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Abstract

Alzheimer’s disease (AD) pathology causes microstructural changes in the brain. These changes,
if quantified with magnetic resonance imaging (MRI), could be studied for use as an early
biomarker for AD. The aim of our study was to determine if T relaxation, diffusion tensor
imaging (DTI), and quantitative magnetization transfer imaging (qMT]I) metrics could reveal
changes within the hippocampus and surrounding white matter structures in ex vivo transgenic
mouse brains overexpressing human amyloid precursor protein with the Swedish mutation.
Delineation of hippocampal cell layers using DTI color maps allows more detailed analysis of
T1-weighted imaging, DTI, and gMTI metrics, compared with segmentation of gross anatomy
based on relaxation images, and with analysis of DTI or gMTI metrics alone. These alterations
are observed in the absence of robust intracellular A accumulation or plaque deposition as
revealed by histology. This work demonstrates that multiparametric quantitative MRI methods
are useful for characterizing changes within the hippocampal substructures and surrounding
white matter tracts of mouse models of AD.

Highlights

e ex vivo transgenic mouse brains contained regional differences in multiple quantitative
MRI metrics

e DTI color maps are useful for manual segmentation of hippocampal substructures

e more significant differences in quantitative MRI metrics were found in hippocampal cell
layers than in the whole hippocampus

Keywords: dementia; quantitative magnetic resonance imaging; multiparametric; diffusion;
animal model; ex vivo

1. Introduction

As the global population ages and faces an increasing prevalence of Alzheimer’s disease
(AD), the most common cause of dementia, the need for more powerful diagnostic tools becomes
ever more urgent. A definitive diagnosis of AD is presently obtained by an autopsy that confirms
the presence of B-amyloid (AB) peptide plaques and tau protein tangles in brain tissue, but
criteria have emerged over the past decade that incorporate molecular imaging and fluid analytes
for a differential diagnosis in preclinical stages (Jack et al., 2011; Sperling et al., 2011).
Identifying early biomarkers of AD is essential to diagnose and stratify patients for research into
effective treatment options, and can aid in the preparation for disease management before
debilitating symptoms are present. Magnetic resonance imaging (MRI) is a non-invasive
diagnostic technique that can readily detect gross features of brain tissue in order to exclude
neurosurgical causes of declining cognition, such as tumor or stroke; mounting evidence
indicates its utility in quantifying brain atrophy to assess the severity of AD (see Pini et al, 2017
for review).



It is well established that pathology in AD originates in the region of the hippocampus
(Braak and Braak, 1991) and that decreases in the gray matter volume of this region predict the
onset of AD (Jack et al., 1999). More recently, parahippocampal white matter volume has also
been shown to be a sensitive predictor of AD in cognitively normal people (Stoub et al., 2014).
Although hippocampal volumetry is one of the most important imaging MRI biomarkers
currently available to assist in AD diagnoses (Teipel et al., 2013), it lacks the specificity to stand
alone as an accurate diagnostic test (Frisoni et al., 2010), and indicates an advanced stage of
neurodegeneration. Development of MR methods that reveal more subtle microstructural
pathologies is an active and promising area of research, because these pathologies might be
indicative of progression to AD. Previous studies have demonstrated that certain subregions
within the complex internal structure of the hippocampus are differentially implicated in memory
function and cognitive impairment (Rossler et al., 2002; West et al., 1994). The application of
multiparametric quantitative MRI protocols can provide different types of contrast within the
hippocampus (Benveniste et al., 2000; Shepherd et al., 2006; Zhang et al., 2002) and might prove
useful to provide specific biomarkers for AD (Maruszak and Thuret, 2014).

Diffusion tensor imaging (DT]) is one such quantitative MRI method (Le Bihan et al.,
1986), which has been used extensively to study white matter integrity (Budde et al., 2009, 2007;
DeBoy et al., 2007; Song et al., 2002, 2005; Sun et al., 2006). Numerous DTI studies of AD have
reported an increased mean diffusivity (MD) and decreased fractional anisotropy (FA) in white
matter serving as promising indicators of AD (see Amlien and Fjell, 2014 for review). Given that

MD and FA are influenced by water diffusion in both radial and axial planes, the radial (A1) and
axial (A ;) diffusivity themselves could give a more precise representation of white matter tissue
damage in AD (Song et al., 2004) and may be useful for disease staging by describing different
white matter pathologies (Acosta-Cabronero et al., 2012). However, the precise nature of white
matter damage in AD has not been characterized, and it remains unknown whether it occurs
before or after gray matter damage (Nir et al., 2013). Correlations between DTI changes in gray
matter and tissue pathologies are under study, but gray matter diffusivity has been shown to have
superior predictive power for AD over conventional volumetry (see Weston et al., 2015 for
review).

A growing body of literature has successfully utilized magnetization transfer imaging
(MT!I) to characterize neurodegenerative disorders including AD (see Tambasco et al., 2015 for
review). Several studies have examined the magnetization transfer ratio (MTR) (Wolff and
Balaban, 1989), and have found it to decrease in early phases of AD (Ginestroni et al., 2009;
Hanyu et al., 2001; Kabani et al., 2002) and map disease progression (Ropele et al., 2012).
However, a conflicting finding has been reported in transgenic mouse models of AD, where an
increased MTR value appeared to be primarily driven by AP load (Bigot et al., 2014), and even
preceded plaque formation and memory deficits (Pérez-Torres et al., 2014). Because the MTR is
dependent upon the imaging parameters and field strength chosen by the experimenter,
guantitative MTI (QMTI) methods are necessary for an effective comparison between studies.
Metrics derived from the two-pool model of magnetization transfer offer more complete
information on the macromolecular structures in brain tissue than does the MTR (Henkelman et
al., 1993) and several gMTI metrics have been suggested to be useful biomarkers in prodromal
stages of AD (Giulietti et al., 2012; Kiefer et al., 2009; Ridha et al., 2007).



In the present study, a single transgenic mouse model of AD is utilized (Tg2576; Hsiao et
al., 1996), harboring the Swedish mutation (K670N/M671L) of the gene that codes for human
amyloid precursor protein (hAPP695) under the control of mouse prion protein promoter
elements. This mutation leads to an abundance of AP in the central nervous system and the
formation of AP plaques by 11 to 13 months of age (Hsiao et al., 1996). There appears to be a
loss of synapses in the hippocampus and compromised integrity of hippocampal circuitry in
animals as young as 4.5 months (Jacobsen et al., 2006; Jung et al., 2011; Lanz et al., 2003). In
the absence of tau pathology, this model acts as a powerful reductionist tool for extracting the
contribution of amyloid-related pathological changes to the alteration of MR properties.

With a need for understanding and detecting early gray matter changes in AD, this study
uses Ty relaxometry, DTI, and gMT] to study the hippocampus in mice with and without amyloid
accumulation. The use of directionally encoded color (DEC) maps from DTI reveals
cytoarchitectural details within the hippocampus and allows the identification of cell layers
(strata) with characteristic fibre orientations. This produces a richer data set from which to
analyze changes in quantitative MR metrics within these otherwise indistinguishable strata. We
compare gray matter of the hippocampus and surrounding white mater tracts between the
Tg2576 mouse model of AD and control mice using these multiple quantitative MRI metrics and
interpret the results based on immunohistochemical staining for AB. To our knowledge, this is
the first study to examine gMTI metrics in a mouse model of AD, and the first to examine
multiple quantitative MR metrics within the strata of the hippocampus. We aim to determine if
the combination of metrics examined in hippocampal strata can provide novel insight into the
pathological changes that occur in the hippocampus early in the AD process.



2. Methods
2.1. Mouse model

Six male 7.5 month-old APPks7onvezL (Hsiao et al., 1996) mice originally obtained from
AstraZeneca R&D and derived from B6SJL F1 background were used in this study. Six male 7.5
month-old wild-type mice from the same genetic background served as controls, and allowed for
comparative analysis between transgenic and healthy strains. The mice were genotyped by PCR
using genomic DNA isolated from tail biopsies at weaning (21 days of age). Unique six-digit
numbers were assigned to each mouse and used to identify mice in all experiments so that
investigators were blinded to mouse genotype. All mice were provided with food and water ad
libitum and maintained on a 12-hour light/dark cycle in accordance with the University of
Manitoba Animal Care Commitees who adhere to the guidelines and principles created by the
Canadian Council on Animal Care.

2.2. Euthanasia

All 12 mice were sacrificed for ex vivo study at 7.5 months of age. Under deep anesthesia
(5% isoflurane in oxygen), the mice were intracardially perfused with 0.1 M phosphate buffered
saline (PBS) followed by a fixative solution of 4% paraformaldehyde (PFA). The mouse brains
in skulls were removed from the bodies and all external tissue was cleaned off prior to storage in
4% PFA at 4°C. Euthanasia procedures were carried out as per the guidelines and principles of
the Canadian Council on Animal Care and were approved by the local Institutional Animal Care
Committees at University of Manitoba and University of Winnipeg.

2.3. MRI

Imaging was done on most brains within one month of perfusion with PBS and PFA, with
the maximum time spent in PFA being eight weeks. The mouse brains in skulls were transferred
to PBS 48 hours before imaging to wash the sample of any fixative. For imaging, the brains in
skulls were secured in a custom-built acrylic sample holder and immersed in room temperature
Fomblin Perfluoropolyether Y04 grade fluid (Solvay Solexis, Milan, Italy) to maintain hydration,
and eliminate external proton signal and susceptibility artifacts. This sample tube was then
inserted to a custom-built 24 mm internal diameter, 300 MHz inductively coupled quadrature
radiofrequency (RF) volume coil (NRC Institute for Biodiagnostics, Winnipeg, Canada). The
coil was loaded inside a Bruker BGA 12-S actively shielded gradient system with integrated
shim coils (Bruker BioSpin, Milton, Canada). The experiments were performed ona 7T 21 cm
Bruker AVANCE Il NMR system running Paravision 5.0 (Bruker BioSpin).
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Figure 1. Slice geometry of the coronal slices used for all imaging. The three slices of interest
are outlined in magenta and labeled as rostral, middle, and caudal. The middle slice was
positioned 2.50 mm caudal to the anterior commissure and had a 0.5 mm slice thickness, with 1.0
mm spacing between slices.

To image the hippocampus and surrounding white matter structures, three coronal slices
labeled rostral, middle, and caudal, were selected at a position centered at 2.50 mm caudal to the
anterior commissure (Figure 1). The same slice geometry was used for all images to minimize
differences in the slice alignment along the rostral-caudal plane when comparing data between
mice. Images had a (2 cm)? field of view and (256 x 256) matrix size, a 0.5 mm slice thickness,
and were spaced with 1.0 mm interslice distance, resulting in images with a 78 pm x 78 um x
500 um resolution.

Relaxation images, DT images, and gMT images were collected during an overnight
imaging session for each mouse brain, throughout which time 18°C water-cooled gradients were
used to maintain ambient bore temperature.

T data were acquired using a rapid acquisition with refocused echoes (RARE) sequence,
with a repetition time (Tr) = (4895.5, 2895.5, 1395.5, 695.5, 295.5, 95.5) ms, effective echo time
(Te) = 11 ms, RARE factor = 2, and 4 averages, for a total experiment time of 71 min.

DTI data were acquired with a pulsed gradient spin echo (PGSE) sequence using a seven-
direction tetra-orthogonal gradient-encoding scheme (b-value = 1000 s/mm?, gradient pulse
duration (8) = 6 ms, gradient separation time (A) = 14 ms, Te = 26ms, Tr = 5000ms, 6 averages,
8.5 hour experiment time).

MTI data were acquired using one non-saturated and 18 RF-saturated fast low angle shot
(FLASH) images (Haase, 1990) (10.25 ms Gaussian saturation pulse with saturation powers of 5,
10, and 20uT and frequency offsets at each power of 1, 2, 4, 6, 10, and 30 kHz, 32 averages, Te
=6 ms, Tr =70 ms, 10° flip angle, 3 hour experiment time).



2.4. Imaging Data Analysis

The potential for small sample movements or drifts in Larmor frequency of the sample
during long imaging sessions as well as differences between how spin echo and gradient echo
images are spatially encoded due to gradient field inhomogeneities can cause small changes in
image alignment. To construct accurate quantitative maps and compare different imaging
sequences on a voxel-by-voxel basis, image registration was required (Thiessen et al., 2013). A
custom-built MATLAB GUI was used for registration prior to fitting, and all images were
aligned to the b=0 diffusion-weighted images using a rigid affine transformation matrix
determined automatically by maximizing the 2D correlation coefficient in a similar method used
before (Thiessen et al., 2013). Furthermore, b-matrices associated with each DWI were rotated to
match the registered image orientation (Leemans and Jones, 2009; Thiessen et al., 2013).

An anisotropic diffusion filter was applied before quantitative maps were constructed to
improve the signal to noise ratio (Gerig et al., 1992; Perona and Malik, 1990), with five iterations
and a gradient modulus threshold equal to three times the standard deviation of the noise in each
echo (Jones et al., 2003; Thiessen et al., 2013). A saturation recovery curve was fitted to the data
acquired from the RARE images to construct T1 maps.

Diffusion tensors were determined using a non-linear least squares fit with a modified
Cholesky decomposition to ensure positive definiteness (Koay et al., 2006). Diffusion tensor

metric maps include mean diffusivity (MD), axial diffusivity (A ;), radial diffusivity (A1), and
fractional anisotropy (FA). A DEC map was constructed from the first eigenvector, with bright
red pixels representing highly anisotropic diffusion primarily along the x-direction, green along
the y-direction, and blue along the z-direction, and isotropic regions appearing gray or brown.

MTIs were normalized to the FLASH image without an MT saturation pulse. These
normalized data were fitted to the two-pool model of magnetization transfer (Henkelman et al.,
1993) with continuous wave pulse equivalent approximations (Ramani et al., 2002) and a super-
Lorentzian absorption lineshape for the bound pool (Thiessen et al., 2013). gMTI metric maps
were made including the magnetization transfer rate from the bound to liquid pools (RM2),
longitudinal relaxation rate of the free pool (Ry), transverse relaxation times of the free and
bound pools (T2 and T2), and the bound pool fraction (f). The longitudinal relaxation rate of the
bound pool (Rg) was fixed arbitrarily to 1/s as recommended by several groups (Henkelman et
al., 1993; Ramani et al., 2002). Ra was estimated using the T1 map (Henkelman et al., 1993;
Ramani et al., 2002). Using the fitted value of f/Ra(1-f), the bound pool fraction can be
calculated using Ra.

Using a custom-built MATLAB program, regions of interests (ROIs) were selected in the
DEC map with reference to a mouse atlas (Paxinos and Franklin, 2001) and applied to analysis
of all registered quantitative MR maps (Figure 2). The segmentation was performed by a single
rater, and the intra-rater reliability was assessed by multiple rounds of segmentation on the same
images. The output from these repeated segmentations was compared to ensure consistency in
tracing ROIs both within and between samples. While some groups have demonstrated success
with automated segmentation of the murine hippocampus (Ali et al., 2005; Lau et al., 2008;
Scheenstra et al., 2009), our previous study (Hayes et al., 2014) found that automated
segmentation was not as reliable as manual segmentation due to poorer contrast at the boundaries
of this small structure.



The first ROI to be outlined was the whole hippocampus, comprised of the hippocampus
proper with the adjacent dentate gyrus. A second set of ROIs defined individual strata within the
molecular cell layer of the hippocampus, namely the stratum radiatum (Hrag) and stratum
lacunosum moleculare (Him), and the two regions of the molecular layer of the dentate gyrus
(designated DGt and DGy, for top and bottom, respectively) that surround the granule and
polymorph layers of the dentate gyrus (DGgp). Of the surrounding white matter, selected ROIs
were the cingulum (cg), corpus callosum (cc), fimbria of the hippocampus (fi), external capsule
(ec), brachium of the superior colliculus (bsc), and dorsal hippocampal commissure (dhc).
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Figure 2. Quantitative MRI maps of the middle slice of a representative Tg2576 mouse brain.
The scale from black to white is given below each map. Various white matter tracts are visible
with varying contrast in all of the different quantitative MRI maps, but cell layers within the gray
matter of the hippocampus proper and dentate gyrus are only visible in FA and DEC maps.
Maps: fractional anisotropy (FA), directionally encoded color (DEC), mean diffusivity (MD),

axial diffusivity (A ;), radial diffusivity (L), bound pool fraction (f), magnetization transfer rate
from the bound to liquid pools (RM}), longitudinal relaxation rate of the free pool (R,), spin-
lattice relaxation time (T1), and transverse relaxation times of the free and bound pools (T and
TD).
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2.5. Immunohistochemistry

Following imaging, the fixed brains were dissected from skulls and a coronal section
encompassing the imaged slices was then placed in a plastic cassette and transferred to an
Automated Vacuum Tissue Processor (ASP300S; Leica, Wetzlar, Germany), which processed
the samples overnight through the following programme: formalin Hold step (until the
programme is ready to run); 70% ethanol (1 hour); 90% ethanol (1 hour); 100% ethanol x 4 (1
hour per ethanol); xylene x 3 (1 hour per xylene); molten wax x 3 (1 hour per wax change). Once
processing was complete, the samples were transferred to the wax bath of the Tissue Embedding
Station (Leica EG1150H). The samples were then embedded in fresh molten paraffin wax and
solidified using the Leia G1150C cooling unit.

The wax blocks were mounted to a Leica RM2135 rotary microtome, which was used to
trim the block face until a position of 1.5 mm posterior to the anterior commissure of the brain
was reached, corresponding to the level of the rostral imaging slice (See Figure 1). The blocks
were cooled and rehydrated before 4um sections were cut, floated out on a warm (42°C) water
bath, then mounted in series on Superfrost Plus slides (Thermo Fisher Scientific, Waltham,
USA). This process was repeated at the middle and caudal levels of the hippocampus, so that
each slide held three sections that were about 1 mm apart. The slides were air dried at room
temperature in racks for a minimum of one hour and then in a 40°C heating chamber overnight.
The sections were de-waxed in xylene and rehydrated through a series of alcohols, decreasing in
concentration to water.

Immunohistochemical staining for AB plaques was conducted using a Ventana XT
automated staining machine (Ventana Medical Systems, Oro Valley, USA) at room temperature
as per an optimised protocol and manufacture specific reagents. Pre-treatment consisted of 98%
formic acid for 8 minutes then a wash with Ventana Reaction Buffer, followed by washing in
cold running water for 5 minutes. The samples were then wet-loaded in Reaction Buffer onto the
Ventana XT, which applied a CC1 heat pre-treatment for 30 minutes in an EDTA Boric Acid
Buffer (pH 9.0) before being blocked for 8 minutes using Superblock (#88-4101-00; Medite,
Chicago, USA). The primary antibody against AB (82E1, 0.2ug/ml; IBL, Hamburg, Germany), a
biotinylated mouse monoclonal antibody, was directly applied to each slide without a wash step.
After 8 hours of antibody incubation, the Ventana XT applied tertiary reagent DABMap
(Ventana), then the 3,3’-diaminobenzidine (DAB) substrate followed by a haematoxylin
counterstain for 4 minutes and a Blueing agent (Ventana) for 4 minutes.

The slides were removed from the staining machine, washed in soapy water for 5
minutes, rinsed in distilled water, then placed in an Automated Slide Stainer (Gemini AS,
Thermo Fisher Scientific) for dehydration through an alcohol series, clearance in xylene, and
permanent mounting with DPX mountant. Imaging was done using a Leica DM1000 microscope
and Leica Application Suite V4.8, and images of each section were analysed to determine the
burden of amyloid pathology.

2.6. Statistical analysis

The various MRI metrics were compared statistically between the mouse genotypes using
a one-way analysis of variance (ANOVA). All analyses were conducted in IBM SPSS Statistics
Version 19.0 (IBM Corp., Armonk, NY, 2010). Statistical significance was predetermined at p <
0.05.
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3. Results

Example maps of various quantitative MRI metrics are presented in Figure 2. Note that
the hippocampus has little visual contrast in the gMT]1 and relaxation maps, and all DTI maps
other than the DEC and FA maps. The boundaries between different hippocampal strata and
white matter tracts are especially apparent in the DEC map, which was used to trace all ROIs as
shown in Figure 3. Note that all ROIs appear in both left and right hemispheres but are labelled
in Figure 3 only on the left. The mean value of all metrics presented below, and summarized in
Tables Al through A3, is the spatial average of both the left and right for all ROIs except the
corpus callosum, which spans the midline.

Figure 3. DEC maps of a representative Tg2576 mouse brain from each of the three slices. The
red, green, and blue colours each represent the x-, y-, and z- directions of water diffusion
respectfully, and the brightness of the pixels corresponds to anisotropy. The entire hippocampus
proper and dentate gyrus are outlined together in white in (A). Hippocampal strata ROIs are
outlined in white and indicated by arrows in (B), and white matter ROIls are similarly labelled in
(C). Note that all ROIs appear in both left and right hemispheres but are labelled here only on the
left. The mean value of all metrics calculated is the spatial average of both the left and right for
all ROIs except the corpus callosum, which spans the midline. ROls: Hippocampal: radiatum
(Hrad) and lacunosum-moleculare (Him) layers of the hippocampus; top/bottom molecular
(DGmt/DGmb) and granular/polymorph (DGgp) layers of the dentate gyrus. White matter:
cingulum (cg), corpus callosum (cc), fimbria of the hippocampus (fi), external capsule (ec),
brachium of the superior colliculus (bsc), and dorsal hippocampal commissure (dhc).
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3.1. Hippocampus

When the entire hippocampus was segmented as a uniform ROI, there were fewer
statistically significant differences in multiple metrics between transgenic mice and controls,
than was seen when analyzing hippocampal cell layers. This multiparametric variance is
illustrated in Figure 4, where DEC maps are shown in grayscale to highlight regions with two or
more significant differences. Only the middle section of the whole hippocampus was found to
have differences in T1 and FA values between groups (Figure 4A). However, when comparing
the specific strata, metrics that did not differ significantly in the whole hippocampus displayed
several significant differences, while the FA and Ty values did not differ consistently across all
ROIs (Figure 4B).

Specifically, segmentation of the whole hippocampus indicated that the T values of
Tg2576 mice were significantly lower than those of control mice only in the middle section (1.53
+ 0.07 s control, 1.40 £ 0.10 s APP), while the FA was higher within all sections (rostral 0.15
0.02 control, 0.29 + 0.04 APP; middle 0.16 + 0.03 control, 0.23 + 0.03 APP; caudal 0.21 £ 0.03
control, 0.25 £ 0.04 APP) (Table Al). Examining the T1 and FA values in hippocampal strata
revealed that the DGmt was the only cell layer that contained significant differences in both
metrics across all sections (T1: rostral 1.47 £ 0.07 s control, 1.38 £ 0.05 s APP; middle 1.51 £
0.06 s control, 1.40 + 0.01 s APP; caudal 1.47 + 0.06 s control, 1.40 + 0.06 s APP. FA: rostral
0.13 £ 0.03 control, 0.18 + 0.05 APP; middle 0.15 + 0.04 control, 0.22 = 0.04 APP; caudal 0.16
+ 0.02 control, 0.22 £ 0.04 APP). The Him in the middle section was also altered in both T1 (1.56
+ 0.05 s control, 1.40 £ 0.01 s APP) and FA (0.15 = 0.03 control, 0.21 £ 0.04 APP). No

significant differences between groups were found in other DTI metrics (MD, AL, or A ;) in any
areas of the hippocampus.

The gqMTI-derived R, was not significantly altered in transgenic versus control mice in
the whole hippocampus. However, when the hippocampus was segmented into strata it was
apparent that the mice did exhibit significantly greater R, values within all strata but the DGgp.
When combined with the altered T1 and FA values in various strata, three regions emerged as
significant for differences in all three metrics: the rostral DGmt (R4: 0.66 + 0.04 s control, 0.71
+ 0.03 st APP), middle Him (R4: 0.62 £ 0.02 s control, 0.69 £ 0.06 s* APP), and caudal DGt
(Ra: 0.65 +0.03 s control, 0.70 + 0.03 st APP) The f and T2 values were also significantly
changed in Tg2576 mice relative to controls in the caudal section of the hippocampus, while
RM#and T2 did not appear changed by expression of the APP transgene.

3.2. White matter

In white matter, the regions with significantly decreased T relaxation times and
increased FA values in Tg2576 mice compared to controls were the cingulum (T1: 1.41 £0.05 s
control, 1.34 £ 0.05 s APP; FA: 0.48 £ 0.06 control, 0.59 £+ 0.05 APP) and the dorsal
hippocampal commissure (T1: 1.48 £ 0.05 s control, 1.38 + 0.05 s APP; FA: 0.59 + 0.07 control,
0.69 = 0.05 APP). These regions were also significantly different in R, values (cg: 26.7 £ 4.8 s*
control, 23.3 £ 5.0 s* APP; dhc: 25.6 + 4.9 s control, 26.5 £ 5.5 s* APP).
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As in the hippocampus, no significant differences were observed in the MD or A ; values
of white matter regions. The only statistically significant change in TZ in white matter was also
in the cingulum, where Tg2576 mice had values higher than control mice. RMo”* and T2 did not
show any significant differences in any white matter region.

OTiand FA @ T1 and RA [0 T: and FA and RA
Figure 4. Unsaturated DEC maps of a representative Tg2576 mouse brain with regions of
interest coloured-in to indicate statistically significant difference between transgenic and control
mice in multiple metrics. Results are presented from the whole hippocampal region (A), each
hippocampal cell layer (B), and white matter regions (C). Hippocampal cell layers (B) appear in
each of the rostral (leftmost), middle, and caudal (rightmost) slices, whereas the white matter
regions (C) appear in only one slice. All regions are outlined in white and are filled in if they
contain significant group differences in T1 and FA (yellow), T1 and R, (magenta), or a
combination of Ty, FA and R, (cyan). (p<0.05 using a one-way ANOVA).

3.3. Histology

To confirm that the mice in this study did exhibit pathological Ap deposition, regions of
interest were probed for intracellular amyloid and A plaque load by immunohistochemical
techniques (82E1 antibody). Light microscopy revealed a low degree of AP pathology in the
hippocampus of Tg2576 mice whereas there was no A detected in the brains of control mice. In
transgenic animals, the hippocampal AP was visible as a 1-3 diffuse plaques in each section
(Figure 5A,B,D, arrows). The anti-Ap antibody, though capable of binding to soluble A as well
as extracellular plaques, did not reveal any intracellular Ap accumulation.
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Figure 5. Immunohistochemical staining for Ap in a representative 7.5-month-old Tg2576
mouse hippocampus, at rostral (A), middle (B), and caudal (C) levels. Ap deposition (brown) as
detected by anti-Ap antibody 82E1, was evident as extracellular plaques (indicated by arrows) in
the hippocampal and dentate gyrus cell layers. Intracellular staining for AB was not apparent, and

the plaques appeared diffuse upon magnification (D).
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4. Discussion

While the FA map provided high contrast between white and gray matter as well as
moderate contrast between hippocampal strata, the DEC map was the most informative for
segmentation purposes. The DEC map was beneficial in revealing the fibre orientations of white
and gray matter structures, thereby removing ambiguity in the borders between neighbouring
ROIs. The identification of these individual strata in our three slices offers considerably more
information on changes in relaxometry, DTI, and gMTI metrics between and within groups of
mice, relative to the analysis of the hippocampus as a homogeneous gray matter structure. This
highlights the complexity and variation of pathology within the hippocampus, and warrants more
comprehensive coverage of the entire hippocampal length.

We chose a fixed number of slices with the same resolution to accommodate the
limitations of each MRI sequence and improve registration between images. Specifically, both
the DTI and T1 mapping sequences use a 2D spin echo sequence, which limits the number of
slices in a given repetition time. Furthermore, the gMTI method requires multiple GRE
acquisitions and is sensitive to magnetization transfer effects that can arise from RF pulses used
in multislice acquisitions. In our study, 2D slicing of the hippocampus facilitated comparison
between DTI and gMTI metrics. Additional 2D slices or a 3D acquisition across all of the
imaging sequences would have increased experiment time and introduced confounding effects in
the gMTI model. Significant differences between groups of mice were found to vary across our
three slices in several DTI and gMTI metrics, which could be focused on to reduce total imaging
time in future 3D imaging studies of the hippocampus. Such studies could relate the quantitative
MR results to the regional spread of tissue pathologies over time.

Our histological investigation of the brain tissue validated the Tg2576 mice as models of
AP deposition, and also established that at 7.5 months of age there was a less severe degree of
pathology than at 11-13 months (Hsaio et al., 1996), which could correspond to an earlier disease
stage. Indeed, Tg2576 mice are generally asymptomatic in terms of most behavioural tests at 7.5
months of age, but have exhibited impaired hippocampal learning in contextual fear conditioning
by 5 months of age, several months prior to detection of AP plaques (Jacobsen et al., 2006).
Therefore, other cellular changes indicative of early AD pathology, such as astrogliosis, may be
more relevant in mice at this age. Preparation of our mouse brain tissue precluded an electron
microscopic examination, which might have shown more subtle changes in ideally processed
tissue. The brains used in this study were fixed with PFA rather than glutaraldehyde, and
consequently electron microscopy studies were unsuitable. Therefore, interpretation of the
precise mechanisms that account for the MR findings must also be informed by the literature
about the pathological characteristics of our transgenic mouse model at the age of 7.5 months.

The earliest documented histopathological feature of Tg2576 mice is the loss of dendritic
spines in the hippocampal regions at 4.5 months of age (Lanz et al., 2003). However, they are
also known to have higher than normal concentrations of soluble A peptides within their brains
as they age (Duff et al., 1996; Hsiao et al., 1996). It is hypothesized that these peptides are prone
to aggregate into oligomers, which form upstream of plaques and may be the toxic species in
Alzheimer’s disease that trigger synaptic alterations and induce memory deficits (Cleary et al.,
2005; Hardy, 2009; Lambert et al., 1998; Walsh et al., 2002). In our study, the sparse distribution
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of plaques prevented their quantification and correlation with altered MR metrics. Longitudinal
studies that compare the accumulation of AP oligomers in this mouse model would be more
informative as to the relationship between the molecular pathogenic processes, and the altered
tissue properties and water movement underlying our multiparametric MRI changes.

Our results were consistent with another study that found significant reductions in Ty at
4.7 T, which correlated with AP stain intensity in both white matter and hippocampal gray matter
regions of an 5xTg mouse model of AD (Spencer et al. 2013). Decreased T relaxation times
have been measured in cortical and hippocampal regions of plaque-bearing AD mouse models,
and even in the brains of mice preceding plaque formation (Falangola et al., 2007). Because the
deficits and anatomical differences vary considerably among AD mouse models depending on
the particular gene mutation, promoter element, and background strain of mouse used, it is
important for reliable imaging techniques to be able to detect and quantify microstructural
changes within the hippocampal strata. Further studies are needed with full electron microscopy
characterization of the tissue to determine the precise reason for the proton relaxation time
changes observed in this study, and the additional DTI and gMTI metrics might shed light upon
changes in water mobility and exchange within and between the free water and macromolecular
tissue compartments.

This study builds upon previous investigations into the gray matter pathology of AD
mouse models and the meaning of DTI and gMTI measurements in healthy and diseased white
matter (Duff et al., 1996; Hsiao et al., 1996; Thiessen et al., 2013). In doing so it also highlights
two complementary knowledge gaps, one being the nature of white matter damage in AD mouse
models and the other being the histopathological correlates of these quantitative MR metrics in
gray matter. Comparison of the results from both white matter and hippocampal gray matter
regions are useful in elucidating some of the potential mechanisms of change in these metrics.
The white matter regions selected, except for the brachium of the superior colliculus, are all
projections of the limbic system and carry highly relevant information for cognitive performance
in directionally coherent pathways. In contrast, the neuronal circuits in the hippocampus are
significantly smaller and more heterogeneous than these white matter fibre bundles, often
containing two or more crossing fibre pathways that could reduce the apparent anisotropy.
Nonetheless, the DT protocols employed in this study were capable of detecting similar
significant alterations in anisotropy and diffusivity within both white and gray matter ROlIs,
which demonstrates their applicability in gray matter. Eigenvalues of diffusivity did not indicate
robust differences between our mice in either white or gray matter. Several groups have observed
changes in eigenvalue measurements in white and gray matter, but only in transgenic mice older
than 8 months of age (Harms et al., 2006; Song et al., 2004; Sun et al., 2014).

A previous study has shown that in white matter, f is the most specific gMTI
measurement of demyelination (Thiessen et al., 2013). In this study, while f varied between
mice in caudal gray matter regions, we detected no significant differences in f between mice in
any white matter structures. Bigot et al. (2014) similarly reported no decrease in the MTR in
white matter between AD transgenic and control mice, coinciding with no alterations in myelin
content as determined from immunofluorescent analysis. These findings reinforce those by
Kastyak-Ibrahim et al. (2013), in which a triple transgenic mouse model of AD showed no white
matter changes in quantitative MRI or histological staining for myelin. This leads to the
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suspicion that myelin damage is not the primary driving force behind the decrease in f that we
saw within the caudal sections of the hippocampus in our Tg2576 mice. Although the cause of
this change cannot be conclusively determined without the support of histopathological evidence,
our results imply that qMTI metrics are sensitive to more complex changes in gray matter than
could be explained by myelin loss. We chose to highlight R, changes in Figure 4, because
despite being derived in part from Ty, R, is not completely interdependent with T (see Figure 4,
yellow ROIs) and can in fact provide additional information from the two-pool model.

The analyses carried out in our study were with high resolution images and in fixed
brains whereas many previous findings used live mice with images of less contrast to define
ROIs. There are differences in some MR metrics when imaging chemically fixed ex vivo samples
as opposed to in vivo samples. Certain tissue properties are altered by the action of formaldehyde
fixative, namely protein cross-linking, dehydration, tissue degradation, and decreased fibre
length (Shepherd et al., 2009). Sun et al. (2009, 2005) demonstrated that diffusion anisotropy is
relatively unaffected by fixation, while Schmierer et al. (2008) described significant differences
in the ex vivo and in vivo values of several other diffusivity (MD, A, A.1,), relaxation, and
magnetization transfer (f, RM4) metrics. Zhang et al. (2012) found that in a mouse model of

demyelination, ex vivo A1 is a more sensitive indicator of myelin than in vivo A_L. For the
purposes of this study, the advantages of ex vivo imaging compensate for the challenges of a
direct comparison between ex vivo and in vivo measurements. Ex vivo images are of superior
quality because they are devoid of any motion artifacts, and the long scan times permit both
higher signal-to-noise ratios in the images and the acquisition of a wide array of MR metrics
from which to identify the most robust indicators of change and provide a direction for further
investigation.

5. Conclusions

This work demonstrates that a combination of quantitative MRI methods can provide
valuable information on AD pathology within the murine hippocampus. Directionally encoded
color maps are useful to identify the cell layers within the hippocampus and present the
possibility of detecting regional differences in a set of Ty, DTI, and gMT]I metrics that were not
detected in the hippocampus as a whole. Further studies are necessary to correlate these MRI
findings with electron microscopy of the brain tissue. This work is the first step toward
longitudinal in vivo studies for tracking disease progression and testing therapeutic treatments.
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Figure Titles

Figure 1. Slice geometry of the coronal slices used for all imaging. The three slices of interest
are outlined in magenta and labeled as rostral, middle, and caudal. The middle slice was
positioned 2.50 mm caudal to the anterior commissure and had a 0.5 mm slice thickness, with 1.0
mm spacing between slices.

Figure 2. Quantitative MRI maps of the middle slice of a representative Tg2576 mouse brain.
The scale from black to white is given below each map. Various white matter tracts are visible
with varying contrast in all of the different quantitative MRI maps, but cell layers within the gray
matter of the hippocampus proper and dentate gyrus are only visible in FA and DEC maps.

Figure 3. DEC maps of a representative Tg2576 mouse brain from each of the three slices. The
red, green, and blue colours each represent the x-, y-, and z- directions of water diffusion
respectfully, and the brightness of the pixels corresponds to anisotropy. The entire hippocampus
proper and dentate gyrus are outlined together in white in (A). Hippocampal strata ROIls are
outlined in white and indicated by arrows in (B), and white matter ROIls are similarly labelled in
(C). Note that all ROIs appear in both left and right hemispheres but are labelled here only on the
left. The mean value of all metrics calculated is the spatial average of both the left and right for
all ROIs except the corpus callosum, which spans the midline. ROls: Hippocampal: radiatum
(Hrag) and lacunosum-moleculare (Him) layers of the hippocampus; top/bottom molecular
(DGmt/DGmb) and granular/polymorph (DGgp) layers of the dentate gyrus. White matter:
cingulum (cg), corpus callosum (cc), fimbria of the hippocampus (fi), external capsule (ec),
brachium of the superior colliculus (bsc), and dorsal hippocampal commissure (dhc).

Figure 4. Unsaturated DEC maps of a representative Tg2576 mouse brain with regions of
interest coloured-in to indicate statistically significant difference between transgenic and control
mice in multiple metrics. Results are presented from the whole hippocampal region (A), each
hippocampal cell layer (B), and white matter regions (C). Hippocampal cell layers (B) appear in
each of the rostral (leftmost), middle, and caudal (rightmost) slices, whereas the white matter
regions (C) appear in only one slice. All regions are outlined in white and are filled in if they
contain significant group differences in T1 and FA (yellow), T1 and R, (magenta), or a
combination of Ty, FA and R, (cyan). (p<0.05 using a one-way ANOVA).

Figure 5. Immunohistochemical staining for AP in a representative 7.5-month-old Tg2576
mouse hippocampus, at rostral (A), middle (B), and caudal (C) levels. Ap deposition (brown) as
detected by anti-Ap antibody 82E1, was evident as extracellular plaques (indicated by arrows) in
the hippocampal and dentate gyrus cell layers. Intracellular staining for A was not apparent, and
the plaques appeared diffuse upon magnification (D).
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Appendix

Table Al. Relaxation, DT, and gqMT measurements in rostral, middle, and caudal slices of the
hippocampus, in control mice (CON, n=6) and Tg2576 transgenic mice (APP, n=6).

ROI CON APP CON APP CON APP
Tl (S) FA RA (S_l)
Rostral 1.47+0.08 1.38+0.06 0.15+0.02 0.29+0.04 * 0.66 £0.04 0.71+0.03
Middle 1.53+0.07 140+0.10 ~* 0.16 £0.03 0.23+0.03 * 0.64 +£0.03 0.70+0.06
Caudal 1.46+0.05 1.40+0.06 0.21+0.03 0.25+0.04 * 0.67+£0.02 0.71+0.03
MD (um?/ms) A J (um?/ms) AL (um?/ms)

Rostral  0.37£0.05 0.34%0.02 0.43+0.07 0.41%0.02 034+005 0.31%0.02
Middle 0.36+£0.05 0.33+0.02 0.42+0.06 0.41+0.02 0.33+0.04 0.29+0.02
Caudal 0.30+0.06 0.29+0.03 0.36 £0.06 0.36 +£0.03 0.27+0.05 0.25+0.03

RM%% (s T2 (ms) T2 (us)
Rostral 34+5 30+4 72+9 83+20 721204 75+0.4
Middle 335 305 72+8 80+ 20 73205 7.6+0.3
Caudal 31+7 305 70+ 10 86 +10 * 7.1+0.7 76+0.4

f (x10°1)

Rostral 0.56+0.03 0.55+0.05
Middle 0.56+0.02 0.55*0.03
Caudal 0.63+0.06 055+0.03 *

*difference between control and transgenic mice is statistically significant (p<0.05) in ANOVA.
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Table A2. Relaxation, DT, and gMT measurements in rostral (R), middle (M), and caudal (C)
slices of five hippocampal cell layers, in control mice (CON, n=6) and Tg2576 transgenic mice
(APP, n=6). Cell layers include the stratum radiatum of the hippocampus (Hrad), Stratum
lacunosum moleculare of the hippocampus (Him), top molecular layer of the dentate gyrus
(DGmt), bottom molecular layer of the dentate gyrus (DGms), and granule and polymorph layers
of the dentate gyrus (DGgp).

ROI CON APP CON APP CON APP
T1(s) FA Ra (51

Hew R 145+008 1.36+006 * 0.14+0.02 0.16+0.03 067004 072003 *

M 1.49+0.07 1.37+009 * 0.16+004 0.18+0.03 0.65+0.03 072005 *

C 1.44%0.05 1.38+0.05 0.18+0.05 0.20+0.04 0.67+0.03 0.71+0.03 *
Hm R 147£007 1.39+0.07 0.15+0.04 0.20+0.05 0.67+0.04 0.71+0.04

M 156+005 1.40+010 * 015003 021004 * 062+002 069+006 *

C 147+0.05 1.41+0.06 020+0.03 024+002 * 0.66+003 0.70+0.03
DGm R 147+007 1.38+005 * 013+003 0.18+0.05 * 066+0.04 071+003 *

M 151+006 1.40+0.10 * 0.15+004 022+004 * 0.64:003 0.70+0.06

C 147006 140006 * 0.16+0.02 022+004 * 0.65+003 0.70+£0.03 *
DGm R 149+007 140+006 * 0.14+0.02 0.18+0.04 0.65+0.03 0.68+003 *

M 1.55+0.06 1.40+0.10 0.15+0.02 021+003 * 0.62+003 0.68+0.06

C 1.49%0.05 1.43%0.06 021+0.04 0.23+0.05 0.65+0.02 0.70+0.03
DGy R 1.46+0.07 1.39+0.06 015+0.04 022005 * 0.67+004 0.71+0.03

M 1.51+0.07 1.40+0.10 0.17+0.04 026+003 * 0.64+003 0.70+0.06

C 143%0.04 1.38+0.06 0274007 0.36+006 * 0.68+002 0.71+0.03

MD (pm?/ms) A (um?/ms) AL (um?ms)

Ha R 037+006 035+0.01 0.42+0.07 0.40+0.01 0.34+0.05 0.32+0.01

M 0.36+0.05 0.34+0.02 0.42+0.06 0.41+0.02 0.33+0.05 0.31+0.02

C 0.30+0.05 0.29+0.03 0.36+0.06 0.34+0.03 0.28+0.05 0.26+0.03
Hm R 038+006 0.34+0.03 0.44+0.08 0.41+0.02 0.35+0.06 0.31+0.03

M 0.35+0.07 0.33+0.02 0.40+0.08 0.40+0.03 0.32+0.06 0.30+0.02

C 0.29+0.05 0.27 +0.03 0.34+0.06 0.33+0.05 0.26+0.05 0.24+0.03
DGm R 0.37+0.05 0.34+0.02 0.42+0.07 0.40+0.03 0.35+0.05 0.30+0.02

M 0.36+0.05 0.34+0.03 0.42+0.06 0.41+0.03 0.34+0.04 0.30+0.03

C 0.29+0.06 0.28 +0.03 0.34+0.06 0.35+0.03 0.27+0.05 0.25+0.02
DGm R 0.36+0.05 0.33+0.02 0.41+0.07 0.39+0.02 0.33+0.04 0.30+0.02

M 0.34+0.05 0.31+0.03 0.39+0.05 0.37+0.04 0.32+0.04 0.27+0.03

C 0.29+0.06 0.28 +0.03 0.35+0.06 0.34+0.04 0.26+0.06 0.24+0.03
DGy R 037+0.05 0.35+0.01 0.43+0.08 0.43+0.02 0.34+0.04 0.31%0.02

M 0.36+0.05 0.33+0.02 0.42+0.07 0.42+0.02 0.32+0.04 0.29+0.02

C 0.32+0.06 0.31+0.03 0.41+0.09 0.44+0.04 0.27+0.06 0.25+0.03

(continued on next page)
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Table A2 continued.

ROI CON APP CON APP CON APP
RM%% (s T2 (ms) T2B (us)
Hrad R 335 30+4 80+ 10 90+ 20 7.1+£0.4 74+0.3
M 34+5 32+6 74 +8 90+ 20 7.2+0.3 75+0.3
C 31+8 305 70+1 90+ 20 * 6.9+0.9 75+0.4
Him R 335 28+4 80+10 90+ 20 7.1+£0.4 74+0.3
M 33+3 33+7 70+ 10 90+ 20 74+0.4 77204
C 308 305 70+10 90+ 20 * 6.9+0.9 7.7+0.3
DGm R 335 31+4 73+8 90 £ 30 7204  74+04
M 32+5 30+5 67 80+ 20 73205 75+0.3
C 317 30+5 69+9 90+ 10 * 7.1+ 0.6 76+0.3
DGmw R 34+6 30+4 70+ 10 80+ 20 72205 76+0.3
M 31+4 295 73+8 80+ 20 75+0.4 76+0.4
C 306 305 69+9 80+10 * 72205 7.7+£0.4
DGy R 34+5 31+4 70+ 10 78 £ 20 72205 76+0.4
M 33+6 305 70+ 10 80+ 20 73205 76+0.3
C 31+7 31+5 68+9 80+10 * 7.1+£05 76+0.4
f (x107)
Haa R 054%002 053+0.07
M 0.53+0.04 0.50+0.05
Cc 0.63+0.07 053+0.04 *
Him R 053+0.02 0.53+0.03
M 0.53+£0.05 0.50+0.05
C 0.62+0.09 0.54+0.06
DGm R 0.56+004 054005
M 0.54+0.02 0.53+0.03
C 062+005 055+0.03 =
DGmw R 056+0.06 0.56+0.05
M 0.57+0.02 0.56+0.03
C 062+0.04 056+0.03 =
DGy R 058+0.06 0.57+0.05
M 057+0.04 0.57+0.03
C 064+005 057002 =~

*difference between control and transgenic mice is statistically significant (p<0.05) in ANOVA.
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Table A3. Relaxation, DT, and gqMT measurements in six white matter tracts, in control mice
(CON, n=6) and Tg2576 transgenic mice (APP, n=6). ROIs include the cingulum (cg), corpus
callosum (cc), fimbria of the hippocampus (fi), external capsule (ec), brachium of the superior
colliculus (bsc), and dorsal hippocampal commissure (dhc).

ROI CON APP CON APP CON APP
T1 () FA R, (s9)
cg 141+005 134+£005 * 048+0.06 059+0.05 =* 26.7+4.8 23.3+50 *
cc 150+006 143+0.02 * 0.49 £ 0.05 06+0.1 246 +£3.9 236+39 *
fi 153+005 150+0.06 * 0.45+0.07 0.52+0.08 28.7+4.3 252+41
ec 152+005 140+£010 * 0.53+0.07 0.61+0.08 243146 229+45 *
bsc 154+006 140+£010 * 0.38+0.08 0.47 +£0.09 26.7+£5.3 255+48
dhc 1.48+005 138+0.05 * 0.59+0.07 069+0.05 * 25.6+4.9 265+55 *
MD (um?/ms) A J (um?/ms) AL (um?/ms)
cg 0.26%0.06 0.26%0.02 0.41%0.08 044%003 0.19%0.05 0.16+0.02
cc 0.23+0.06 0.21+0.02 0.36+0.09 0.36+0.05 0.16+0.04 0.13%0.03
f 0.29+0.05 0.28+0.02 0.44+0.06 0.450.05 0.22+0.05 0.20%0.03
ec 0.26+0.06 0.25+0.03 0.41+0.09 0.430.06 0.18+0.05 0.16%0.03
bsc 0.29+0.04 0.26+0.03 0.41+0.07 0.39+0.04 0.23+0.04 0.19+0.04
dhe 0.26+0.05 0.25+0.03 0.46 +0.08 0.49 +0.05 016004 013%0.02
RM%% (s?) T2 (ms) T2° (us)
cg 81+03 8605 525 70+ 20 8103 8605 *
cc 83+04  86+04 57+4 70 £20 83+04  86+0.4
f 80+05  83+04 677 80 £ 20 80+05 83:04
ec 84+05  87%05 65+7 80 £ 10 84+05 87%05
bsc 79+05  83%03 70£10  80%10 79+05 80%03
dhe 82+04  84+04 589 70 £ 10 82+04 84104
f (x107)
cg 0.85+0.07 0.87+0.09
cc 0.84+0.07 0.84+0.07
fi 0.69+0.04 0.67+0.05
ec 0.81+0.05 0.84+0.02
bsc 0.68+0.06 0.69+0.03
dhc 0.80+0.06 0.76 £0.07

*difference between control and transgenic mice is statistically significant (p<0.05) in ANOVA.



