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Abstract. rTg4510 transgenic mouse model demonstrates features resembling
Alzheimer’s disease including neurofibrillary degeneration and progressive
neuronal loss. We investigated the volumetric differences of brain structures
between transgenic and wild-type mice using MR images of fourteen 5.5 month
old female mice. Tensor-based morphometry and atlas-based segmentation
were applied to MRI images. Severe atrophy of hippocampus and neocortex as
well as ventricular dilatation were observed in the transgenic mice. These
findings were confirmed by histopathologic evaluation of the same mice. The
results suggest that MRI should be useful for evaluating disease-modifying
therapies for Alzheimer’s disease in the rTg4510 model and comparing treat-
ment responses in mice and humans.
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1 Introduction

Alzheimer's disease is characterized by deposition of neurofibrillary tangles that con-
sist of abnormally hyperphosphorylated tau [1]. Neuronal loss in neocortex and hip-
pocampus are closely associated with the process of neurofibrillary degeneration [2].
Different transgenic mouse models of Alzheimer’s neuropathology have been created
to advance the understanding of the disease and development of treatments [3]. The
rTg4510 mouse model is characterized by conditional overexpression of hyperphos-
phorylated human P301L mutant tau and profound neurofibrillary pathology, neu-
rodegeneration and behavioral impairment [4]. Spatial memory deficits, progressive
increase in neurofibrillary tangles and rapidly progressing neuronal loss have been
reported to occur by 5.5 months of age [4].

MRI has been widely investigated as a biomarker to diagnose and estimate the dis-
ease progression in Alzheimer’s disease [5][6][7]. In this study, we evaluated the
sensitivity of in-vivo MRI in characterizing the morphological change of rTg4510
mice at 5.5 months. MR brain images of seven double transgenic rTg4510 female
mice and 7 age-matched wild-type female mice were acquired. Tensor-based
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morphometry (TBM) was performed on brain images to inspect regional morphologi-
cal changes. To quantify the changes in different structures, we segmented the hippo-
campus, neocortex, ventricle, and cerebellum from MR images of each mouse and
compared the size of these structures between the two groups. The results indicated
that severe atrophy in the neocortex and hippocampus and dilation of lateral ventricles
occurred in transgenic rTg4510 mice while the size of cerebellum remained un-
changed. These results were confirmed by histopathologic examination performed in
the same mice.

2 Material and Methods

2.1 Animals and MR Imaging

All animal handling procedures were carried out in compliance with the NIH Guide
for the Care and Use of Laboratory Animals under a protocol approved by the Pfizer
Global Research and Development Animal Care and Use Committee.

Seven double transgenic rTg4510 female mice and seven age-matched wild-type
(WT) female mice (5 months 5 days to 5 months 12 days of age, 22-31 g) were evalu-
ated. The mice were housed in a ventilated, temperature-controlled room with a 12-
hour light/dark cycle.

Brain MRI was performed on a horizontal bore 4.7T magnet (Bruker Biospec
47/40, Bruker-Biospin, Inc). After an initial 5-10 min 2.5% isoflurane anesthesia
induction period, all mice were anesthetized and maintained with 1.6-2.0% isoflurane
in oxygen delivered via a nose cone. The mice were positioned in prone position with
heads fixed to the plastic nose cone with the aid of a tooth bar and ear pins. Body
temperature was recorded and maintained at 35.5-37.5C using a water heated animal
bed and a water heated blanket (on the top). Respiratory rate was monitored continu-
ously using a small animal monitoring and gating system (SA Instrument, Inc. Stony
Brook, NY 11790, USA). RF excitation for imaging was delivered through a 72mm
volume coil, and an actively decoupled mouse brain quadrature surface coil placed on
the head was used as the receiver. T2-weighted 3D RARE images were acquired with
the following parameters: field of view = 16 x 16 x 19.2 mm3, matrix dimensions =
128 x 128 x 64, spatial resolution = 125 pm x 125 pm x 300 pum, TR = 2600 ms TE =
23 ms, RARE factor = 16. The total imaging time was 44m 22s 400ms.

After MR imaging, mice were euthanized using carbon dioxide gas. The brains
were collected, fixed by immersion in 10% neutral buffered formalin, and embedded
in the coronal plane using a mouse brain mold. Each brain produced about 6 slabs
2mm thick. Tissues were processed routinely, embedded in paraffin blocks, sectioned
at a thickness of 5 pm, and stained with hematoxylin and eosin (H&E). All H&E
sections of brain were examined qualitatively by light microscopy.

2.2 Image Analysis

The method proposed by Cohen et. al. [8] was used to correct RF inhomogeneity of
MR images. Whole brain was segmented from the MR image using an open source
software ITK-Snap [9] followed by a manual correction. More specifically, a 3D
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geodesic active contour method [10] implemented in ITK-Snap was used for the
semi-automatic brain segmentation.

With the intensity-corrected brain images, we performed tensor-based morphome-
try [11] to characterize the structural difference between two groups. Besides the
TBM study, we also segmented four structures (hippocampus, neocortex, lateral ven-
tricle, and cerebellum) from the MR images and measured the structural size to quan-
tify the difference.

2.2.1 Tensor-Based Morphometry

Tensor-based morphometry (TBM) has been widely used to characterize the brain
atrophy in Alzheimer’s disease in clinical studies [12]. We employed the same
method to evaluate the brain morphological differences between transgenic and wild-
type mice. We first created a template brain image by registering the brain image of
each subject to a pre-selected image, and computing the average of all aligned images.
Then we registered all individual brain images to the template, generating a deforma-
tion field for each subject. The registration was initialized with a rigid body registra-
tion and followed by a nonlinear registration. Rigid body registration was computed
by optimizing the mutual information using one-plus-one method [13] implemented
in ITK (www.itk.org). Our nonlinear registration method [14], [15] was a spline-
based extension to Thirion’s Demons technique [16]. It used optical flow to determine
the correspondence of voxels which exhibit sufficiently large intensity gradients.
Based on the estimated sparse correspondences, a B-spline function of the correspon-
dences over the whole brain volume was determined using weighted scattered data
approximation. This two-step algorithm was applied over multiple resolution levels in
conventional coarse to fine fashion: both the resolution of the images and the number
of spline control parameters were simultaneously adjusted. Specifically, starting with
B-spline functions that have a small number of parameters, the algorithm was iterated
to match the coarse features of the images. The result was used to initialize the regis-
tration at the next resolution level, where the number of spline parameters was in-
creased to allow alignment of the finer features that were apparent in the higher reso-
lution images. This strategy provided a way to incrementally refine the registration
and improve the robustness of the method. To correct for variability in intensity, the
histograms of the images were matched. The registration method was validated based
on the labeled T2 weighted MR images created by RCIBI [16]
(http://www.bnl.gov/medical/RCIBI/mouse/), and was capable of yielding overlap
ratios of greater than 90% for big structures (Neocortex, Cerebellum, Thalamus, etc)
and 70% for small structures such as ventricle.

With the deformation field that aligned the brain image of each subject to the tem-
plate, a 3D Jacobian map can be generated by computing the determinant of local
Jacobian matrix at each voxel of template image. The Jacobian determinant was a
local measurement of volume difference of each subject relative to the template im-
age. A greater than one value of Jacobian determinant represented voxel expansion
during the registration, while a value less than one represented voxel contraction.
Since all images were registered to the same template, the Jacobian map can be used
to voxel-wise compare the volumetric difference between two groups. To better char-
acterize the local morphological difference, the Jacobian map only included the
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nonlinear deformation. Global transformation such as scaling of the whole brain was
not taken into account.

To increase the normality of the data distribution, the Jacobian map for each sub-
ject was log-transformed and smoothed with a 0.2mm Gaussian kernel. Two tailed t-
tests were performed at each voxel of smoothed images to find the regions with sig-
nificant volumetric difference between the two groups.

2.2.2 Quantification of Size Differences of Different Structures

To verify the results discovered from the TBM analysis and quantify the volumetric
differences between two groups, we measured the volume of anatomical structures in
the brain images acquired from each mouse. In both clinical and preclinical studies,
hippocampus, neocortex, and lateral ventricle have been used as biomarkers to predict
Alzheimer’s disease progression [17], [18], [19], [20], [21], [22]. Our TBM study also
showed the morphological differences in these regions. Cerebellum was formerly
thought to be relatively unaffected in the AD brain. Recent studies revealed that the
cerebellum also underwent degenerative changes in Alzheimer's disease [23], [24]. In
this study, we segmented hippocampus, neocortex, lateral ventricle, and cerebellum
from MRI images of each mouse and compared the size of these structures between
groups. The segmentation was done by applying an atlas-based segmentation fol-
lowed by a manual correction. Based on the T2-weighted MR template and 20 labeled
structures from RCIBI [25], we first registered the template to the brain image of each
animal, and mapped the label of the template to each subject with computed transfor-
mation. Computer-generated segmentation was then reviewed by a trained expert and
correction was made if necessary. Fig 1 shows an example of such segmentation.

Fig. 1. An example of image segmentation. Left picture shows one slice of a coronal brain
image with overlap of colored labels of different structures (yellow = cortex; light blue = cor-
pus callosum & external capsule; red = hippocampus; dark blue = ventricles; green = cerebel-
lum). 3D visualization of four structures is shown on the right picture.

3 Results

The result of TBM analysis showed significant atrophy of neocortex and hippocam-
pus and dilatation of lateral ventricles in the rTg4510 transgenic mice. Figure 2
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demonstrates one slice of a t-score map generated from the voxel-wise two-tailed t-
tests of Jacobian maps between two groups. The blue color represents regions of vol-
ume contraction in transgenic mice and red color indicates the regions of volume
expansion. Color bars give the scale of the t-scores. t=3.05 corresponds to p=0.01 for
an uncorrected two-tailed t-test.
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Fig. 2. t-score map of voxel-wise volumetric
comparisons between 1Tg4510 and wild-type
mice in a coronal plane at the level of the
dorsal hippocampus. The blue color represents
regions of structural contraction in transgenic

Fig. 3. A representative histopathology image
of the brain of an rTg4510 mouse. Thinner
neocortex, smaller hippocampus and smaller
amygdala were observed. Ventricular dilation
indicated additional loss of brain parenchyma.

mice and red color indicates the regions of
structural expansion.

Based on the segmentation of hippocampus, neocortex, lateral ventricle, and cere-
bellum, we computed the volume of different structures for each animal. Figure 4
illustrates the mean volume difference between two groups for hippocampus, neocor-
tex, and lateral ventricle. The hippocampus and neocortex of transgenic mice were
significantly smaller than those of wild-type mice (p value for two-tailed t-tests were
less than 0.0001). Lateral ventricle size of transgenic mice was significantly larger
than wild-type mice (p value for two-tailed t-test was 0.023). No significant differ-
ence was observed in the volume of the cerebellum between the two groups.

When we inspected the individual data, we found that all transgenic mice had a
smaller hippocampus and neocortex than wild-type mice. Animal to animal variability
in rTg4510 mice was observed in the ventricular volume measurement. 4 out of 7
rTg4510 mice had enlarged lateral ventricles (hydrocephalus) while the other three
were similar in size to the wild-type mice. Figure 5 shows one example of a trans-
genic mouse with enlarged ventricles. The left picture is a slice of a T2-weighted
image of the transgenic mouse. The ventricular dilatation (hydrocephalus, shown as
bright structures in this picture) is evident in the rTg4510 brain which was not ob-
served in the corresponding slice of a wild-type mouse (right picture, Figure 4). Hy-
drocephalus likely reflects expansion of the fluid-filled ventricles in response to loss
of brain mass.
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Fig. 4. Volume comparison of three structures between transgenic and wild-type mice. Blue
bar represented the average volume of rTg4510 mice and the red bar indicated the average
volume of wild-type mice (unit: mm?). Statistical values between the groups are illustrated on
the top of each picture.

ventricle

Fig. 5. MR images of a transgenic mouse (left) and a wild-type mouse (right). Ventricular
dilatation (high intensity areas in the left panel) can be clearly observed in the image of trans-
genic mouse.

From the histopathology study, reduced cellularity in the pyramidal cell layers of
the CA1 and CA2 regions and granular cell layer of the dentate gyrus was the most
consistent difference between rTg4510 mice and control mice (illustrated in figure 3).
Decreased cellularity of pyramidal cell layers and decreased thickness of the hippo-
campus were observed in 6 of 7 rTg4510 mice, with one mouse appearing to have
hippocampal thickness comparable to controls while still exhibiting neuronal loss.
The thicknesses of neocortex and amygdala in the sections with hippocampus were
qualitatively reduced in 3 of the rTg4510 mice. Four Tg4510 mice had minimal to
mild dilatation of the ventricles. No significant cellular changes in the cerebellum
were observed. These histopathology results correlated with the MRI findings in the
same animals and with published reports demonstrating neuropathologic changes in
the same mice [22].
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4 Discussion

The present study shows that in-vivo MRI is capable of detecting cortical and hippo-
campal atrophy and ventricular dilatation of rTg4510 at 5.5 months of age. This time
point corresponds with the age which reportedly exhibits neurodegeneration in both
published reports [4] as well as in our own histopathology examination. These results
suggest that noninvasive imaging can be used as a potentially translatable biomarker
for progressive neuronal degeneration in this model.

In MRI analysis, TBM provides a qualitative way to characterize the location of at-
rophy and dilatation as a group, while the segmentation of different structures gives a
quantitative way to measure the atrophy and dilatation of anatomical structures for an
individual mouse. The 2 methods provide complementary information to monitor the
disease progression in transgenic mice.

Future studies will include longitudinal MRI measurements in parallel with behav-
ioral evaluation to investigate the power of MRI in detecting the disease progression
at different stages. Since the rTg4510 mutant model was designed with a promoter
that can be repressed with tetracycline treatment, it is possible to turn off transgene
expression of tau and ask whether MRI can detect reversibility of the phenotype.
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