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Abstract

Background and Purpose: Biomechanical changes in the brain have not been fully

elucidated in Alzheimer’s disease (AD). We aimed to investigate the effect of β-amyloid

accumulation onmouse brain viscoelasticity.

Methods:Magnetic resonance elastography was used to calculate magnitude of the vis-

coelastic modulus (|G*|), elasticity (Gd), and viscosity (Gl) in the whole brain parenchyma

(WB) and bilateral hippocampi of 9 transgenic J20 (AD) mice (5 males/4 females) and 10

wild-type (WT) C57BL/6mice (5males/5 females) at 11 and 14months of age.

Results: Cross-sectional analyses showed no significant difference between AD andWT

mice at either timepoints. No sex-specific differenceswere observed at 11months of age,

but AD females showed significantly higher hippocampal |G*| andGl andWB |G*|, Gd, and

Gl compared to both AD andWTmales at 14 months of age. Similar trending differences

were found between female AD and female WT animals but did not reach significance.

Longitudinal analyses showed significant increases in hippocampal |G*|, Gd, and Gl, and

significant decreases in WB |G*|, Gd, and Gl between 11 and 14 months in both AD and

WT mice. Each subgroup showed significant increases in all hippocampal and significant

decreases in allWBmeasures, with the exception of AD females, which showed no signif-

icant changes inWB |G*|, Gd, or Gl.

Conclusion: Aging had region-specific effects on cerebral viscoelasticity, namely, WB

softening and hippocampal stiffening. Amyloid plaque deposition may have sex-specific

effects, which require further scrutiny.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disease

representing the most common cause of dementia worldwide. Clin-

ically, AD is characterized by the development of multiple cognitive

deficits, including decline in memory and learning, aphasia, and dis-

turbance in executive functions. Histopathological hallmarks of AD

include extracellular amyloid β (Aβ) deposits and intracellular neu-

rofibrillary tangles, which lead to hyperactivation of astrocytes and

microglia, neuronal dysfunction, loss of synaptic connections, and ulti-

mately cell death. These changes appear first in the hippocampal for-

mation and entorhinal cortex and eventually spread to the entire

brain.1–4

Magnetic resonance elastography (MRE) is a noninvasive in vivo

imaging technique that enables the quantitative investigation of

biomechanical tissue properties, such as tissue elasticity (Gd) and vis-

cosity (Gl).
5 MRE is performedby inducing tinymechanical shearwaves

into a tissue of interest, typically by placing a nonmagnetic vibrating

transducer on an external surface near the tissue of interest. Motion-

encoding magnetic field gradients are applied synchronously with the

mechanical vibration to measure the time-dependent displacement of

the shear waves. The displacement is then used as input to an inver-

sionof theNavierwaveequation to estimatebiomechanical properties,

which are then displayed as maps, also called elastograms, of elasticity,

viscosity, or themagnitude of the viscoelastic modulus (|G*|).6–8

Previous studies have shown that AD is associated with softening

of the human brain.9–12 These findings suggest that the stiffness of

brain tissue may serve as a noninvasive biomarker for neurodegener-

ative changes.13 However, the underlying biomechanical mechanisms

have not been fully elucidated, nor is it clear if this stiffness precedes

the overt cell death that occurs as the disease progresses.

Three previous studies investigated the effects of Aβ plaque accu-

mulation on biomechanical tissue properties of the brain using trans-

genic mouse model of AD at 2, 4, 6, and 20 months of age.14–16

These studies associated AD with softening of the whole brain (WB)

parenchyma15,16 and the hippocampus.14,16 Of note, 6 months of

age in mice corresponds to ∼30 years of age in humans, while the

age of 20 months in mice is equivalent to the age of ∼60 years in

humans.17

The aim of our study was to investigate the effects of Aβ plaque

accumulation on whole brain (WB) and hippocampal viscoelasticity in

11 and 14 months old transgenic J20 mice, the age of which corre-

sponds tomiddle age (40-50 years) in humans.17 Wehypothesized that

Aβ plaque accumulation is associatedwith brain softening in 11 and 14

months J20 mice compared to wild-type (WT) mice. We also investi-

gated sex-specific differences inWB and hippocampal stiffness as well

as the correlation ofMRE parameters withWBAβ load.

METHODS

Animals and study design

All experiments were performed in accordance with the Brigham and

Women’s Hospital Institutional Animal Care and Use Committee and

ARRIVE guidelines.18 Nine amyloidogenic transgenic J20 (AD) mice

(5 males/4 females)19 and 10 WT C57BL/6 mice (5 males/5 females)

were used (Jackson laboratory, USA). In J20 mice, extracellular Aβ
plaque deposition starts in the hippocampus at 1 month of age, and

widespread plaque deposition develops by 8-10 months, with region-

specific neuronal loss, synaptic loss, and gliosis, but without neurofib-

rillary tangle accumulation.19–21 The J20 model expresses a minigene

encoding human amyloid precursor protein (APP) carrying both the

Swedish (KM670N/671NL) and Indiana (V717F) mutations, driven by

the human platelet-derived growth factor beta polypeptide (PDGFB)

promoter.

ADandWTmice underwent brainMRI andMREat the average ages

of 3, 8, 11, and 14 months. Note that scans were acquired ± a few

weeks of the nominal timepoint. After the 8- and 14-month brain imag-

ing sessions, a subset of mouse brains were harvested for biochemical

and immunohistochemical analyses. Figure 1 shows the experimental

outline. In ADmice, amyloid deposition is progressive with widespread

plaques by8-10months.20,21 In the current study,we analyzedonly the

11- and14-monthMRI andMREdata. Since differenceswere observed

only at the 14-month, but not at the 11-month timepoint, we did not

revisit the 3- and 8-month data to perform further analyses.

MRI and MRE

MRI and MRE were performed on a 7T horizontal bore Bruker small

animal scanner (Ettlingen, Germany; gradient strength 660 mT/m)

using an 8.6-cm body coil for transmission and a 2-cm surface coil

for reception. Imaging was performed under anesthesia, which was

induced by 2.5% isoflurane in 100% O2 and maintained by 1%-1.5%

isoflurane in 100% O2 delivered via a nose cone. Respiration rate was

constantlymonitored (SA Instruments, StonyBrook,NY,USA). The ani-

mals were placed prone on a custom-built bed, and an external trans-

ducer vibrating at 1 kHz transmitted mechanical vibrations to the bed

as described in our previous work.22

The following imaging sequences were performed: (1) coro-

nal T2-weighted RARE (TR/TE = 5000/56 ms; FOV = 19.2 mm;

matrix = 192 × 192; slice thickness = 0.3 mm; number of aver-

ages = 6; number of slices = 9; acquisition time = 12 minutes)

and (2) a customized multi-slice, single spin echo MRE sequence 23

(TR/TE= 900/29 ms; FOV= 19.2 mm; matrix= 64 × 64; isotropic res-

olution 0.3 mm; number of averages = 1; number of wave phases = 8;

number of slices = 9; acquisition time = 23 minutes). RARE and MRE

covered identical volumes and were positioned in the hippocampus-

bearing region. Anatomical borders of the hippocampi were defined

using a stereotaxic mouse brain atlas.24

MRE data were reconstructed using dedicated in-house software

(ROOT environment, CERN, Meyrin, Switzerland) according to pub-

lished algorithms.6,25 The phase data are unwrapped for each slice and

thenalignedbetween slices. Sinceeightwave-phaseswereacquired, an

8-point Fourier transform is calculated and the first harmonic ampli-

tude is used to represent the displacement amplitude at our vibra-

tion frequency of 1 kHz. The curl of the displacement data is taken

to get rid of any compression waves and then spatial derivates are
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MRE CORRELATES OF AMYLOID DEPOSITION IN MICE 619

F IGURE 1 Experimental outline. Magnetic Resonance Elastographywas performed at 3, 8, 11, and 14months of age on transgenic J20 as well
as wild-typemice. Mouse brains were harvested for biochemical and immunohistochemical analyses at 8 and 14months of age.WT, wild-type

F IGURE 2 Manual segmentationmaps of regions of interest overlaid on brainMagnetic Resonance images.Whole brain (A) was segmented on
theMagnetic Resonance Elastographymagnitude image, whereas right (B) and left (C) hippocampi were segmented on T2-weightedMRI images

calculated to be used for inversion of Navier’s equation. (Note that

because second-order derivatives are used in the elastogram recon-

struction, of the original acquired 9 slices, one only obtains results for

slices 3-7). T2-weighted RARE images were displayed in the same soft-

ware and used as anatomical references. TheWB parenchyma (includ-

ing the hippocampi and ventricles) was manually segmented on MRE

magnitude images (Figure 2). Left and right hippocampi were manually

segmented slice-by-slice on T2-weighted RARE images, since anatomi-

cal boundaries of the hippocampus cannot be determined on our MRE

images. The hippocampal segmentations were then overlaid onto the

elastograms. The followingMREparameterswere investigated: elastic-

ity (storage modulus, Gd), viscosity (loss modulus, Gl), and viscoelastic

modulus (|G∗| = √
G2
d
+ G2

l
). TheseMRE parameterswere calculated

for each region-of-interest (ROI). The right and left hippocampal MRE

parameters were averaged.

Amyloid β sequential extraction and quantification

Animals were euthanized by CO2 inhalation overdose, after which

brains were quickly dissected and divided sagittally. The left cerebral

hemispherewas immediately fixed in 4%paraformaldehyde and stored

at 4◦C for sectioning and immunohistochemistry. The right hemisphere

was immediately frozenondry ice and stored at−80◦C for biochemical

analysis.

To extract monomeric/oligomeric forms of Aβ, frozen right hemi-

spheres were homogenized using a mechanical Potter-Elvehjem

homogenizer (Wheaton) with 20 strokes in ice-cold BrainPhys™
Neuronal Medium (STEMCELL Technologies) at 2.5:1 (volume:brain

wet weight). Homogenates were centrifuged in a TLA 120.2 rotor

(Beckman Coulter) at 175,000 × g and 4◦C for 30 minutes. The super-

natants (denoted “BrainPhys extracts”) were removed and transferred

to clean tubes. All samples (supernatants and pellets) were then stored

at−80◦C until further use.

To extract lipid-associated Aβ, each pellet remaining from the Brain-

Phys extraction was re-homogenized with 20 strokes by hand in ice-

cold 1%Triton X-100 in TBS (TBS-TX) at 4:1 (volume:starting brain wet

weight). Homogenates were centrifuged at 175,000 × g and 4◦C for

30 minutes, the supernatants (“TBS-TX extracts”) were transferred to

clean tubes, and all samples stored at−80◦C.

Finally, to extract aggregated Aβ, each pellet remaining from the

TBS-TX extraction was re-homogenized with 20 strokes by hand in

5.0 M guanidine HCl in 50 mM Tris-HCl, pH 8.0 (GuHCl) at 8:1

(volume:starting brain wet weight). Samples were incubated on a
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620 MRE CORRELATES OF AMYLOID DEPOSITION IN MICE

F IGURE 3 Cross-sectional and longitudinal comparisons of viscoelasticity (|G*|) in transgenic J20 versus wild-typemice at 11 and 14months
of age in the whole brain (A) and in the hippocampus (B). Cross-sectional and longitudinal comparisons of |G*| in the four subgroups according to
genotype and sex at 11 and 14months of age in the whole brain (C) and in the hippocampus (D). Asterisks indicate the level of significance as
follows: *p< .05, **p< .01, ***p< .001, ****p< .0001. AD, transgenic J20;WT, wild-type

rocker for∼14 h at room temperature. The resulting solutions (“GuHCl

extracts”) were stored at−80◦C.

Aβ levels in brain extracts were analyzed using the V-PLEX Aβ
Peptide Panel 1 (6E10) Kit (Meso Scale Diagnostics). The levels of

the monomeric/oligomeric, lipid-associated, and aggregated Aβ40 and

Aβ42 were summed to calculate the total Aβ40 and Aβ42 burden,

respectively.

Recent studies suggested that plasma26 and cerebrospinal fluid27

AB42/AB40 ratio may serve as biomarkers for detection of AD pathol-

ogy. Therefore, we calculated AB42/AB40 ratio as well.

The two major neuropathological features for the diagnosis of

AD (ie, extracellular plaque formation and neurofibrillary tangles) are

mainly confined in the hippocampus and the cerebral cortex.28 Our

qualitative immunohistochemical analysis (please see details of the

analysis under “Immunohistochemistry of brain sections”) confirmed

that amyloid plaques are indeed accumulated in the hippocampus and

cerebral cortex of our J20mice. These findingsmay support thatwhole

brain amyloid level measures can serve a sufficient surrogate for infer-

ring the hippocampal amyloid levels.

Immunohistochemistry of brain sections

The aim of this qualitative analysis was to assess whether amyloid

plaques were deposited in the hippocampus and cortex of two trans-

genic J20 mice with the highest and the lowest aggregated amyloid β
levels. Left hemispheres fixed in 4% paraformaldehyde were washed

in phosphate-buffered saline (PBS), embedded in 2% agarose/PBS, and

vibratome sectioned into 150 μm coronal sections. Sections were pre-

treated to quench endogenous peroxidases (10% H2O2; 0.1% PBS-

Tween) for 30 minutes, followed by three PBS washes. Sections were

then incubated in blocking buffer (2% goat serum; 0.1% Triton X-100

in PBS) for 1 hour, then incubated in primary antibody 3D6 (a mono-

clonal antibody that recognizes the extreme N-termini of Aβ) diluted
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MRE CORRELATES OF AMYLOID DEPOSITION IN MICE 621

F IGURE 4 Cross-sectional and longitudinal comparisons of elasticity (Gd) in transgenic J20 versus wild-typemice at 11 and 14months of age
in the whole brain (A) and in the hippocampus (B). Cross-sectional and longitudinal comparisons of Gd in the four subgroups according to genotype
and sex at 11 and 14months of age in the whole brain (C) and in the hippocampus (D). Asterisks indicate the level of significance as follows:
*p< .05, **p< .01, ***p< .001, ****p< .0001. AD, transgenic J20;WT, wild-type

in the same goat serum blocking buffer overnight at 4◦C, followed by

two PBS washes. Next, sections were incubated in a biotinylated IgG

secondary antibody (1:100; Vector Laboratories) for 1 hour, followed

by two PBS washes, then incubated in an avidin-biotin complex-based

peroxidase solution (VECTASTAIN Elite ABC Kit, Vector Laboratories)

for 1 hour, followed by two PBS washes. Finally, immunoreactivity was

visualized using diaminobenzidine as the chromogen (DAB Substrate

Kit, Vector Laboratories) for 2.5 minutes, followed by three washes

in ddH2O. Sections were mounted on glass slides using Fluoromount

(Sigma) and images were acquired using a Zeiss Axioskop 2 plus with

AxioCamHRc.

Statistical analysis

A two-way repeated-measures ANOVA with Sidak’s post hoc test

for multiple comparisons was used to perform (1) a cross-sectional

comparison of the MRE parameters at each of the two timepoints in

AD versus WT mice, as well as (2) a longitudinal investigation of the

MRE parameters between the two timepoints in AD andWTmice sep-

arately. To investigate sex-specific differences, we repeated the above-

mentioned analyses in the following four subgroups: AD males, AD

females, WT males, and WT females. To compare the magnitude of

changes between 11 and 14 months of age (1) in AD versus WT mice

as well as (2) in the abovementioned four subgroups, we used two-

sample t-test and one-way ANOVA with Sidak’s post hoc test, respec-

tively. Total Aβ40 and Aβ42 levels as well as the Aβ42/Aβ40 ratio were
compared between AD males and AD females at 8 and 14 months of

age using two-sample t-tests. Pearson correlation was performed to

investigate the association of WB MRE parameters with total Aβ40
and Aβ42 levels in AD mice at 14 months of age. Results of the anal-

yses on the monomeric/oligomeric, lipid-associated, and aggregated

Aβ40 and Aβ42 levels were overall similar to the results of the anal-

yses on the total Aβ40 and Aβ42 levels. Therefore, we reported the
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622 MRE CORRELATES OF AMYLOID DEPOSITION IN MICE

latter for easier interpretability. Two-way repeated-measures ANOVA

was performed using GraphPad Prism 7 (GraphPad Software, La Jolla,

CA, USA). Two-sample t-test, one-way ANOVA, and Pearson corre-

lation were performed using Stata 13 (StataCorp, College Station,

Texas, USA). The threshold for statistical significance was set to

p< .05.

RESULTS

Cross-sectional analyses showed no difference in any MRE parame-

ters of interest between AD and WT mice at either the 11- or 14-

month timepoints. In addition, at the 11-month timepoint, there were

no sex-specific differences betweenADandWTmice. At the 14-month

timepoint, however, thereweredifferences between sexes. AD females

showed significantly higher hippocampal |G*| (p = .008 vs. AD males)

and Gl (p= .002 vs. ADmales; p= .003 vs. WTmales), as well as signif-

icantly higher WB |G*| (p = .009 vs. AD male; p = .018 vs. WT male),

Gd (p = .018 vs. AD males; p = .043 vs. WT males), and Gl (p = .005

vs. AD males; p = .006 vs. WT males) compared to both AD and WT

males, while differences withWT females were not statistically signifi-

cant, but trended in the same direction (p = .058 forWB |G*|, p = .052

for Gd, p= .077 for Gl) (Figures 3-5; Table 1).

Longitudinal analyses showed significant increases in hippocampal

|G*| (p < .0001 in both AD andWT), Gd (p < .0001 in both AD andWT

mice), and Gl (p< .0001 in both AD andWTmice), as well as significant

decreases in WB |G*| (p = .0002 in AD mice; p < .0001 in WT mice),

Gd (p = .001 in AD mice; p < .0001 in WT mice), and Gl (p = .0002

in AD mice; p < .0001 in WT mice) between 11 and 14 months of age

in both AD and WT mice. Each subgroup showed significant increases

in hippocampal |G*| (p < .0001 in AD females; p = .0005 in AD males;

p < .0001 in WT females; p = .001 in WT males), Gd (p < .0001 in AD

females; p = .0007 in AD males; p = .0001 in WT females; p = .0009

in WT males), and Gl (p < .0001 in AD females; p = .012 in AD males;

p = .0006 in WT females; p = .002 in WT males), as well as significant

decreases inWB |G*| (p= .0004 in ADmales; p= .0003 inWT females;

p= .001 inWTmales), Gd (p= .002 inADmales;p= .002 inWT females;

p = .012 in WT males), and Gl (p = .0001 in AD males; p = .0003 in

WT females; p= .0001 inWTmales), with the exception of AD females,

which showedno significant changes inWB |G*|, Gd, orGl (Figures 3–6;

Table 1).

TheWB Gd and Gl were both higher in 3 out of 4 (75%) AD females

compared to AD andWTmales andWT females at the 14-month time-

point, but there was no clear distinction between these groups at the

11-month timepoint (Figure 7).

The magnitude of change in WB MRE parameters between 11 and

14 months of age did not show considerable difference in AD versus

WT mice. In the four-subgroup comparison, hippocampal Gl was the

only MRE parameter that showed a significant increase between 11

and 14 months of age in AD females versus WT males (p = .045), but

not compared toWT females (p= .691) or ADmales (0.152). The other

hippocampal and WBMRE parameters did not show considerable dif-

ferences between the four subgroups (ie, AD females, AD males, WT

females, WT males). Figure 8 shows elastograms of 2 AD male and 2

AD femalemice.

Immunohistochemistry confirmed Aβ accumulation in the brain

(Figure 9). In order to provide a more quantitative measure of water-

soluble and plaque-associated Aβ, sequential extraction of the brain

was performed to extract water-soluble, Triton-soluble, and guani-

dinium hydrochloride-soluble Aβ, and levels of Aβ 40 and 42 were

quantified via ELISA. At 8 months of age, no significant difference in

total Aβ40, Aβ42, or Aβ42/Aβ40 ratio was observed. At 14 months of

age, total Aβ40 (p= .004) and Aβ42 (p= .018) levels were significantly

higher in ADmales compared to AD females. Aβ42/Aβ40 ratio was sig-
nificantly higher in AD females compared to ADmales at 14months of

age (p= .01), but not at 8months of age. The quantitative Aβmeasures

are shown in Table 2.

Total Aβ40 level showed a significant negative correlation withWB

|G*| (p = .03, r = −.71), WB Gd (p = .04, r = −.69), WB Gl (p = .02,

r=−.73), hippocampal |G*| (p= .01, r=−.77), hippocampal Gd (p= .02,

r = −.76), and hippocampal Gl (p = .01, r = −.78) among all AD mice.

Total Aβ42 level was significantly correlated with hippocampal |G*|

(p = .046, r = −.68) and hippocampal Gl (p = .039, r = −.69), but not

with hippocampal Gd or any WBMRE parameters among all AD mice.

NeitherAβ40norAβ42was associatedwith themeasuredWBandhip-

pocampal MRE parameters when AD males and females were investi-

gated separately.

Figure 10 shows the relationship between the measured WB amy-

loid levels (ie, Aβ40, Aβ42, Aβ40/42 ratio) and the measuredWBMRE

parameters (ie, |G*|, Gd, Gl) in 14-month-old AD males (in blue color)

and AD females (in orange color). These plots show a clear distinc-

tion between AD males and AD females with significantly higher amy-

loid levels in ADmales, and significantly higherMRE parameters in AD

females.

DISCUSSION

The most salient observations of our study are the following: (1) con-

trary to our hypothesis, therewas no significant difference in viscoelas-

tic properties of the brain between AD and WT mice at 11 or 14

months of age that corresponds tomiddle age (40-50 years) in humans.

(2) When sex was not considered a variable, compared to WT mice,

Aβ accumulation in the AD mice did not show significant effects on

brain parenchymal viscoelasticity.However, Aβ accumulationmayhave

sex-specific effects. (3) Over a period of 3 months, between the ages

of 11 and 14 months, WB parenchyma showed age-related decreases

in all viscoelastic parameters, while the hippocampi demonstrated the

opposite. (4) The effect size of aging-related changes in viscoelas-

tic properties of the brain were higher than any AD or sex-related

effects.

To model AD, we used transgenic J20 mice, in which Aβ plaques

appear first in the hippocampus at 1 month of age and Aβ deposition
is progressive with diffuse plaques in the dentate gyrus and neocortex

by 5-7 months and in the WB by 8-10 months.19–21 Our biochemical

and immunohistochemical analyses confirmed the accumulation of Aβ
in the brain of each transgenic mouse. A study by Murphy et al. using

the APP-PS1 ADmouse model (n= 5) found disease-specific softening
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MRE CORRELATES OF AMYLOID DEPOSITION IN MICE 623

F IGURE 5 Cross-sectional and longitudinal comparisons of viscosity (Gl) in transgenic J20 versus wild-typemice at 11 and 14months of age in
the whole brain (A) and in the hippocampus (B). Cross-sectional and longitudinal comparisons of Gl in the four subgroups according to genotype
and sex at 11 and 14months of age in the whole brain (C) and in the hippocampus (D). Asterisks indicate the level of significance as follows:
*p< .05, **p< .01, ***p< .001, ****p< .0001. AD, transgenic J20;WT, wild-type

in the WB parenchyma at a later disease stage (20 months) compared

to WT mice (n = 8).15 APP-PS1 mice, similar to our J20 mice, show

widespread Aβ plaque deposition with neuronal and synaptic loss and

microglia activation, but without mature neurofibrillary tangles.29,30

AD-related WB softening has also been observed in several human

MRE studies.9–12,31 Our study found no AD-specific WB softening at

either 11 or 14months of age. It is conceivable that global softening of

the brain parenchymamaymanifest at a later disease stage in J20mice.

We attribute the observed changes in brain stiffness to normal aging

processes,which demonstrated adifferential and region-specific effect

on brain stiffness: aging was associated with (1) a general decrease in

viscoelasticity of the brain and (2) a general increase in viscoelastic-

ity of the hippocampi. Our findings on aging are in line with previous

studies on healthy humans, which have associated aging with soften-

ing of the brain parenchyma.32,33 One of these studies also suggested

that aging has a region-specific effect on subcortical stiffness,33 finding

significant softening in the striatum, thalamus, and amygdala in healthy

older versus young adults, although they did not find a change in hip-

pocampal stiffness.

Although genotype-based comparisons suggested no specific

difference between AD and WT animals, analyses of genotype and

sex combined revealed the following differences between males

and females. (1) At 14 months of age, AD females showed higher

WB and hippocampal viscosity and higher WB elasticity compared to

AD and WT males. Differences between AD and WT females were

not statistically significant but trended in the same direction. (2) WB

elasticity and viscosity showed no significant change in AD females

between 11 and 14 months of age, while there was a significant

decrease in WB elasticity and viscosity in AD andWT males as well as

inWT females over time. (3) Themagnitude of increase in hippocampal

viscosity over time was significantly larger in AD females versus WT

males, but not compared to AD males or WT females. (The other

hippocampal and WB MRE parameters did not show considerable

difference between the four groups [ie, AD females, AD males, WT
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624 MRE CORRELATES OF AMYLOID DEPOSITION IN MICE

F IGURE 6 Changes in whole brain and hippocampal viscoelasticity (A and B), elasticity (C andD), and viscosity (E and F) in female transgenic
J20mice between 11 and 14months of age. AD, transgenic J20; |G*|, viscoelasticity; Gd, elasticity; Gl, viscosity

TABLE 1 Evaluation of the whole brain and hippocampalMagnetic Resonance Elastography parameters in 11- and 14-month-old transgenic
J20 andwild-typemice

11months of age 14months of age

|G*| [kPa] Gl [kPa] Gd [kPa] |G*| [kPa] Gl [kPa] Gd [kPa]

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

WT Whole brain 7.88 0.70 4.03 0.39 5.83 0.56 5.60 1.02 2.79 0.49 4.26 0.85

(male+ female) Hippocampus 8.02 0.65 4.40 0.39 5.92 0.53 2.24 2.24 6.59 1.20 9.33 1.81

AD Whole brain 7.92 0.26 3.99 0.20 6.00 0.21 6.12 1.14 3.07 0.64 4.69 0.86

(male+ female) Hippocampus 7.90 0.52 4.38 0.41 5.93 0.41 13.06 1.97 7.19 1.34 9.67 1.31

WTmale Whole brain 7.58 0.87 3.95 0.50 5.63 0.72 5.48 1.25 2.65 0.56 4.24 1.05

Hippocampus 7.80 0.82 4.44 0.50 5.70 0.66 11.50 2.41 6.06 1.26 8.76 2.03

WT female Whole brain 8.17 0.39 4.11 0.27 6.03 0.30 5.72 0.87 2.92 0.42 4.27 0.72

Hippocampus 8.24 0.39 4.36 0.30 6.13 0.26 13.28 1.89 7.11 0.98 9.91 1.56

ADmale Whole brain 7.76 0.19 3.92 0.11 5.87 0.16 5.34 0.81 2.64 0.41 4.10 0.64

Hippocampus 7.72 0.37 4.32 0.28 5.73 0.24 11.83 1.44 6.35 0.85 8.86 1.06

AD female Whole brain 8.12 0.19 4.09 0.26 6.17 0.14 7.09 0.55 3.61 0.39 5.42 0.39

Hippocampus 8.12 0.65 4.46 0.58 6.18 0.47 14.60 1.37 8.25 1.07 10.69 0.77

Note: Values in the table are presented asmean and standard deviation.

Abbreviations: AD, transgenic J20; |G*|, viscoelastic modulus; Gl, loss modulus (viscosity); Gd, storage modulus (elasticity); SD, standard deviation; WT,

wild-type.
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MRE CORRELATES OF AMYLOID DEPOSITION IN MICE 625

F IGURE 7 Whole brain elasticity versus whole brain viscosity in
11-month-old (A) and 14-month-old (B) wild-typemale (blue triangle)
andwild-type females (orange triangle), as well as transgenic J20male
(blue circle) and J20 female (orange circle) mice. AD, transgenic J20;
Gd, elasticity; Gl, viscosity;WT, wild-type

females, WT males]). These results suggest a sex-specific effect might

be at play in the aging process, with females developing a more pro-

nounced hippocampal stiffening over time, compared to WT and AD

males. This is in linewith the humanMRE study ofMcIlvain et al., which

showed higher stiffness in the hippocampus (and in the amygdala) in

female versus male adolescents.32 In that study, the differences were

not statistically significant, but the effect sizes were in the medium

range.32

At an earlier disease stage (6 months) in the transgenic APP23

AD mouse model, Munder et al. found lower hippocampal viscosity in

AD females (n = 45) versus WT females (n = 39).14 Majumdar et al.

also showed decreased WB viscoelasticity at 6 months of age and

decreased hippocampal viscoelasticity at 4 months of age in 5XFAD

females (n= 9) versusWT females (n= 9).16 ADmales were not inves-

tigated in the abovementioned studies.14,16 APP2334 and 5XFAD35

mice are similar to J20 mice, in that they also show widespread Aβ
plaque deposition with neuronal and synaptic loss and microglia acti-

vation, but without mature neurofibrillary tangles. A human MRE

study has also associated AD with hippocampal softening,11 while

another human MRE study found no difference in hippocampal stiff-

ness betweenADpatients and healthy controls.31 Of note, both human

MRE studies associated AD with WB softening.11,31 In addition to in

vivo studies, a recently published MRE phantom study also investi-

gated the biomechanical effects of Aβ aggregates, and found that Aβ
aggregates have significantly higher Y value compared to nonaggre-

gated bovine serum albumin.36 Compared to the study of Munder

et al.14 andMajumdar et al.,16 our studywas underpowered due to low

sample size. The difference between AD females andWT females was

not significant in our study, but trended in the opposite direction at 14

months of age (ie, hippocampus was stiffer in AD females compared to

WT mice). This result requires further scrutiny. Our study is not the

first one to find a trend for regional brain stiffening at a certain stage

of AD. A recently published humanMRE study suggested that amyloid

positive subjects with mild cognitive impairment (MCI) and relatively

low disease severitymay have higher frontoparietal (FP) stiffness com-

pared to AD patients with clinically diagnosed dementia and age and

sex-matched healthy controls (HC).9 This study had a low sample size

(nHC = 16, nMCI = 8, nAD = 8). Of note, only 2 out of the 8MCI subjects

showed higher FP stiffness than any HC or AD subjects. Female versus

F IGURE 8 Elasticity and viscosity of two J20male (A and B) and two J20 femalemice (C andD). Gd, elasticity; Gl, viscosity
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626 MRE CORRELATES OF AMYLOID DEPOSITION IN MICE

F IGURE 9 Representative microscope
images of brain sections showing amyloid β
accumulation in the hippocampus and cortex of
two transgenic J20mice with the highest
(A and B) and the lowest (C andD) aggregated
amyloid β levels. Immunohistochemistry was
performed using amonoclonal antibody that
recognizes the extremeN-termini of amyloid β
(3D6). Dilution of 3D6was 1:500 on panels A
and C, and 1:1000 on panels B andD

TABLE 2 Brain parenchymal amyloid beta-40 (Aβ40) and -42 (Aβ42) levels in J20mice at 8 and 14months of age

8months of age 14months of age

Aβ40 Aβ42 Aβ40 Aβ42

Mean SD Mean SD Aβ42:Aβ40 ratio Mean SD Mean SD Aβ42:Aβ40 ratio

ADmales+ females (n= 9) 63.9 39.2 178.9 89.8 2.8 404.4 161.1 580.9 28.6 1.7

ADmales (n= 5) 79.5 48.5 213.6 110.7 2.7 518.7 98.4 599.2 14.6 1.2

AD females (n= 4) 48.3 22.4 144.1 53.5 3.0 261.4 85.4 558.1 25.4 2.3

Note: Aβ40 and Aβ42 levels are expressed in nanograms of the amyloid compound per gram of brain tissue, that is, parts per billion.

Abbreviations: AD, transgenic J20; n, number of mice; SD, standard deviation.

male comparisons were not performed in this study. Future prospec-

tive cohort studies are required to investigate longitudinal changes and

patterns in WB and regional viscoelasticity in AD using larger sam-

ple size and longitudinal MRE assessments from early to late disease

stages.

There was twice as much Aβ40 in AD males versus AD females.37

Levels of the more malignant amyloid, Aβ42, were slightly higher (7%)
in ADmales versus AD females. A previous immunoblot study also sug-

gested that J20 males may have higher brain amyloid levels compared

to J20 females, but this study did not perform quantitative amyloid

assessments.37 A previous humanpositron emission tomography (PET)

study showedanegative associationbetweencortical amyloid accumu-

lation andbrain stiffness in patientswithAD.9 In linewith this study,we

found strong negative correlations between brain parenchymal Aβ40
level and allMRE parameters at 14months of age inmice. In fact, when

WBamyloid levels (ie, Aβ40, Aβ42, Aβ40/42 ratio)were plotted against
WB MRE parameters (ie, |G*|, Gd, Gl), there was a clear distinction

between 14-month-old AD males and AD females, with significantly

higher amyloid levels in ADmales, and significantly higherMREparam-

eters in AD females (Figure 10). The fact that there was no difference

in viscoelastic properties between AD and WT males implies that the

accumulation of Aβ plaques inmales does not influence the shearmod-

ulus, at least to the level of plaque accumulation that was measured.

This statement also holds true for females at the initial timepoint of 11

months. At the 14-month timepoint, however, significant differences

were observed between AD females and both WT and AD males but

not with WT females. Similar trending differences as observed with

the males were observed with WT females. Of note, both Gd and Gl

were higher in 75% AD females compared to AD and WT males and

WT females at the14-month timepoint (Figure10). Theseobservations

suggest that viscoelastic properties aremore susceptible tobeing influ-

enced by Aβ in females.

Other pathologic mechanisms (eg, neuronal loss, synaptic loss, and

gliosis38) may also affect brain stiffness in J20 mice. These mecha-

nisms, in addition to the abovementioned aging-related effects, are

likely more important in determining viscoelastic properties of the
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MRE CORRELATES OF AMYLOID DEPOSITION IN MICE 627

F IGURE 10 Relationship between the amyloid β data andMagnetic Resonance Elastography parameters at the 14-month timepoint. Amyloid
β40 (A-C), β42 (D-F), and β40/42 ratio (G-I) as a function of elasticity (A, D, G), viscosity (B, E, H), and themagnitude of the viscoelastic modulus (C,
F, I) in J20male (blue circle) and J20 female (orange circle) mice. AD, transgenic J20; |G*|, magnitude of the viscoelastic modulus; Gd, elasticity; Gl,
viscosity

brain than Aβ accumulation. Further studies are needed to investigate

the direct effects of the aforementioned pathologic mechanisms on

brain viscoelasticity.

Our study has the following limitations. (1) Some of our analyses

(including the assessment of the association of viscoelasticity with

Aβ40 andAβ42 levels)might have been underpowered due to low sam-

ple size. (2) One of our AD female mice (Figure 6: ID 3) was ∼1 month

younger than the other AD and WT mice. However, none of the mea-

sured MRE parameters of this AD female mouse were the highest or

lowest within the AD female subgroup. Therefore, we did not correct

for age in our statistical analyses. (3) Correction for post hoc com-

parisons was applied within each ANOVA, but no additional correc-

tion was made for the total number of statistical analyses. (4) Viscos-

ity and elasticity were investigated only in the WB parenchyma and

hippocampus, but not in other brain regions. Since the WB and hip-

pocampal MRE parameters changed in opposite directions over time,

one could presume that WB viscosity and elasticity levels would show

a more prominent decrease if hippocampi were excluded from theWB

segmentation map. However, this analysis was not performed on our

dataset.

To conclude, (1) we observed a difference between AD females and

all other groups at 14 months of age that corresponds to 50 years of

age in humans. (2) Amyloid plaque deposition may have sex-specific

effects on viscoelastic properties, which require further scrutiny. (3)

Aging had specific effects on viscoelasticity, namely, WB softening and

hippocampal stiffening. Our study is of relevance for future studies

investigating the diagnostic value of MRE in AD and other age-related

processes.
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