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MD1, Chunlei Liu, PhD3,4
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3Department of Electrical Engineering and Computer Sciences, University of California, Berkeley, 
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Abstract

Background: Various studies by MRI exhibit that corpus callosum (CC) is most vulnerable to 

cuprizone administration, detecting demyelination and remyelination process using different MRI 

parameters are however lacking.

Purpose: To investigate the sensitivity of multiparametric MRI both in vivo and ex vivo for 

demyelination and remyelination.

Study Type: Prospective.

Animal Model: Cuprizone mice model with age matched control group (n=5), 4-week cuprizone 

exposure group followed by 9-week on a normal diet (n=6), and a 13-week cuprizone exposure 

group (n=6).

Field Strength/Sequence: 3D GRE, T2-weighted and diffusion tensor imaging (DTI) at 7.0 T 

and 9.4 T.

Assessment: Quantification of DTI metrics, quantitative susceptibility mapping (QSM), and 

T2-weighted imaging intensity in major white matter bundles.

Statistical Tests: Non-parametric permutation tests were used with cluster-forming threshold as 

3.09 (equivalent to p = 0.001), and the significant level as p = 0.05 with Family-wise (FWE) 

correction.

Results: In vivo susceptibility values increased from −11.7 to −0.7 ppb (p < 0.001) in CC and 

from −13.7 to −5.1 ppb (p < 0.001) in Anterior commissure (AC) after 13-week cuprizone 

exposure. Ex vivo susceptibility values increased from −25.4 to 7.4 ppb (p < 0.001) in CC and 

from −41.6 to −15.8 ppb (p < 0.001) in AC. Susceptibility values showed high variations to 

demyelination for in vivo studies (94.0% in CC, 62.8% in AC). Susceptibility values exhibited 
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higher variations than radial diffusivity for ex vivo studies (129.1% vs 28.3% in CC, 62.0% vs 

25.0% in AC). In addition to the differential susceptibility variations in different white matter 

tracts, intraregional demyelination variation was also present not only in CC but also in AC area 

by voxel-based analysis.

Data Conclusion: QSM is sensitivity to demyelination process of cuprizone exposure, which 

can be a complementary technique to conventional T2-weighted images and DTI metrics.

Keywords

Quantitative susceptibility mapping (QSM); Cuprizone; Demyelination; Remyelination; Multiple 
Sclerosis (MS); Diffusion Tensor Imaging (DTI)

Introduction

Multiple sclerosis (MS) is an autoimmune disease characterized by demyelination and 

inflammation of the central nervous system (CNS) in both white and gray matters. The exact 

mechanism of MS development and progression remains to be elucidated (1,2). Animal 

models, including the cuprizone mouse model, have greatly enhanced the knowledge of MS 

pathophysiology and afford the opportunity to investigate the demyelination and 

remyelination process (3). The cuprizone model does not model the full disease process of 

MS, continued exposure of the copper chelator cuprizone results in a white matter (WM) 

pathology that is similar to pattern III MS lesions, accompanied by extensive macrophage/

microglia activation, oligodendrocytes apoptosis, and demyelination (2).

By employing diffusion tensor imaging (DTI) to quantify abnormalities in the WM fiber 

tracts of cuprizone model, it has been reported that axial diffusivity (AD) and radial 

diffusivity (RD) were significantly higher in both the corpus callosum and external capsule 

of the cuprizone-fed mice when compared with controls (4). Recent results from the 

cuprizone model using magnetization transfer imaging (MTI) showed that demyelination 

was not limited to the midsagittal line of the corpus callosum (CC), and also occurred in the 

lateral and medial CC (5). Guglielmetti et al. reported that both T2 and magnetization 

transfer ratio (MTR) measures are highly correlated to the brain microstructure and 

underlying histopathological events following cuprizone administration (6). Furthermore, 

diffusion kurtosis imaging (DKI) was found to be sensitive to alterations of both corpus 

callosum areas and cortical areas, which is complementary to DTI metrics for the 

characterization of demyelination in both WM and gray matter (GM) (7).

Quantitative susceptibility mapping (QSM) has been developed to solve the ill-posed phase-

to-susceptibility inverse problem and derive the voxel-based magnetic susceptibility (8). The 

susceptibility tensor imaging (STI), requiring phase images at different subject orientations 

with respect to the main magnetic field, has been proposed to better understand the magnetic 

susceptibility anisotropy (MSA) and to study white matter microstructures (9,10). QSM may 

be more sensitive and specific to dysmyelination process than diffusion metrics (11,12). 

Susceptibility contrast between GM and WM is significantly diminished in the shiverer mice 

compared to the control mice (11). The loss of susceptibility contrast is due to the absence of 

functional myelin surrounding axons within the WM of the shiverer mice. Whereas, 
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fractional anisotropy (FA) were reduced by less than 20% in the shiverer mice, which may 

suggest that the change of susceptibility values is more sensitive to myelin itself.

Although various MRI parameters have been used as imaging biomarkers to probe the 

demyelination process, the sensitivity to demyelination is likely to be dependent on different 

parameters. The majority of cuprizone mice model studies mainly focused on the CC region 

(4,5,13), while demyelination/remyelination studies of major WM tracts in the whole brain 

are still lacking (14). Furthermore, most QSM studies were performed in postmortem mouse 

brains (10,11,14). Ex vivo studies provide superior imaging quality allowing higher imaging 

resolution and the absence of motion artifacts, while in vivo MRI measurements can reflect 

the structural properties of the tissue in vivo but often suffer from lower imaging resolution 

and subject motion (15). It has been shown that fixation can alter the ratio of intracellular 

and extracellular spaces and membrane permeability (15), thus whether in vivo and ex vivo 

QSM are comparable in detecting WM pathology is still unknown.

Materials and Methods

Animal Model

All animal studies were approved by the local Institutional Animal Care and Use Committee 

(IACUC). Male C57/BL6J mice (n = 17, 8 weeks old at baseline, Jackson Laboratory, Bar 

Harbor, ME) were separated into three diet groups: the cuprizone-fed group (DEMY group, 

n=6) received diet of chow mixed with 0.2% cuprizone diet (Sigma Aldrich, St. Louis, MO) 

over the course of 13 weeks to induce a chronic state of CNS demyelination; the recovery 

group (REMY group, n=6) received 0.2% cuprizone diet for 4 weeks, followed by 9 weeks 

of recovery time with normal diet of chow; the control group (CTRL group, n=5) received 

normal diet of chow for 13 weeks. Animals from each diet group were sacrificed after in-

vivo MRI imaging. Brains were perfused using a transcardial access with a mixture of 0.9% 

saline and gadolinium (Gd) contrast agent (10:1, v:v) (Bracco Diagnostics, Princeton, NJ) 

(12). Five specimens in each group were immersed in buffered formalin for 24 hours and 

then moved to a 1:200 solution of Gd/saline for about 3 weeks to shorten T1 and reduce scan 

time. One specimen in DEMY and REMY group was perfused without Gd contrast agent to 

estimate the influence of the contrast agent used for the ex vivo MRI studies.

In vivo MRI protocol

In vivo MRI was performed on a 20-cm-bore 7 T magnet (Bruker BioSpec 70/20 USR, 

Billerica, MA) interfaced to an Avance III system. The scanner was equipped with shielded 

gradients (440 mT/m amplitude) providing integrated fieldmap shims up to the second order. 

A high-sensitivity cryogenic radiofrequency (RF) surface coil was used for transmission and 

reception (Bruker CryoProbe). A 3D printer (Stratasys Dimension, Eden Prairie, MN) was 

used to make custom parts for the nose cone and for proper positioning of the animal inside 

a cryogenic surface coil. Five mice in each group were anesthetized using 5% isoflurane in 

O2/N2O (ratio 21% / 79%) and maintained at 1.5% isoflurane in O2/N2O. Respiration (about 

80 ± 15 breaths/min) and external body temperature were monitored during imaging using 

an MR-compatible small animal monitoring and gating system (SA Instruments, Stony 

Wang et al. Page 3

J Magn Reson Imaging. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Brook, NY, USA). External body temperature was maintained at 37 ºC with a heating 

circulator bath (Thermo Scientific Haake, Karlsruhe, Germany).

A 3D multi-echo gradient echo pulse sequence (MGE) was acquired with field of view 

(FOV) of (19.2 × 14.4 × 9.6) mm3 and 100 μm isotropic spatial resolution with even echoes 

flow compensation. The acquisition parameters of the MGE sequence were: TR = 250 ms, 

TE =3.7 ms, echo spacing = 5.5 ms, 10 echoes, BW = 125 kHz, flip angle = 30º, 1 average, 

and scan time = 90 minutes with gating. The readout direction is along the main magnetic 

field.

T2-weighted images were acquired using a rapid acquisition with refocused echoes (RARE) 

sequence. The acquisition parameters were: effective TE = 45 ms, TR = 4000 ms, RARE 

factor = 8, bandwidth = 62.5 kHz, 8 averages, FOV of 18 cm × 18 cm, 150 μm × 150 μm 

spatial resolution with 14 slices, slice thickness = 300 μm, scan time = 8 minutes. The 

readout direction is along the main magnetic field.

Ex vivo MRI protocol

Fixed specimens were scanned at 9.4 T (Oxford 8.9-cm vertical bore; Agilent VnmrJ 4.0 

imaging console) using a multi-echo, 3D gradient echo sequence. The shielded coils provide 

gradients of up to 2000 mT/m amplitude. Each specimen was fitted in an acrylic holder 

filled with fomblin (Ausimont USA, Inc., Thorofare, NJ, USA) to limit susceptibility 

artifacts at the surface of the tissue. The acrylic specimen holder was placed in a homemade 

solenoid radiofrequency coil with manual shimming up to the 2nd order. The scan 

parameters were as follows: matrix size = 512 × 256 × 256, FOV = (22 × 11 × 11) mm3, flip 

angle = 65º, TE = 1.9 ms, echo spacing = 3.1 ms, 12 echoes, BW = 125 kHz, and TR = 100 

ms. The spatial resolution was 43 μm isotropic and the scan time was about 120 minutes.

DTI were acquired using a diffusion-weighted 3D spin-echo sequence (19) with the FOV of 

(22 × 11 × 11) mm3 and matrix size of 256 × 128 × 128. The other parameters were as 

follows: TE = 25 ms, and TR = 200 ms. One image volume was acquired without diffusion 

weighting. Twelve diffusion-encoding directions were used at a b-value of 1700 s/mm2 to 

allow the calculation of diffusion tensor. The gradient separation time was 7 ms, the 

diffusion gradient duration time was 4 ms, and the gradient amplitude was ~ 90 G/cm. Total 

scan time for DTI was about 12 hours. Temperature was monitored throughout the scans (~ 

25 ºC) and fluctuation was recorded to be below 1 ºC.

Imaging Analysis

QSM Reconstruction—The phase data from the GRE acquisition was used to reconstruct 

QSM images using STI Suite (University of California, Berkeley) (16). Specifically, the 

phase of the raw data was unwrapped using a Laplacian-based phase unwrapping method 

(8). The background phase was removed using the V-SHARP method with kernel size up to 

25 (17). Magnetic susceptibility was then obtained from the local tissue phase by solving an 

inverse problem using the improved LSQR (iLSQR) method (16,18):
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f r = FT−1 (1
3 −  

kz
2

k2)χ k γB0

where FT−1 is the inverse Fourier transform, χ k is the susceptibility map in the frequency 

domain, kis the reciprocal space vector and kz is its z-component, γis the gyromagnetic ratio 

for water proton, B0is the magnitude of the main magnetic field.

DTI Reconstruction—The diffusion tensor was calculated at each voxel and used to 

generate various tensor derived scalar images including fractional anisotropy (FA), 

eigenvalues, eigenvectors, and mean diffusivity (MD) maps (19,20). Axial diffusivity (AD) 

and radial diffusivity (RD) were also derived using Matlab (The MathWorks, Natick, MA, 

USA) based on Diffusion Toolkit software (21).

Image Registration—Images were co-registered using a two-step process. Briefly, 

magnitude images from each animal were linearly registered to a standard-space template in 

the Waxholm Space (22) using FMRIB’s linear image registration tool (FLIRT) (Oxford 

University, UK). A nonlinear registration was then applied using FSL’s nonlinear 

registration tool, FNIRT (Oxford University, UK). The transformation matrixes were then 

applied to in vivo QSM and ex vivo QSM and DTI metrics for voxel-based analysis. Reverse 

transformation of the Waxholm Space into each subject’s native space was performed using 

the inverse transformation matrixes for ROI-based analysis. For the regional QSM 

heterogeneity study in the same WM bundle (anterior commissure), ROIs were manually 

segmented according to the previous references (5,13). The accuracy of the transformation 

was inspected for each map using the ITK-SNAP software with landmarks manually placed 

in CC and AC regions (Supplemental Fig. 1) (23). The maximum registration error was 2 

pixels as evaluated by two independent raters.

Figure 1 illustrates the delineation of anterior commissure (green), corpus callosum (blue), 

and hippocampus commissure (red) in the native space of one mouse brain GRE magnitude 

image, the genu (gCC), body/isthmus (iCC), and splenium (sCC) were pointed by white 

arrows. The anterior commissure was further subdivided to 3 parts: anterior part (AAC), 

intermediate part (IAC), and posterior part (PAC), in order to investigate the intraregional 

heterogeneity of demyelination and remyelination process.

In vivo T2-weighted images were normalized to the mean CSF signal in the third ventricle. 

The variation of different MRI metrics between CTRL group and DEMY group is calculated 

as:

Variation = MCTRL − MDEMY /MCTRL

Where M stands for the mean T2-weighed signal, diffusion metrics, or QSM values of 

CTRL group (MCTRL) or DEMY group (MDEMY). All the MRI images were evaluated by 

two independent raters.
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Histological analysis—Histological examinations were performed after the ex vivo MRI 

scans. Coronal 6-μm thick slices were stained with myelin staining agent (LFB – Luxol Fast 

Blue) and iron staining agent (PPB – Perl’s Prussian Blue). As a control for iron staining, 

one slice of human liver tissue was also stained with PPB with the same protocol 

simultaneously. Slides were imaged using Axioscop2 FSmot optical microscope with EC 

PlanNeofluar Zeiss lens at 10x magnification, 0.3 aperture under the same settings and light 

conditions. The histological slices were evaluated by two pathologists with more than 5 

years of experience.

Statistics—Direct comparisons between CTRL and DEMY, between CTRL and REMY 

were performed using the Statistical nonParametric Mapping (SnPM13) installed in SPM 

12, (Wellcome Institute of Cognitive Neurology, London, UK), under MATLAB 

(Mathworks Inc., Natick, MA, USA) (24). Due to the small number of mice in each group (n 

= 5), non-parametric permutation tests were used with 5000 permutations for voxel-based 

analysis. Cluster-forming threshold was set as 3.09 which is equivalent to p = 0.001, and the 

significance level was set as p = 0.05 with Family-wise (FWE) correction. Variance 

smoothing = 2 mm x 2 mm x 2 mm. Clusters above this threshold were identified as 

significant and reported in the result section.

Results

Cuprizone diet

Throughout the duration of the experiment all mice fed with cuprizone appeared clinically 

normal and did not display symptoms such as ataxia, seizures, or anorexia. The mean body 

weight of DEMY, REMY, and CTRL groups were 25.2 ± 0.8 g, 29.4 ± 2.3 g, 31.4 ± 1.1 g, 

individually. There was no statistically significant body weight variation between REMY 

group and CTRL group (p = 0.092), while significant body weight change was observed 

between DEMY group and CTRL group (p < 0.001), and between DEMY group and REMY 

group (p < 0.001). The brain volumes of DEMY, REMY, and CTRL groups were 459.6 

± 14.7 mm3, 467.7 ± 16.6 mm3, and 474.6 ± 12.9 mm3 (Supplemental Fig. 2). The 

maximum volume difference among different groups was found between DEMY group and 

CTRL group (~ 4%) without a significant difference (p = 0.161).

T2-weighted images in vivo

Figure 2 shows the normalized T2-weighted images (a-c) of three groups (DEMY, REMY, 

and CTRL). T2-weighted images in CC area (white arrows) showed hyperintense signal 

(brighter) in DEMY group, while hypointense signal (darker) was found in REMY and 

CTRL group. Normalized T2-weighted images illustrated significant differences in signal 

intensity among three groups in the CC (p < 0.001 between DEMY and REMY, p < 0.001 

between DEMY and CTRL, and p =0.024 between REMY and CTRL) and AC (p = 0.010 

between DEMY and REMY, p =0.012 between DEMY and CTRL) areas, while no 

significant differences in HC area (black arrows, p > 0.05).
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Region-specific QSM of different WM bundles in vivo

A representative set of in vivo susceptibility maps for the three groups are shown in Fig. 3a–

3f. The three white matter bundles (CC, AC, and HC) exhibited the strongest diamagnetic 

susceptibility in CTRL group and the least diamagnetic susceptibility in DEMY group 

except the HC area, where there was no visual susceptibility difference among these three 

groups. The CC region appeared hypointense signal (more diamagnetic than surrounding 

GM) in CTRL group and REMY group. This hypointense appearance became barely visible 

in DEMY group with no apparent contrast distinction between CC and surrounding GM. 

The similar phenomenon was found in AC region, however, the AC in DEMY group 

exhibited slight darker than the surrounding GM. Compared to CTRL mice, these values 

represented an increase of magnetic susceptibility by 94.0 % of DEMY group (p < 0.001) 

and 51.3 % of REMY group (p < 0.001) in CC; by 62.8 % of DEMY group (p < 0.001) and 

26.3 % of REMY group (p = 0.015) in the AC; while no significant differences were found 

in HC between CTRL group and DEMY group (p = 0.218), between CTRL group and 

REMY group (p = 0.352) (Fig. 4).

Region-specific QSM of different WM bundles ex vivo

A representative set of ex vivo susceptibility maps for the three different groups are also 

shown in Fig. 3g–3l). Two features could be identified from these images. First, the CC 

region exhibited hypointense appearance in both CTRL and REMY group, which was 

similar to the in vivo results. This hypointense appearance became hyperintense in DEMY 

group, which indicated an elevation of susceptibility values (brighter in QSM, black arrows). 

Second, compared to the CTRL mice, magnetic susceptibility values increased by more than 

100.0 % of DEMY group (−25.4 vs 7.4 ppb) and 50.0 % of REMY group (−25.4 vs −12.7 

ppb) in CC area; by 62.0 % of DEMY group (−41.6 vs −15.8 ppb) and 25.7 % of REMY 

group (−41.6 vs −30.9 ppb) in AC area (Fig. 4); while no significant differences were found 

in HC area between CTRL group and DEMY group (p = 0.305), between CTRL group and 

REMY group (p = 0.254). It was also interesting to note that the variation of susceptibility 

value was not only regionally different in different WM bundles, but also regional 

heterogeneous in the same WM bundle. For example, the anterior part of AC exhibited more 

paramagnetic susceptibility (brighter in QSM, white arrows) than the posterior part of AC.

Region-specific DTI parameters ex vivo

No visual distinction was identified on the FA maps for all three ROIs among the DEMY, 

REMY, and CTRL group (Fig. 5). Although both CC and AC showed dramatic susceptibility 

variations among these three groups, the FA maps of DEMY group and REMY group 

showed a strong contrast between GM and WM, similar to the CTRL group. The average FA 

values (mean ± standard deviation) of DEMY, REMY, and CTRL groups were 0.41 ± 0.05, 

0.42 ± 0.07, and 0.44 ± 0.05 in CC area; 0.52 ± 0.03, 0.53 ± 0.04, and 0.54 ± 0.05 in AC 

area; 0.48 ± 0.04, 0.49 ± 0.04, and 0.51 ± 0.05 in HC area, respectively (Table 3).

Similarly, no significant differences were found between REMY group and CTRL group in 

CC by MD (p = 0.378), AD (p = 0.165), and RD (p = 0.284), while significant differences 

were found between DEMY group and CTRL group by MD (p = 0.047), AD (p = 0.029), 

and RD (p = 0.014). Compared to CTRL group, RD, AD and MD of DEMY group increased 
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28.3 %, 17.5%, and 22.2 % in CC, 25.0 %, 15.8 %, and 20.8 % in AC, respectively (Fig 6). 

No significant differences were found in HC between DEMY group and CTRL group (p > 

0.05).

Intraregional heterogeneous QSM of major WM bundles

Figure 7 shows in vivo and ex vivo voxel-based analysis of QSM in CC, external capsule 

(EC), and cortex (CX) regions. CC structure was separated into genu (gCC), body/isthmus 

(iCC), and splenium (sCC) regions. Compared to CTRL group, the susceptibility values of 

DEMY group increased significantly in CC, EC (red arrows), and CX (blue arrows) areas. 

The variations were largely eliminated in REMY group; however, the significant 

susceptibility differences can be resolved in these regions between REMY and CTRL. Note 

the CX susceptibility variation was more extensive in the ex vivo results (h), but it was not 

as wide spread in the in vivo results (f).

To investigate the intraregional heterogeneity of AC region, in vivo and ex vivo regional 

susceptibility changes are illustrated in Figure 8. For the voxel-based susceptibility value 

analysis, significant differences (p < 0.001) were found in AAC, PAC, and IAC after 13 

weeks of cuprizone administration (c), while there was no significant difference (p > 0.05) 

found in the PAC area between REMY and CTRL group (d). For the ROI-based analysis (e-

f), the susceptibility value of DEMY group increased significantly compared to CTRL group 

(p < 0.001). Susceptibility value of REMY group also increased compared to CTRL group 

in the AC region (p = 0.003 for in vivo, p = 0.006 for ex vivo) except the PAC region. The in 

vivo PAC results were not shown due to the strong susceptibility source nearby the PAC 

region (a and b, black arrowheads). The susceptibility values of three groups remained 

negative in all AC sub-regions except for the AAC region of DEMY group (Table 2). The 

intraregional variations of AC also exhibited by DTI metrics of MD, AD, and RD, however, 

not by FA (Supplemental Fig. 3).

Influence of Gd contrast agent for ex vivo QSM

Figure 9 shows a representative set of ex vivo susceptibility maps detailing anterior 

commissure region of both DEMY group and REMY group, with (a, c) and without (b, d) 

Gd contrast agent administration. The susceptibility value in DEMY group at AC region 

changed to −15.8 ± 4.9 ppb (with Gd) from - 4.1 ± 2.8 ppb (without Gd); the susceptibility 

value in REMY group at AC region changed to −30.9 ± 7.4 ppb (with Gd) from - 6.9 ± 3.4 

ppb (without Gd).

Histology

Figure 10 shows representative brain slices of DEMY, REMY, and CTRL groups stained 

with Luxol Fast Blue (LFB) and Perl’s Prussian Blue (PPB). There was a clear trend of 

increasing LFB contrast from DEMY group to REMY group in the CC, AC, CX, and EC 

area, while the contrast was strongest for CTRL group. On the contrary, the PPB contrast 

variation was little among these three groups. Enlarged images in CC and EC regions 

demonstrated 9 weeks recovery was not enough to return to the normal level, which was 

consistent with QSM findings (Fig. 3). Enlarged images in AAC and IAC demonstrated the 

intraregional demyelination variation in AC, CC, EC, and CX region.
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Discussion

Cuprizone mouse model is a well-established demyelination model, and previous studies 

have shown MRI can detect WM lesions noninvasively (4,5,13). In this study, we imaged the 

whole brain of the cuprizone mouse both in vivo and ex vivo using different MRI 

techniques, including T2-weighted imaging, QSM, and DTI. The sensitivity to 

demyelination/remyelination process is strongly dependent on the quantitative parameters 

derived from different MRI modalities. It is interesting to notice that the demyelination was 

not only regionally different in different WM bundles, but also exhibited intraregional 

heterogeneity in the same WM bundle: the anterior part of AC exhibited more paramagnetic 

susceptibility than the posterior part of AC in the DEMY group. In comparison, little 

changes were observed in FA among DEMY, REMY, and CTRL group, while limited 

changes were exhibited in all DTI parameters between REMY mice and CTRL mice.

For multiple sclerosis, conventional T1 and T2 relaxation MRI techniques have 

demonstrated high detection sensitivity (25–27). From previous MRI and histology studies, 

significant changes started in normalized T2-weighted intensities of CC as early as 3 weeks 

post the start of cuprizone administration (4). Our results confirm and extend this 

investigation since dramatic T2-weighted image contrast variation was evident in CC area 

between the DEMY group and CTRL group in our long-term (up to 13 weeks) cuprizone 

administration. After 9 weeks recovery time, the REMY group showed similar but still 

visually lower T2-weighted contrast than age-matched CTRL mice. These data suggest that 

even 9 weeks recovery does not present complete normalization with respect to healthy age-

matched controls, which may demonstrate the need for age-matched control mice in 

quantitative assessing the demyelination and remyelination process (5).

Previous reports have suggested that AD and RD can be used as noninvasive markers to 

probe the demyelination in the mouse corpus callosum in vivo (28,29). Song et al. found the 

extent of increased RD in cuprizone treated mouse brain and AD values of corpus callosum 

were not altered relative to non-treated mice (30). However, recently studies showed both 

AD and RD were significant higher in both the CC and EC of the cuprizone-fed mice when 

compared with controls (4). Note that interpreting changes of AD and RD on the basis of the 

underlying tissue microstructure should be accompanied by a thoroughly investigation of 

their mathematical and geometrical properties (31). Our results from DTI experiments 

demonstrated significant higher values of AD (17.5%) and RD (28.3%) in CC area between 

DEMY group and CTRL group. These data indicate that RD is more sensitive to the 

demyelination process than AD in cuprizone mice model.

FA value in CC was found to decrease after cuprizone treatment in both acute and chronic 

demyelination (4,28). Falangola et al. observed no significant FA variations between mice 

with 10 weeks cuprizone administration and control mice in rostral CC (0.26 vs 0.24), but 

significant decrease in middle CC (0.32 vs 0.27, p < 0.001) and caudal CC (0.46 vs 0.36, p < 

0.001) (32). In our study, FA values also decreased about 6.8 % after 13 weeks cuprizone 

administration (0.44 vs 0.41). The difference may be caused by the different duration of 

cuprizone treatment and/or the different fixation process which could alter the ratio of 

intracellular and extracellular spaces, membrane permeability, and other physiological 
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variations (33,34). Overall, our results indicate that RD is a more sensitive and specific 

marker of demyelination than FA value (30).

Previous studies of shiverer mice and prenatal alcohol exposure models demonstrate that 

myelin is the dominant source of susceptibility contrast in WM (11,12,35). We observed a 

significant increase of susceptibility values in CC and AC regions in the cuprizone-fed mice 

compared to the CTRL mice, resulting in variation of susceptibility contrast between these 

WM regions and surrounding gray matter: reduction of contrast in vivo, and inversion of 

contrast ex vivo. These changes suggest that myelin is an important source of susceptibility 

contrast in brain parenchyma, which agrees with frequency contrast studies of mice models 

and studies in human neonates (36).

It is evident that the cuprizone-induced mice typically exhibit profound demyelination in the 

CC and cortex regions. Besides the regional demyelination variations of different WM tracts 

observed by multiparametric MRI measurements, the intraregional difference in CC and AC 

regions is also obvious using QSM. This regional heterogeneity demyelination suggested 

differences in the underlying pathophysiology, it may be essential in not only understanding 

the mechanisms involved in this model, but also in appropriately and effectively applying it 

to study human MS disease (6,7).

Almost complete demyelination in CC area is achieved by 4–6 weeks cuprizone treatment, 

this process is known as “acute demyelination” (37). The chronic demyelination is normally 

referred to prolonged administration of cuprizone. Many reports showed that withdrawal of 

the toxin resulted in spontaneous remyelination after acute demyelination (3). In this study, 

REMY group was treated by cuprizone for 4 weeks to mimic the acute demyelination, 9 

weeks of recovery time were given to access the remyelination status. Since myelin is the 

main diamagnetic source in the WM regions, the significant susceptibility contrast variation 

in CC and AC areas between REMY group and DEMY group suggest a remarkable 

remyelination after 9 weeks of recovery time, this is also confirmed by the contrast change 

in T2-weighted and the histology results. The significantly higher susceptibility values of the 

REMY group than that of the CTRL mice again, imply the remyelination may not be fully 

completed even after 9 weeks of recovery time and the age-matched controls are in fact 

essential for cuprizone mice model study.

Postmortem MRI of tissue offers advantages over in vivo imaging in that it is not subject to 

motion artifacts and can be imaged with much higher spatial resolution, as prolonged scan 

times are not a limiting factor (29). The effect of tissue fixation on MRI parameters such as 

T2 and DTI parameters has been performed in fixed tissues and the results were used to infer 

the contrast expected in vivo MRI (38). Fixation can significantly change tissue 

microstructure and diffusion MR measurements and affect their capability to detect WM 

pathology. Recently, it has been reported that T2* and frequency contrast also change after 

tissue fixation (36). Both in vivo and ex vivo QSM results are sensitive to the demyelination/

remyelination process, while the subtle variations in the intraregional WM tracts (CC, AC) 

were better detected by ex vivo scans.
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Note that for fixed tissue in this study, Gd ions were administrated into the tissue to shorten 

T1 relaxation time and reduce the scan time. A previous study demonstrated white-gray 

matter contrast improves significantly as a function of gadolinium contrast agent in the 

tissue since WM appears increasing more diamagnetic relative to gray matter (39). The ex 

vivo susceptibility contrast was indeed enhanced by the Gd ion administration in our study. 

Consequently, this paramagnetic particle administration could also play an important role to 

the tissue susceptibility contrast.

The absolute susceptibility values measured ex vivo were influenced by the administration 

of Gd ions, however, the intraregional susceptibility contrast variation could be observed 

even without the use of Gd ions. It may suggest that, while the contrast may be elevated 

using Gd contrast agent, it does not alter the findings for both demyelination and 

remyelination process. Furthermore, the temperature difference between in vivo (37 ºC) and 

ex vivo (25 ºC) QSM scans could also contribute to the observed contrast changes (35). In 

general, the measured susceptibility value, even different between in vivo and ex vivo 

experiments, however, was demonstrated to be a sensitive biomarker for demyelination 

detection.

A limitation of the study is the relatively small sample size, larger sample size may help to 

improve our current results and extend our results to subtle variations in more brain regions. 

Second, we only compared the demyelination and remyelination process in one timing point, 

further studies in cuprizone mice model are also warranted to determine the time course of 

demyelination and remyelination using QSM method. Third, the T2, QSM, and DTI 

experiments are scanned with different spatial resolution, the effect of the partial volume 

effect is warranted in further investigated. It has been reported that WM bundles exhibit 

orientation-dependent magnetic susceptibility, the sensitivity of QSM to demyelination/

remyelination is likely to be affected by the specimen orientation to the main magnetic field 

(9,40). In addition, QSM is sensitive to myelin and iron in the brain tissue, where tissue 

become more paramagnetic with iron deposit and demyelination (9,40). In the current study, 

the histology results only include myelin and iron (without distinguish the iron present in the 

myelin itself and the iron accumulated by active microglia) stains, additional sections with 

axonal and inflammation markers need to perform to validate with MRI findings.

In conclusion, we demonstrated that ex vivo QSM exhibited higher sensitivity to 

demyelination process of cuprizone exposure than DTI metrics. Significant regional and 

intraregional susceptibility contrast variation in major WM tracts of mouse brain was 

confirmed both in vivo and ex vivo resulting from cuprizone exposure. The demyelination 

and remyelination found in cortex, and external capsule demonstrated the complexity of the 

widely used cuprizone mouse mode. The significant abnormalities of magnetic susceptibility 

in major WM fibers are likely due to the extent of myelin depletion. Our data further 

indicates that magnetic susceptibility is sensitive to demyelination and remyelination process 

both in vivo and ex vivo MRI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AD axial diffusivity
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MD mean diffusivity
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DEMY demyelination group

REMY remyelination group

CSF cerebrospinal fluid

LFB Luxol Fast Blue
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iCC body/isthmus corpus callosum
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IAC intermediate part of anterior commissure
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PAC posterior part of anterior commissure
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FIGURE 1. 
Delineation of anterior commissure (green), corpus callosum (blue), and hippocampus 

commissure (red) of one mouse brain in native space, the genu (gCC), body/isthmus (iCC), 

and splenium (sCC) were pointed by white arrows. The anterior commissure was further 

subdivided to 3 parts: anterior part, intermediate part, and posterior part.
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FIGURE 2. 
Normalized T2-weighted (a-c) images of DEMY (a), REMY (b), and CTRL (c) mice. 

Compared to CTRL and REMY mice, signal inversion in the T2-weighted (white arrows) of 

cuprizone administration mice are obvious in CC region. Normalized T2-weighted images 

illustrated significant differences in signal intensity among three groups in the CC (d) and 

AC areas, while no significant differences in HC area (black arrows).
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FIGURE 3. 
A representative set of in vivo (a-f) and ex vivo (g-i) susceptibility maps for the DEMY, 

REMY, and CTRL groups. White matter bundles exhibited strongest diamagnetic 

susceptibility in CTRL group and least diamagnetic susceptibility in DEMY group except 

the HC region (black arrowheads). The susceptibility contrast of REMY group between CC 

(black arrows) and surrounding tissue is still not as strong as that of CTRL mice even after 9 

weeks recovery time. DEMY group had clearly inhomogeneous susceptibility contrast in AC 

region (white arrows). Compared to the ex vivo susceptibility mapping, the posterior part of 

AC in vivo is barely visible due to the strong paramagnetic source in that area (white 

arrowheads).
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FIGURE 4. 
Statistical comparison of susceptibility values in three ROIs among the DEMY, REMY, and 

CTRL group (n = 5). Significant differences between DEMY and CTRL group, between 

REMY group and CTRL group were observed in CC and AC regions both in vivo (a) and ex 

vivo (b). No significant difference was observed among these three groups in HC area.
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FIGURE 5. 
Comparison of FA maps in two representative slices among DEMY (a, d), REMY (b, e), and 

CTRL (c, f) group. The differences in the CC (white arrows in a-c), HC (arrow heads), and 

AC (white arrows in d-f) are visually less obvious compared to QSM in Fig 4.
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FIGURE 6. 
Sensitivity of MRI parameters to demyelination process of cuprizone administration. 

Susceptibility values showed higher variations than DTI metrics for ex vivo studies.
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FIGURE 7. 
In vivo and ex vivo voxel-based analysis of susceptibility values in corpus callosum (CC), 

external capsule (EC), and cortex (CX) regions. CC structure was separated into genu 

(gCC), body/isthmus (iCC), and splenium (sCC) regions, respectively. Compared to CTRL 

group, the susceptibility values of DEMY group increase significantly in CC, EC (red 

arrows), and CX (blue arrows) areas. The variations are largely eliminated in REMY group, 

however, the significant susceptibility difference can still be resolved in these regions 

between REMY and CTRL. Note the CX susceptibility variation is shown in ex vivo results 

(h), but it’s not shown in in vivo results. The color scale indicates t value of contrast with the 

significant level was set up as p = 0.05 with Family-wise (FWE) correction.
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FIGURE 8. 
In vivo and ex vivo regional susceptibility heterogeneity in AC region. Anterior commissure 

was divided into three zones: anterior part of AC (AAC), intermediate part of AC (IAC), and 

posterior part of AC (PAC). Susceptibility value of DEMY group was always lower than that 

of CTRL group. Susceptibility value of REMY group was always lower than that of CTRL 

group in AAC region, while there was no significant difference at PAC region. The color 

scale indicates t value of contrast with the significant level was set up as p = 0.05 with 

Family-wise (FWE) correction.
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FIGURE 9. 
A representative set of susceptibility maps detailing anterior commissure region (black 

arrows) of both DEMY and REMY mice, with (a, c) and without (b, d) contrast agent 

administration. White-gray matter susceptibility contrast is largely enhanced after Gd 

administration. However, the susceptibility variation shows similar change regardless of the 

contrast agent.
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FIGURE 10. 
Examples of histological slices among CTRL, DEMY, and REMY group: LFB stained slices 

under light microscopy (left panels in a-f) and corresponding PPB contrast (right panels in a-

f). Enlarged images in CC, CX and EC regions demonstrate 9 weeks recovery is not enough 

to return to the normal level. Enlarged images in AAC and IAC demonstrated the 

intraregional demyelination variation in AC region.

Wang et al. Page 24

J Magn Reson Imaging. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wang et al. Page 25

Table 1

In vivo and ex vivo susceptibility values (ppb; mean ± SD) of brain regions in DEMY, REMY, and CTRL 

group.

Groups CC HC AC

DEMY −0.7±1.1 −19.1±3.9
a −5.1±0.9

In-Vivo REMY −5.7±0.7 −19.3±3.3
a −10.1±0.8

CTRL −11.7±0.5 −19.8±2.6
a −13.7±1.0

DEMY 7.4±2.8 −50.1±3.1
b −15.8±4.9

Ex-Vivo REMY −12.7±4.4 −49.6±5.5
b −30.9±7.4

CTRL −25.4±3.0 −52.3±3.2
b −41.6±4.9

a
These three sets of the in vivo susceptibility values (DEMY, REMY, and CTRL) have no significant difference (p > 0.05).

b
These three sets of the ex vivo susceptibility values (DEMY, REMY, and CTRL) have no significant difference (p > 0.05).
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Table 2

In vivo and ex vivo susceptibility values (ppb; mean ± SD) of CC and AC sub-regions in DEMY, REMY, and 

CTRL group.

CC AC

Groups MCC ICC LCC AAC IAC PAC

In Vivo DEMY 5.0±1.7 −2.2±1.6 −1.5±0.9 1.7±1.5 −6.2±2.6 -

REMY −1.7±1.8 −11.1±1.6 −6.3±0.6 −4.6±2.1 −7.8±2.8 -

CTRL −11.2±2.4 −13.8±2.3 −8.1±1.1 −7.3±1.5 −11.9±3.1 -

Ex Vivo DEMY 19.1±6.0 6.9±3.4 10.3±3.5 2.9±2.8 −31.1±3.4 −21.1±5.9

REMY −10.4±3.8 −19.6±6.6 −15.0±2.9 −28.7±1.5 −46.4±11.4
−29.3±4.7

a

CTRL −22.6±3.1 −28.9±2.9 −23.2±4.0 −44.9±0.7 −64.3±10.3
−30.0±5.4

a

a
These two sets of the susceptibility values (REMY and CTRL) have no significant difference (p > 0.05).

b
In vivo PAC values are not reported here since the PAC area could barely be differentiated probably due to the strong susceptibility source below 

the PAC area.
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