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Abstract. A diagnosis of Alzheimer’s disease (AD), a neurodegenerative disorder accompanied by severe functional and
cognitive decline, is based on clinical findings, with final confirmation of the disease at autopsy by the presence of amyloid-8
(AB) plaques and neurofibrillary tangles. Given that microstructural brain alterations occur years prior to clinical symptoms,
efforts to detect brain changes early could significantly enhance our ability to diagnose AD sooner. Diffusion tensor imaging
(DTI), a type of MRI that characterizes the magnitude, orientation, and anisotropy of the diffusion of water in tissues, has been
used to infer neuropathological changes in vivo. Its utility in AD, however, is still under investigation. The current study used
DTTI to examine brain regions susceptible to AD-related pathology; the cerebral cortex, entorhinal cortex, and hippocampus,
in 12-14-month-old 3xTg AD mice that possess both Af3 plaques and neurofibrillary tangles. Mean diffusivity did not differ
between 3xTg and control mice in any region. Decreased fractional anisotropy (p<0.01) and axial diffusivity (p <0.05)
were detected only in the hippocampus, in which both congophilic AP plaques and hyperphosphorylated tau accumulation,
consistent with neurofibrillary tangle formation, were detected. Pathological tau accumulation was seen in the cortex. The
entorhinal cortex was largely spared from AD-related neuropathology. This is the first study to demonstrate DTI abnormalities
in gray matter in a mouse model of AD in which both pathological hallmarks are present, suggesting the feasibility of DTI
as a non-invasive means of detecting brain pathology in vivo in early-stage AD.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative
disorder clinically characterized by severe cognitive
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and functional impairment, including difficulty in
forming new memories. Anatomically, AD is char-
acterized by extensive neuropathology, including the
accumulation of amyloid-f3 (A) and its aggregation
into fibrillar plaques as well as the hyperphospho-
rylation of tau protein, resulting in intracellular
neurofibrillary tangles. Structural brain changes also
occur, including significant atrophy and neuronal
loss. Although diagnostic criteria have been recently
updated in efforts to improve diagnostic accu-
racy, including the recommended use of biomarkers
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(e.g., positron emission tomography to detect A3
or hypometabolism), there is no biomarker that
has been consistently validated for use across the
AD spectrum [1]. At present, a diagnosis of AD
can only be definitively confirmed by neuropatho-
logical exam at autopsy and is indicated by the
presence of A3 plaques and neurofibrillary tangles
[2]. Structural magnetic resonance imaging (MRI)
has detected brain and regional volumetric changes
in AD in vivo, with hippocampal volume being the
most consistent imaging biomarker for AD [3]. By the
time hippocampal volume is altered and detectable
with current imaging protocols, however, significant
and irreversible neuronal loss has occurred. Fur-
ther, decreased brain volume precedes neurocognitive
symptoms in AD by years [4]. Thus, there is consider-
able effort to develop in vivo antemortem diagnostic
measures of AD that can be used for early detec-
tion, where therapies to halt the disease will be most
valuable.

Diffusion-based MRI offers promise as a means
of early diagnosis of AD. Diffusion tensor imaging
(DTI) can measure the diffusion of water molecules
through tissue in multiple orientations, and, hence,
the directionality and magnitude of water diffusion.
DTI scans derive directional information using 3D or
multidimensional vector algorithms based on six or
more gradient directions, which allows one to com-
pute the diffusion tensor. Thus, DTI is often used
to assess white matter integrity, as water in white
matter follows an anisotropic, or highly directional,
diffusion pattern due to physiological constraints to
diffusion placed by axonal membranes, etc. (see [5]
for review). The parameter fractional anisotropy (FA)
is a measure of the relative degree of directionality of
water diffusion and can range from O (indicative of
isotropic motion) to 1 (indicative of anisotropic, or
directional, diffusion). FA has been used to probe
white matter in AD, with reports consistently demon-
strating decreased FA (i.e., more random diffusion)
values that are assumed to result from degradation to
myelinated fibers through Wallerian degeneration or
via mechanisms independent of gray matter neurode-
generation [6].

Although less studied, DTT has also been exploited
to measure microstructural alterations in gray mat-
ter indirectly in AD. For example, DTI has been
shown to differentiate AD patients from cognitively
healthy controls with accuracy rates on par with gray
matter volume estimates obtained using structural
MRI [7]. In fact, some studies [8] found no pre-
dictive value in volumetry data for conversion to

AD from its prodrome, mild cognitive impairment
(MCI), in the short-term (2 years), whereas DTI
measures were predictive. Diffusivity in the hip-
pocampus, a key region for memory formation that is
particularly susceptible to AD-related neurodegener-
ation [9], may predict progression from MCI to AD
more accurately than hippocampal atrophy measured
by structural MRI [10, 11]. Although other stud-
ies in humans failed to show significant diffusivity
differences between MCI and AD [12], the diagnos-
tic utility of DTI in AD was supported in a recent
meta-analysis, with a greater effect size detected for
changes in hippocampal diffusivity measures than
volumetry [13]. Typically, DTI studies of gray mat-
ter measure mean diffusivity (MD), an indication of
the overall magnitude of water diffusion that is inde-
pendent of direction. Specifically, increased MD has
been reported in the hippocampi of: 1) MCI patients
versus healthy age-matched controls [10], 2) MCI
patients who converted to AD versus those who did
not [14, 15], 3) AD versus MCI patients [16, 17],
4) AD patients versus healthy age-matched controls,
and 5) AD patients versus those with another com-
mon type of dementia, dementia with Lewy bodies
[18]. Further, increased hippocampal MD better pre-
dicts impaired verbal memory in MCI patients than
decreased hippocampal volume [10].

In addition to the hippocampus, MD is also ele-
vated in other brain regions in those with AD versus
healthy controls or MCI controls, including entorhi-
nal cortex [19], temporal [19], parietal [8, 19], frontal
[19], and occipital lobe regions [8] as well as lateral
temporal and parietal lobe association cortices [18].
Such findings of increased MD are assumed to result
from the degeneration of physiological barriers to dif-
fusion (i.e., reduced cellular membrane in neurons
from stunted axons and dendrites, neuron loss) [20,
21]. Although neuronal loss and subsequent brain
atrophy that accompany AD would be expected to
decrease the physiological barriers to water diffusion,
the presence of both intra- and extracellular protein
deposits (i.e., A plaques and neurofibrillary tangles)
may be expected to decrease MD in the AD-like brain.
Although DTI measures can infer pathological alter-
ations in the brain, it cannot differentiate micro- from
macrostructural abnormalities, nor can it confirm the
underlying pathology causing the distinct diffusional
behavior in AD.

Although MD is a common parameter to assess
gray matter using DTI, FA has also been used but
to a much lesser degree. Unlike MD, which is
increased, the few studies to date have shown reduced
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hippocampal FA in DTT studies in both MCI [10] and
in AD [12] relative to controls. Further, hippocampal
FA values were predictive of verbal memory in MCI
patients [10].

To enhance our understanding of the relation-
ship between diffusivity changes and brain pathology
in the context of AD, DTI has been used in
mouse models of AD and AD-related pathology,
where neuropathological changes can be confirmed
post-imaging. In PDAPP mice, characterized by over-
expression of human amyloid-f protein precursor
(ABPP) and subsequent AR plaque formation, lit-
tle change was detected in axial diffusivity (AxD),
a measure of diffusivity along the principal direction
that is used to calculate FA, whereas radial diffusivity
(RadD), a measure of diffusivity perpendicular to the
principal direction of diffusion, increased in white
matter [22]. Gray matter was not evaluated, how-
ever. In the Tg2576 or APPsw line, which exhibit A3
plaque deposition, AxD was reduced in several white
matter tracts. In gray matter, the trace of the diffusion
tensor was decreased in both hippocampal and corti-
cal tissue [23]. In contrast, in TgCRNDS8 mice, also
characterized by robust A3 plaque deposition, no dif-
ferences in diffusivity were detected in hippocampal
or cortical tissue using diffusion weighted imaging
[24]. Studies of double transgenic APP/PSI mice [25,
26], in which both AP plaque deposition and neu-
ron loss occur, report elevated diffusivity measures
in multiple brain regions, including gray matter-rich
hippocampus and cortex.

Although these aforementioned studies help to elu-
cidate the potential role of diffusion-based MRI as
a means of detecting microstructural differences in
the AD-like brain, they tell us little about diffu-
sivity behavior in the presence of a key hallmark
of AD, neurofibrillary tangles. More recently, an
increase in the mobility of water around paired heli-
cal filaments of tau relative to tau monomers was
reported, with the authors speculating that this phe-
nomenon could underlie enhanced MD reported in
AD [27]. At present, no DTI studies have been car-
ried out using a model of AD that possesses tau
pathology, where histochemical confirmation could
be carried out post-imaging. The triple transgenic
(3xTg) AD mouse exhibits several age-dependent
hallmarks of the disorder, including the presence
of both brain AP plaques and neurofibrillary tan-
gles as well as memory deficits [28]. Assessment of
white matter in 3xTg mice using DTI revealed no
significant differences between age-matched controls
[29]. Whether microstructural abnormalities in gray

matter in this common AD model can be detected
using DTI, however, has not been determined. To
explore the potential utility of DTI further as a
means of detecting gray matter neuropathology in
early-stage AD and to examine these parameters
specifically in the presence of confirmed tau pathol-
ogy, we examined various DTI metrics in 3xTg
mice at 12-14 months, shortly after plaque deposi-
tion and neurofibrillary tangles occur in a region-
and age-dependent manner [30]. Mice of this age are
considered middle-aged, corresponding to humans
approximately in their fourth decade [31]. Therefore,
this age range was chosen to investigate DTI as a
means of detecting AD-related neuropathology in the
middle-aged mammalian brain, an age range that is
typically prior to AD diagnoses.

MATERIALS AND METHODS

Animals

A total of 15 3xTg (n="7) and age-matched con-
trol (n = 8) background mice (C57BL/6) of male and
female sex underwent MRI at 12—-14 months. These
methods were approved by the institutional Animal
Care Committee, which adheres to guidelines set
forth by the Canadian Council on Animal Care. The
3xTg strain, originally a gift from Dr. Mark Mattson
(National Institutes of Health, Baltimore, Maryland),
was maintained on a C57BL/6 background for eight
generations. Both 3xTg and control mice were bred
and aged at the institution. Mice were provided with
food and water ad libitum and maintained on a 12-h
light/dark cycle.

MRI data acquisition

Animals were anaesthetized with inhaled isoflu-
rane (5.0% for induction, 2.0-2.5% for maintenance)
in a mixture of 30:70 O,:N;O and maintained in
position using a nose cone with attached bite bar. Res-
piration rate was monitored and maintained between
40-100 breaths/minute with an electronic small-
animal monitoring and gating system (Small Animal
Instruments, Inc., Stony Brook, NY, USA). Body
surface temperature of animals was maintained at
37.0°C with a fluid-filled heating pad connected to a
water bath. Total time under anesthetic during prepa-
ration and in vivo scanning for each animal was
approximately 75 min.

Animals were scanned in a Bruker Avance III
horizontal bore small-animal MRI at 7.0T using
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Paravision 5.0 acquisition software (Bruker BioSpin,
Ettlingen, Germany). Rapid-acquisition with relax-
ation enhancement (RARE) T,-weighted imaging
was performed to produce reference images using
the anterior horn of the corpus callosum as a vis-
ible landmark for placement of the first slice (TR:
1640 ms, TE: 80.0ms, image matrix: 256 x 256,
FOV 3.0cm x3.0cm, 117 x 117 Mmz, slice thick-
ness: 1.0mm, slices: 3, acquisition time: 10min
29 s). Multi-shot echo planar imaging (EPI) was used
to improve acquisition efficiency for DTI with an
orthogonal six direction gradient scheme (b-value:
1000 s/mm?, gradient duration 3 ms, gradient separa-
tion 15ms, TR: 1250 ms, TE: 26.6 ms, 4 EPI shots,
32 averages, image matrix: 128 x 96 auto-filled to
128 x 128, FOV: 3.0cm x 3.0cm, in plane resolu-
tion: 234 x 234 Mmz, slice thickness: 1.0 mm, slices:
3, acquisition time: 24 min).

Image reconstruction was performed in MATLAB
(Natick, MA, USA). Prior to fitting the tensor, the
diffusion weighted images (DWIs) were registered
to the “b=0" image using rigid affine transforma-
tions. The diffusion tensor “D” was used to quantify
anisotropic diffusion. D was estimated from six DWIs
in addition to a “b=0" measurement and was repre-
sented by a 3 x 3 matrix [32]. D was first estimated
using a linear least-squares (LLS) fit [32, 33]. The
tensor was then weighted to account for noise in the
image and the consequent uncertainties in the ten-
sor values [34]. The data were scaled using Salvador
weights (w = (S/0)?) [35] such that more weight was
given to measurements with higher signal strength
and less noise. Lastly, the tensor was constrained to
be positive-definite to ensure physical relevance [36].
Similar calculations and fits were used in our previous
studies [37].

Once D was estimated for each voxel, the matri-
ces were diagonalized to determine eigenvalues and
eigenvectors. The tensor eigenvalues were used to
calculate the scalar metrics used in diffusion analy-
sis (MD, FA, RadD, AxD). The principal eigenvector
and the FA metric were used to produce the 24-bit
directionally encoded color map (DEC) to repre-
sent direction and degree of anisotropic diffusion in
brain structures. DTI slices were oriented to bregma
(defined below) during acquisition.

Region-of-interest (ROI) analyses were performed
to detect changes in the entorhinal cortex, the hip-
pocampus, and the cortex (including motor and
somatosensory cortex) as well as the whole brain
section. The ROIs were delineated in the DEC
with reference to the Allen Mouse Brain Atlas

[38] (http://mouse.brain-map.org) and others [39]
and included the entorhinal cortex (at the level of
—4.20 mm to bregma), the hippocampus (at the level
of —2.20 mm to bregma), and the cortex (at the level
of —0.2mm to bregma). The ROIs were applied to
all quantitative scalar maps, and scalar metrics were
averaged.

Amyloidogenic plaque staining with Congo red

After in vivo scanning, histological examination of
neuropathology was conducted in the three ROIs in a
subset of mice (n =2—4). Brain sections were obtained
from the same bregma coordinates as those used for
DTI measures. Detection of amyloidogenic deposits
was done using Congo red staining, considered the
gold standard for detecting AP deposits at autopsy
[40]. Following MRI, brain tissue was dissected,
immersed in paraformaldehyde (4%), frozen with
cooled isopentane, and stored at —80°C. Frozen tissue
was cryosectioned to a thickness of 10 pm, collected
onto Microfrost slides, air-dried (room temperature),
and stored at —20°C until staining. A3 plaques were
stained according to a protocol kindly provided by Dr.
Glenys Tennent (University College London) based
on the Puchtler method [41]. Briefly, sections were
rehydrated in phosphate-buffered saline, pH 7.4, for
5 minutes, followed by immersion in Mayer’s hema-
toxylin for 3.5 minutes to counterstain nuclei. After
rinsing in running cold tap water (5 min), sections
were pretreated in an alkaline alcoholic-saturated
sodium chloride solution (80% EtOH + NaCl (2%)
+ 0.01% NaOH) for 20 min, followed by immersion
in alkaline alcoholic Congo red solution saturated
with NaCl (0.2% Congo red in 80% EtOH + NaCl
(2%) + 0.01% NaOH). Sections were then dehy-
drated in absolute ethanol (3 washes), cleared with
Xylene (2 x 5 min), and coverslipped with Permount
(Fisher Scientific, Waltham, MA, USA). Sections
were viewed with a Nikon Eclipse TE200 micro-
scope. Brightfield images were captured with an
Infinity 2-1R CCD camera (Lumenera Corp., Ottawa,
Ontario, Canada).

Neurofibrillary tangle staining with
immunohistochemistry

After removal from —20°C-storage, cryosections
(10 pm) were air-dried for 60min and washed
in 1X Tris-buffered saline with 0.1% Tween 20
(TBS-T) (5 min). As neurofibrillary tangles are com-
prised of paired helical tau filaments that are in a
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hyperphosphorylated state, neurofibrillary tangle for-
mation was detected with AT180 mouse monoclonal
antibody (against paired helical filamentous tau;
cat. No. MN1040, ThermoScientific, Rockford, IL,
USA; overnight at 4°C at 1:100 dilution) in con-
junction with the EXPOSE HRP/DAB Detection
IHC Kit (Abcam, Cambridge, Massachusetts, USA).
The manufacturer’s protocol was followed with the
addition of a 1-h incubation with 10% goat serum
and F(ab) fragment of unconjugated goat anti-mouse
IgG (Jackson Laboratories; 1:10 dilution) in TBS-
T prior to primary antibody incubation to prevent
background staining due to the use of a mouse pri-
mary antibody for detection in mouse tissue. Tissue
sections from 3xTg hippocampus in which the pri-
mary antibody was omitted during incubation served
as negative controls.

Statistical analyses

Means and standard deviations were computed for
each ROI and for the whole slice. MRI data were
subjected to tests of normality and homogeneity of
variance, followed by the Student’s #-test of means or
the non-parametric Mann-Whitney U test as appro-
priate. All analyses were conducted with SPSS v20
(IBM Corp., Armonk, NY, USA). All statistical tests
were two-tailed, and statistical significance was set
at p<0.05.

RESULTS

DTI measures

After manual segmentation of ROIs from the
DEC maps (see Fig. 1), diffusional parameters were
measured. No significant differences (p >0.05) were
found in any of the diffusivity metrics in the cortex,
entorhinal cortex, or in the corresponding brain slices
in their entirety. Significant differences between 3xTg
and control mice were detected, however, in met-
rics in the hippocampus. FA was reduced by 33%
(»p=0.01) in 3xTg hippocampus and by 25% over-
all in the brain slice containing the hippocampus
(p<0.01) relative to values from control mice, indi-
cating less anisotropic diffusion and, hence, greater
isotropic diffusion of water in this brain region in
3xTg mice. AxD was reduced by nearly 17% in the
3xTg hippocampus as compared to the same region
in age-matched controls (p <0.05). In the slice con-
taining the hippocampus, RadD was significantly

increased by 10% in 3xTg mice (p <0.05). MD was
not significantly different in any region examined (see
Table 1).

Histology

To confirm neuropathology in the 3xTg hippocam-
pus, in which DTI measures were altered, Congo red
and immunohistochemical staining of A3 plaques
and pathological tau, respectively, were performed
in a subset of mice that underwent scanning. No
congophilic plaques were detected in the entorhinal
cortex of either 3xTg or age-matched control mice
(Fig. 2A, B). Tau-positive neurons were not present
in the entorhinal cortex of control or 3xTg mice,
however intense staining was present in the adja-
cent subiculum (Fig. 2C, D). In the hippocampus
of age-matched wild-type C57BL6 controls, no A3
plaques were found (Fig. 2E), whereas parenchymal
AP plaques were detected in the hippocampi of 12-
14-month-old 3xTg mice, as evidenced by pink-red
congophilic deposits (Fig. 2F). Immunoreactivity for
hyperphosphorylated tau was detected in hippocam-
pal tissue in 3xTg mice, with extensive staining in
the CAl region relative to a lack of immunoreac-
tive neurons in control hippocampus (Fig. 2G, H). In
the cortex, no congophilic plaques were detected in
3xTg or their wild-type controls (Fig. 21, J). Several
neurons in the 3xTg cortex, however, demonstrated
immunoreactivity for pathological tau but to a less
intense degree than seen in the 3xTg hippocampus
(Fig. 2L). There was an absence of immunoreactiv-
ity against pathological tau in control cortical tissue
(Fig. 2K). Negative control sections without pri-
mary antibody added to the incubation solution were
devoid of tau-positive neurons (not shown).

DISCUSSION

The present study examined diffusivity behavior
in several gray matter regions known to be affected
in AD in symptomatic mice from a common and
relevant AD model, the 3xTg strain. Of the three
regions studied, only the hippocampus exhibited
altered diffusivity metrics, including decreased FA
and AxD. In conjunction with altered DTI param-
eters, the hippocampus was the only ROI studied
in which both pathological markers of AD, amyloid
plaques and neurofibrillary tangles, were present. To
our knowledge, this is the first study to investigate
DTI as a means of assessing microstructural gray
matter changes in vivo using a model of AD that
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C57BL/6

Fig. 1. Sample RARE images and ROI determinations of gray matter structures in C57BL/6 and 3xTg for DTI analyses. ROIs were manually
segmented in DEC maps using a custom-built Matlab gui [37], with reference to the Allen Mouse Brain Atlas [38] and to the work of Borg
and Chereul (2008). A-C) Slice 1 — Entorhinal Cortex (EC): RARE (A, B) and ROI (C) at the level of —4.20 mm to bregma, including the
EC (inner trace) and whole slice (outer trace). D-F) Slice 2 — Hippocampus (HPC): RARE (D, E) and ROI (F) at the level of —2.20 mm to
bregma, including the HPC (inner trace) and whole slice (outer trace). C-I) Slice 3 — Cortex (CTX): RARE (G, H) and ROI (I) at the level of
—0.2 mm to bregma, including the CTX (inner trace) and whole slice (outer trace). Color map in (I) indicates the directions of the primary
diffusion in each voxel for (C), (F), and (I); red indicates right-left, green indicates head-foot, and blue indicates anterior-posterior from 0
(center) to 1. J) RARE image in the sagittal orientation indicating position of slices (numbered) from which ROIs were segmented.

encompasses both cardinal neuropathological hall-
marks of AP plaques and neurofibrillary pathology.
Although MD was not altered, as has been consis-
tently reported in MCI and AD, the current findings
of reduced FA in the 3xTg model relative to con-
trols are in line with human DTI of both conditions
[10, 14].

Interestingly, initial characterizations of the 3xTg
strain demonstrated that unlike AP plaques, which
initiate in the cortex at 6 months and progress
to the hippocampus, tau pathology appears in the

hippocampus first at 12 months, with progression
to the cortex later [30]. In contrast, mice in the
present study did not exhibit robust amyloid plaque
deposition in the cortex nor in the entorhinal cor-
tex. Other labs have reported a lack of extracellular
AR deposits despite evidence of tau pathology in
the brains of 3xTg mice at the age used in the
present study [42], as well as in old mice (22 months)
[43]. Such variability in pathology amongst animals
from different laboratory colonies and from initial
reports characterizing this transgenic AD strain argue
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Mean (+£standard deviation) DTI parameters in gray matter in 12—14 month-old 3xTg versus C57BL/6 control mice
ROI/DTI metric 3xTg (n=7) Control (n=38) p
Entorhinal Cortex

MD 1.01+£0.25 0.90 £ 0.09 0.3

RadD 0.73+0.13 0.724+0.07 0.9

AxD* 1.58+0.92 1.274+0.27 0.4

FA 0.40+£0.22 0.38+0.14 0.8
Hippocampus

MD 0.94 £0.05 1.00+0.15 0.2

RadD 0.85+0.04 0.854+0.15 0.9

AxD 1.14£0.09 1.37+£0.02 0.02*

FA 0.224+0.04 0.334+0.09 0.01*
Cortex

MD 0.86+0.12 0.83+0.22 0.7

RadD 0.72+0.16 0.68+0.19 0.7

AxD 1.14+0.14 1.12+£0.34 0.9

FA 0.31+0.17 0.334+0.14 0.8
Slice 1 with Entorhinal Cortex

MD 1.05+0.28 0.954+0.11 0.4

RadD 0.73+£0.11 0.75+£0.08 0.7

AxD 1.68 £0.99 1.344+0.29 0.4

FA 0.434+0.20 0.38+0.13 0.6
Slice 2 with Hippocampus

MD 0.99 +0.06 0.96 +0.09 0.5

RadD 0.85£0.05 0.77£0.07 0.045*

AxD 1.27+0.08 1.33+0.16 0.4

FA 0.28 £0.03 0.37+£0.06 0.004**
Slice 3 with Cortex

MD 0.95+0.11 0.95+0.11 1.0

RadD 0.78+0.13 0.78+£0.11 0.9

AxD 1.274+0.12 1.2940.20 0.8

FA 0.33£0.12 0.35+0.11 0.8

MD, RadD, and AxD are in units of 10~ mm?2/second. FA is a ratio and, therefore, has no units. *p<0.05; **p<0.01, as

analyzed by Student’s r-test or #Mann-Whitney U.

for confirmation of neuropathological findings, as
done here, in studies using this strain. The lack of
detectable differences in DTI metrics in the cortex,
in which several tau-positive neurons were evident,
coupled with the altered metrics found in the hip-
pocampus, which demonstrated both plaques and
tangles, suggests for a primary contribution of the
plaque deposition to the DTI signal reported here, or
possibly the combination of the two pathological fea-
tures. Consistent with this interpretation is the finding
of a the lack of DTI differences in the slice contain-
ing the entorhinal cortex, in which immunoreactivity
for pathological tau was particularly intense in the
subiculum, as previously reported [29, 44, 45]. Using
diffusion weighted imaging, however, TgCRNDS
mice failed to show altered diffusivity in gray mat-
ter regions, including the hippocampus and cerebral
cortex [24], regions with robust plaque deposition
in the absence of neurofibrillary tangles, suggest-
ing it is the co-occurrence of both A plaques and
neurofibrillary tangles that contributes to the altered
DTI measures in the present study. One must exer-

cise caution in interpreting results of DTI because
changes in DTI metrics reflect differences in the dif-
fusion behavior of water and thus imply some sort
of neuropathology. They cannot, however, speak to
the specific neuropathology and/or microstructural
changes, alone or in combination, that result in any
observed diffusivity changes. Because of the clear
directionality of water diffusion in the white matter
along axonal bundles, DTI is often used to assess
white matter anatomy with a reliance on directional
data (i.e., FA). A consistent finding in AD is an
increase in MD [5] with a concomitant decrease in
FA, with the majority of studies that report such dif-
ferences in FA examining white matter. ROI-based
DTI studies report decreased FA in several white
matter tracts in AD, including the fornix [46, 47], cor-
pus callosum [48-50], and cingulum bundle [51-53]
(as reviewed in [21]) similar to reduced FA indices
reported here in 3xTg hippocampus. Interestingly, a
previous DTT study of 3xTg mice [29] did not detect
any differences in white matter pathology, as reported
in AD.
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Fig. 2. Representative brightfield images of AP plaque deposition and neurofibrillary tangle formation in cryosections (10 wm) taken from
the ROIs of 12—14 month 3xTg and age-matched C57BL/6 control mice. Congo red (CR) staining was used to visualize A plaque deposition,
and immunohistochemistry for hyperphosphorylated tau (MN1040 antibody) was used to detect neurofibrillary tangles. A, B) No congophilic
plaques were detected in the entorhinal cortex (EC) of either control (A) or 3xTg (B) mice. Immunohistochemistry for hyperphosphorylated
tau did not detect tau-positive neurons in the EC of control (C) or 3xTg mice, although immunoreactivity (brown staining) was high in the
subiculum adjacent to the EC in transgenic mice (D). Sections from control hippocampus (HPC) did not contain evidence of AP plaques
(E), whereas several red congophilic deposits were apparent in the HPC of 3xTg mice (F). Immunoreactivity for tau was weak in sections
containing the CA1 and dentate gyrus (DG) of the HPC in control mice (G). In 3xTg tissue, extensive staining was noted in several neurons
along the corresponding CA1 region, with a lack of staining in the DG (H). The cortex (CX) of both control (I) and 3xTg (J) brains were
devoid of congophilic plaques. Relative to the lack of immunoreactivity for hyperphosphorylated tau in control CX (K), several neurons in
the 3xTg CX exhibited positive staining (L). Images magnified 100x, with boxed inserts (F, H, L) magnified 400x.
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In gray matter, FA is generally low due to the more
unstructured array of cellular membranes and pro-
cesses as compared to white matter regions, in which
there is significant directional preference along the
axis of axons within fibre tracts [54]. In contrast to
FA, MD represents the overall magnitude of diffusiv-
ity in all directions measured, and, therefore, is more
reflective of spatial properties of the tissue rather than
of a bias in any particular direction [55]. Hence, MD
is often examined in studies of gray matter [21].

In AD, reports of increased MD are typical in areas
associated with significant neuronal loss, including
the hippocampus [18], entorhinal cortex [19], and
temporo-parietal association cortex [18]. In mice,
increased MD, FA, AxD, and RadD were found
in an experimental model of forebrain cholinergic
neuron loss that mimics AD-related forebrain pathol-
ogy [56]. Here, DTI metrics were found to correlate
inversely with forebrain cholinergic neuron loss. Dif-
fusivity parameters, however, were collected ex vivo
on fixed tissue [56].

Only a handful of studies have investigated brain
diffusivity changes in vivo in AD models. DTI studies
in APP/PS1 mice, a more severe phenotype with A3
plaque deposition and marked neuron loss, report sig-
nificant increases in multiple parameters (i.e., MD,
FA, AxD, RadD) in several gray matter regions,
including hippocampus and cortex [25, 26]. In the
same strain, Zerbi et al. [57] found similar results,
with increased MD, AxD, and RadD in the hippocam-
pus. Moreover, in mice with a 25% reduction in
forebrain cholinergic neurons, mimicking the pref-
erential loss of cholinergic neurons in AD, forebrain
diffusivity is increased, with higher MD, FA, AxD,
and RadD measures relative to controls [56]. In con-
trast, a study by Sun et al. [23] in APPsw mice,
which display a mild AD phenotype characterized
by plaque deposition in the absence of other neu-
ropathological characteristics of AD (e.g., tangles or
neuron loss), found a decrease in the trace of the
diffusion tensor, a directionally averaged diffusion
coefficient. No other diffusivity metrics, however,
were analyzed in gray matter. Surprisingly, DTI mea-
sures did not correlate strongly with A load [23].
In another study in APP mice, whole brain-based
DTI analysis also found decreased MD in gray mat-
ter regions, including the amygdala and hippocampus
[58]. Thus, DTI studies of AD models with marked
neuron loss indicate increased MD, whereas those
of a more mild neuropathological phenotype with-
out neuron loss (e.g., APP) tend to report decreased
MD or, in the case of 3xTg, no change in MD in

gray matter. Such results are consistent with an inter-
pretation of increased freedom of water molecules to
diffuse in less neuron-dense and membrane-packed
brain parenchyma. Accordingly, the overall magni-
tude of diffusivity (e.g., MD) was not significantly
altered in gray matter regions in 3xTg mice in the
present study, consistent with preserved neuronal
density in the 3xTg model relative to AD and other
mouse models. Our results, however, are in contra-
diction to several of the aforementioned DTI findings
in mouse models of AD [25, 26, 56] in that FA was
decreased in gray matter in 3xTg mice. A notable dis-
tinction between the 3xTg model used in the present
study and other models is the presence of neurofib-
rillary tangles in the 3xTg brain, which may account
for some of the discrepancies. The study by Muller
et al. [58], however, also reported decreased FA and
AxD in the hippocampus, consistent with the present
findings, as well as the entorhinal cortex, in old (23-
month) APP mice in the absence of neurofibrillary
tangle pathology. The 3xTg model is well-suited to
investigate the potential contribution of tau pathol-
ogy to DTI metrics related to AD, as this model
possesses both AR plaques and neurofibrillary tan-
gles without significant neuron loss, thereby allowing
for an investigation of tau-related diffusivity with-
out the potential confounds of neuron loss, which
would be expected to impact MD. The presence of
neurofibrillary tangles in the 3xTg hippocampus and
cortex did not increase overall diffusivity (e.g., MD),
as could be hypothesized based on recent findings
of enhanced water mobility of paired helical fila-
ments of tau that pathologically assemble in AD [27].
Future DTI studies in older mice in which A3 depo-
sition and neurofibrillary tangle formation is more
extensive are warranted to more fully explore the rela-
tionship between DTI parameters in AD-related tau
pathology.

Within the hippocampus, the current finding of a
decrease in FA, a composite measure, is consistent
with the individual measures of AxD and RadD, with
a significant decrease in AxD and similar relative
rates of RadD (e.g., FA=AxD / RadD). Therefore,
decreased FA in 3xTg hippocampus comes from a
corresponding decrease in AxD. Unlike other DTI
studies in which MD and FA are the principal met-
rics examined, analysis of the individual components
of FA (AxD and RadD), as present here, provides
additional details regarding the precise alterations
in diffusivity, as if both AxD and RadD are altered
in proportion, FA will remain unchanged [59]. In
the slice containing the hippocampus, however, the
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reduced FA in 3xTg mice was driven by an increase
in RadD, with no change in AxD.

Data suggest that AxD may be a more sensitive
indicator of microstructural abnormalities in early-
stage AD, whereas differences in RadD are detected
in late-stage disease [5]. Increases in AxD may reflect
some initiating early events, whereas changes in
RadD may be more reflective of severe pathology,
including neuron loss. These interpretations are con-
sistent with our findings of pronounced changes in
AxD but not RadD in the 3xTg hippocampus at
12-14 months of age, representative of early-stage
AD without significant neuron loss. The present find-
ings, however, are contradictory in the direction of
the effect, as AxD decreased in the 3xTg hippocam-
pus relative to age-matched controls in the present
study. The fact that RadD was significantly increased
in the slice containing the hippocampus with no dif-
ference in RadD in the hippocampal ROI itself is
not due to a lack of power attributed to possibly an
insufficient sample size, as the means were identical
(p=0.9) but rather suggests that areas surrounding
the hippocampus in that region of the brain (-2.20 to
Bregma) are affected in the 3xTg model. The slice in
its entirety is more heterogeneous relative to the ROI
generated in terms of biological material (e.g., ventri-
cles, white matter) present that would be reflected in
the diffusivity metrics. Although no significant dif-
ferences have been detected in DTI metrics in 3xTg
white matter [29], previous MRI studies have found
enlargement of the lateral ventricles at both the corti-
cal and hippocampal levels, with severe enlargement
in the hippocampal region at 14 months [42]. This
would be expected to contribute to altered diffusiv-
ity and could explain in part the increased RadD at
the level of the hippocampus reported here. How-
ever, examination of the RARE images (Fig. 1) does
notindicate any gross ventricular abnormalities in the
3xTg brain, as was apparent in the study by Hohsfield
et al. [42].

Limitations and future studies

Although this study confirmed A plaque deposi-
tion and hyperphosphorylated tau immunoreactivity,
a measure of pathological tau, in the hippocampus in
a subset of mice in which diffusivity was altered, a
lack of available suitable samples prevented correlat-
ing neuropathological and DTI data. Such analyses
would provide insight as to the degree of influence
from each pathological feature on diffusivity behav-
ior in the AD-like brain. Furthermore, given that

3xTg mice exhibit age-related neuropathology, future
studies investigating how DTI metrics may change
with age will also assist with elucidating what neu-
ropathological features contribute to alterations in
DTI measures. As well, a comparison of DTI metrics
across multiple AD strains with varying pathologies
would also help tease apart the contributions of var-
ious pathologies to specific DTI signals. Using a
higher field strength imager, cryoprobes rather than
traditional RF coils, and more diffusion encoding
direction would allow for higher resolution studies
of the brain to be collected in about the same amount
of time as the images collected in this study [60].
This, in turn, would allow for a better comparison of
DTI metrics and AD pathological features.

Conclusions

The present study is the first to demonstrate that
DTI can detect differences in brain tissue in which A3
plaques and tau pathology are present in the absence
of significant neuron loss in a region central to AD
pathology, the hippocampus, although more research
is needed to appreciate fully how AD-related neu-
ropathology is reflected in DTI metrics. Because this
neuropathological profile mimics aspects of preclin-
ical AD, the results of the present study lend support
for the utility of DTI to noninvasively assist in possi-
ble early diagnosis of AD.
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