumulation in the
dtg APP/PS1 mice (Helpern et al. 2004).

In summary, this line of dtg APP/PS1 mice show
several morphological changes associated with AD,
including age-related increases in amyloid plaques,
astrocytosis, and LC degeneration, and fail to reca-
pitulate the loss of cortical volume and reductions in
cortical monoamine concentrations that characterize
AD. Among the possible explanations for this
observation is the likelihood that compensatory
sprouting of serving LC neurons occurs in those mice
to ensure neurochemical innervation to all main areas;
in AD, similar compensation may occur until the final
stage of the disease prior to death. Our studies will
continue to develop the optimal MRI parameters to
visualize ligands that effectively cross the blood brain
barrier and bind to microscopic targets associated
with AD neuropathology. Further cross-sectional and
time-course studies are needed to help build a
stronger view of the neuropathological profile in the
brains of these mice with respect to the neuropathol-
ogy associated with AD.
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