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ARTICLE INFO ABSTRACT

Keywords: Diffusion tensor imaging (DTI) has been shown to detect white matter degeneration in multiple sclerosis (MS), a
Cuprizone diet neurodegenerative autoimmune disease that presents with diffuse demyelination of the central nervous system.
Demyelination However, the utility of DTI in evaluating therapeutic remyelination has not yet been well-established. Here, we
Neurodegeneration assessed the ability of DTI to distinguish between remyelination and neuroprotection following estrogen receptor
iit:r)f;:otemon B ligand (Indazole chloride, IndCl) treatment, which has been previously shown to stimulate functional re-
Oligodendrocyte myelination, in the cuprizone (CPZ) diet mouse model of MS. Adult C57BL/6 J male and female mice received a

normal diet (control), demyelination-inducing CPZ diet (9wkDM), or CPZ diet followed by two weeks of a
normal diet (i.e., remyelination period) with either IndCl (RM + IndCl) or vehicle (RM + Veh) injections. We
evaluated tissue microstructure of the corpus callosum utilizing in vivo and ex vivo DTI and im-
munohistochemistry (IHC) for validation. Compared to control mice, the 9wWkDM group showed decreased
fractional anisotropy (FA), increased radial diffusivity (RD), and no changes in axial diffusivity (AD) both in vivo
and ex vivo. Meanwhile, RM + IndCl groups showed increased FA and decreased RD ex vivo compared to the
RM + Veh group, in accordance with the evidence of remyelination by IHC. In conclusion, the DTI technology
used in the present study can identify some changes in myelination and is a valuable translational tool for
evaluating MS pathophysiology and therapeutic efficacy.

1. Introduction longitudinal detection of lesions with abnormalities in T1 and T2 hy-
perintensities over time (McDonald et al., 2001). Although MS-related
pathology and MRI change can be seen anywhere in the CNS, conven-

tional MRI cannot differentiate lesions that are due to demyelination

Multiple sclerosis (MS) is an autoimmune, demyelinating, and
neurodegenerative disease of the central nervous system (CNS) that

affects about 2.3 million people worldwide (Browne et al., 2014)
(Thompson et al., 2018). Due to widespread demyelination and axonal
damage, MS patients exhibit a variety of symptoms, including problems
with vision due to optic neuritis, motor deficits, and cognitive dys-
function (Thompson et al., 2018). The gold standard for MS diagnosis is
magnetic resonance imaging (MRI). The criterion is based on

and/or axonal damage. Diffusion tensor imaging (DTI), however, has
revolutionized clinical neuroimaging by allowing for the detection of
demyelination and axonal pathology earlier and with greater specificity
than conventional MRI (Song et al., 2003). DTI examines water diffu-
sion within the white matter tissue (i.e., the degree and direction of
water diffusion along multiple axes) through tensor-model based
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reconstruction. This method provides valuable information regarding
tissue microstructure, based on several metrics (Basser et al., 1994; Le
Bihan et al., 2001; Mori and Zhang, 2006). Fractional anisotropy (FA)
represents the asymmetry or directionality of water diffusion (FA =1,
anisotropic diffusion; FA = 0, isotropic diffusion), while mean diffu-
sivity (MD) examines the average magnitude of water diffusion within a
voxel. Other metrics include axial diffusivity (AD, A;), which reflects
water diffusion along the axon and measures axon integrity, whereas
radial diffusivity (RD, A,) reflects water diffusion perpendicular to
axons, thereby measuring myelin integrity. With such metrics, DTI has
been effectively used to quantify demyelination and axonal loss in MS
patients (Elshafey et al., 2014; Hesseltine et al., 2006; Klawiter et al.,
2011; Ontaneda et al., 2014).

Current MS drugs, including interferon f, glatiramer acetate, and
fingolimod, are immunomodulatory and do not directly stimulate re-
myelination or confer neuroprotection (Lopez-Diego and Weiner, 2008;
Thompson et al.,, 2018). Effective treatment options to initiate re-
myelination and prevent neurodegeneration are needed, as MS displays
characteristics of a classical neurodegenerative disorder with damage to
axons, synapses, and nerve cell bodies, along with rampant demyeli-
nation. The therapeutic efficacy of new MS treatments is usually tested
in MS mouse models such as the experimental autoimmune en-
cephalomyelitis (EAE) model, which incorporates key pathological
components of MS (Baxter, 2007; Lucchinetti et al., 2000; Mangiardi
et al., 2011). However, the chronic cuprizone diet (CPZ) mouse model
has been shown to be better suited for studying the progressive stage of
MS with demyelination, axon damage, astrogliosis, and microglial ac-
tivation (Kipp et al., 2009; Lapato et al., 2017; Matsushima and Morell,
2001; Moore et al., 2014). Further, this model is advantageous when
evaluating disease progression and therapies that target such degen-
eration given its consistent demyelination in structures such as the
corpus callosum (CC) and superior cerebellar peduncles (Kipp et al.,
2009; Matsushima and Morell, 2001). Cuprizone diet for 6 weeks is
sufficient for substantial demyelination. However, this timepoint de-
monstrates some variability resulting from an extensive attempt to re-
myelinate the CNS, which starts early, even before cuprizone exposure
terminates, confounding interpretation and drug-induced remyelina-
tion (Kipp et al., 2009; Matsushima and Morell, 2001). Thus, while
cuprizone intoxication is inducing demyelination, oligodendrocyte
progenitor cells (OPCs) are proliferating and differentiating to re-
myelinate axons during the 4-6 week cuprizone diet. By 9 weeks of
cuprizone diet, there is near complete demyelination in the cortex,
hippocampus, and CC and is an appropriate period to switch to normal
diet to obtain clear axon remyelination for comparison with and
without remyelinating drugs (Lapato et al., 2017; Moore et al., 2014).

Recently, estrogens have been evaluated for MS therapy due to their
ability to stimulate myelination with neuroprotective benefits (Karim
et al., 2018; Karim et al., 2019; Kumar et al., 2013; Moore et al., 2014;
Offner et al., 2000; Sicotte et al., 2002; Tiwari-Woodruff et al., 2007).
Due to estrogen receptor (ER) a-mediated feminization as well as in-
creased risks of breast and uterine cancer, ER(} agonists have been
considered more desirable therapeutic candidates (Lindberg et al.,
2003). Ind-Cl is a unique, highly selective ERf ligand that induces ac-
celerated, functional remyelination in both EAE and CPZ mouse models
of MS(Karim et al., 2019; Khalaj et al., 2016; Moore et al., 2014). IndCl
not only improves clinical disease scores and rotarod performance but
also stimulates remyelination and neuroprotection in the chronic CPZ
model, with improvements in CC axon conduction (Karim et al., 2019;
Moore et al., 2014).

While progress has been made in the development of novel thera-
pies for MS, DTT's utility in evaluating therapeutic remyelination has
not been well-established yet could prove critical given DTI's potential
as a valuable tool for the research and development of novel re-
myelinating agents like IndCl. For longitudinal monitoring of MS pa-
thophysiology and potential therapeutic efficacy, in vivo DTI can be
utilized. In turn, ex vivo DTI provides improved imaging resolution for
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the detection of more subtle changes in white matter microstructure
due to longer acquisition times and elimination of in vivo brain pulsa-
tions and movement artifacts.

The goal of this study was to utilize in vivo and ex vivo DTI in
evaluating remyelination and neuroprotection following IndCl treat-
ment in the CPZ diet-induced demyelination/remyelination model of
MS. We hypothesized that DTI could adequately report CPZ-induced
demyelination along with axonal damage as well as IndCl-induced
therapeutic remyelination. This is the first study to evaluate the diag-
nostic potential of DTI with a remyelinating drug in an MS model. As
such, it will serve as a first step towards longitudinal DTI assessment of
white matter integrity in demyelinating MS models, which, combined
with molecular and histological techniques, will streamline the
screening process of therapeutic candidates and optimize the preclinical
evaluation of their therapeutic potentials.

2. Materials and methods
2.1. Animals

This study followed the protocols established by the American
Veterinary Medical Association in accordance with the National
Institutes of Health (NIH) and were approved by the Institutional
Animal Care and Use Committee (IACUC) at UCLA, Los Angeles and
UCR, Riverside. Eight-week-old C57BL/6 J female and male mice were
obtained from Jackson Laboratories and maintained in-house at the
animal facility. Animals were allowed to acclimate for one full week at
five per cage with standard light/dark cycles.

2.2. Treatment groups

Mice were assigned to two groups: normal diet (control; n = 13) and
0.2% cuprizone diet (CPZ) for nine weeks (9wkDM; n = 41) as pre-
viously described (Crawford et al., 2009; Lapato et al., 2017; Moore
et al., 2014). Twenty-seven of the 9wkDM mice were then switched to
two weeks of a normal diet and injected subcutaneously (s.c.) with
either vehicle (RM + Veh; n = 13) or IndCl (RM + IndCL; n = 14)
(Fig. 1A). Unless otherwise noted, all animals were included in all
methods and subsequent analysis. IndCl (synthesized in the J.A.K. la-
boratories) was dissolved in 10% ethanol +90% (vol/vol) Miglyol
812N (vehicle; Sasol) and administered at 5mg/kg body weight in a
volume of 0.1 ml/injection (De Angelis et al., 2005). Control groups
received s.c. vehicle injections.

2.3. In vivo DTI imaging

2.3.1. MRI acquisition

Mice were anesthetized with 4% isofluorane in oxygen flowing at
0.6L/min (control: n=7; 9wkDM: n=7; RM+ Veh: n=25;
RM + IndCl: n = 6). Individual mice were transferred to a purpose-
built cradle and secured using three-point immobilization of the head
with two ear bars and a tooth bar. The mouse cradle was placed in the
center of a 7 Tesla (T) spectrometer (Oxford Instr, Carteret, NJ, USA)
driven by a Bruker console running Paravision 5.1 (Billerica, MA USA).
Respiration was monitored remotely, and the temperature was home-
othermically controlled by forced air (SA11 Instr, Inc., USA). The S116
Bruker gradients (400 mT/m) were used in combination with a
birdcage transmit and an actively decoupled, receive-only, single-
channel surface coil to acquire the data. Following a multi-slice, gra-
dient-echo pilot scan to optimize positioning within the magnet, loca-
lized shimming was performed on the head to improve BO homo-
geneity. A standard, 4-shot, spin echo, echo planar imaging sequence
(38,000/23.3 ms repetition and echo time, respectively) was used to
acquire diffusion-weighted images with directionally-encoded gra-
dients applied along thirty different, even-spaced directions and with a
b value of 1000s/mm? using A=10ms and & = 4ms and one
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Fig. 1. Experimental design. (A) Eight-week-old male and female mice were fed either a normal diet (control; n = 13) or nine weeks of a 0.2% cuprizone (CPZ) diet
(9wkDM; n = 41). After nine weeks, 27 9wkDM mice were switched to a normal diet for two weeks and received daily injections of an estrogen receptor {3 ligand
IndCl (RM + IndCl; n = 14) or the vehicle (RM + Veh; n = 13). Brains were collected for immunohistochemistry (IHC) following in vivo diffusion tensor imaging
(DTI), which was performed at week eleven for the aforementioned groups and week nine for the control and 9wkDM groups. Another cohort of mice underwent ex
vivo DTI followed by IHC at weeks eleven and nine. (B) Regions were interrogated for fractional anisotropy values. Images at the antero-posterior level from Bregma
0.14/0.26 mm (anterior) and Bregma —2.92/3.08 mm (posterior) were utilized for tissue-level region analysis, chosen based on tract based spatial statistics (TBSS)
data. Ex vivo DTI primary diffusion vectors modulated by group average fractional anisotropy (FA) for control and 9wkDM groups are shown (red = medial-lateral
[X], green = dorsal-ventral [Y], blue = anterior-posterior [Z]). The following regions of interest (ROI) were analyzed: left CC (L-CC), center CC (C-CC), and right CC
(R-CC). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

additional image volume with a b value of 0s/mm? All images were
acquired with a 128-read and 128-phase-encoding matrix (X, Y direc-
tion respectively) within a 20mm? field-of-view and 20 X 14 1 mm
contiguous, coronal slices, resulting in an in-plane resolution of
156 X 156 ym and a 1000 um slice thickness. The number of averages
(NEX) was 1.

2.3.2. Data analysis

Data were fitted for parametric images of FA, RD, and AD using FSL
tools, (University of Oxford, UK). Spatial co-registration of the FA data
to a single common mouse brain was accomplished using affine trans-
formations and then applied to the other diffusivity indices.

2.4. Ex vivo DTI imaging

For ex vivo imaging, mice were deeply anesthetized by isoflurane
(Piramal Healthcare) inhalation and perfused transcardially with 1 x
PBS followed by 10% formalin (Thermo Fisher Scientific) with 10 mM
Prohance (a Gadolinium, Gd agent) (control: n = 6; 9WkDM: n = 8;
RM + Veh: n = 8; RM + IndCl: n = 8). While Gd is typically used to
enhance T1 imaging, here, it was used to increase brain structural
contrast during T2 weighted imaging. The perfused brains were pre-
served in PBS until they underwent DTI. High-resolution DTI imaging
was acquired ex vivo using a 9.4 T Bruker Advance Imager with gradient
amplitude of 720 mT/m (Experimental Imaging Centre, University of
Calgary, Calgary, Canada; Paravision 5.1; Bruker Biospin, Billerica,
MA). This higher field strength compared the 7 T used for in vivo ima-
ging allows for improved SNR (Alexander et al., 2007). The data were
collected using 128 x 128 matrix zero-filled to a final reconstruction of
256 X 256 matrix, with 15mm X 15mm field of view with
30 X 0.5 mm slices, 30 gradient directions, and 2 b-values (b = 0 and
b = 3000 s/mm?) with 5 b, images. Repetition time (TR)/echo time
(TE) was 8000 ms/35.66 ms and number of averages (NEX) was 4. The
larger b-value was used in the current experiments as it provides en-
hanced contrast particularly when using increased number of sampling
directions (Tournier et al., 2013).

2.4.1. Data analysis

All data were fitted for parametric images of FA, RD, and AD using
FSL tools, (University of Oxford, UK). Spatial co-registration of the FA
data to a single common mouse brain was accomplished using affine
transformations and then applied to the other diffusivity indices. Tract-
based statistical analysis was conducted as before (Harris et al., 2016)
with the exception that analysis was constrained to the CC, an area that
has been shown to be significantly affected in this model (Crawford

et al., 2009; Matsushima and Morell, 2001). All four experimental
groups were entered into the general linear model for statistical in-
ference of any effect between all groups, followed by posthoc testing
with multiple contrasts for difference to control at the cluster-corrected
level of P < .05 and z = 1.7 with a variance smoothing of 0.5 mm. A
region-of-interest approach was also used by placing regions within the
genu of the CC and the adjacent cingulum area (Fig. 1B). Regions were
interrogated for mean diffusivity values. Images at the antero-posterior
level from Bregma of 0.14/0.26 mm (anterior) and — 2.92/3.08 mm
(posterior) were utilized for tissue-level region analysis, chosen based
on TBSS data (Fig. 1B). In addition, the regional analysis was performed
using DTI parametric maps generated in the DSI studio in native space
(http://dsi-studio.labsolver.org). CC regions of interest (ROIs) were
manually segmented by blinded experimenters.

2.5. Immunohistochemistry

In vivo DTI, ex vivo DTI, and non-DTI brain tissues were used for
immunohistochemistry (IHC) analysis (control: n = 6; 9wkDM: n = 8;
RM + Veh: n = 8; RM + IndCl: n = 8). For ex vivo DTI imaging, brains
were rinsed with PBS after imaging to remove any remaining Prohance
and were then cryoprotected in 30% sucrose (EMD Millipore,
Darmstadt, Germany) for 48 h and embedded in gelatin for sectioning.
In vivo DTI and non-DTI tissue were perfused transcardially with 1 x
PBS followed by 10% formalin (Thermo Fisher Scientific) and were then
cryoprotected in 30% sucrose (EMD Millipore, Darmstadt, Germany)
for 48 h and embedded in gelatin for sectioning. Embedded brains were
cut into 40pm coronal sections using a HM525 NX cryostat
(ThermoFisher Scientific). Sections were cut serially and stored in PBS
with 1% sodium azide at 4 °C until stained. For IHC analysis, brain
sections were permeabilized with 0.3% Triton X-100 in PBS and 15%
normal goat serum (NGS). The following primary antibodies were used:
chicken anti-myelin basic protein (MBP; AB9348, polyclonal, EMD
Millipore, Darmstadt, Germany), mouse anti-neurofilament H non-
phosphorylated (SMI-32; NE1023, monoclonal, EMD, Darmstadt,
Germany), mouse anti-neurofilament M (NF-M; MAB1621, monoclonal,
EMD Millipore, Darmstadt, Germany), chicken anti-glial fibrillary
acidic protein (GFAP; AB5541, EMD Millipore, Darmstadt, Germany),
myelin oligodendrocyte glycoprotein (MOG; MAB5680), and rabbit
anti-Ibal (Iba-1; 019-19,741, polyclonal, Wako). Secondary staining
was performed using polyclonal fluorophore-conjugated antibodies:
goat anti-chicken Alexa Fluor® 647 (Thermo Fisher Scientific), goat
anti-mouse IgG Cy3 (EMD Millipore), goat anti-rabbit (Thermo Fisher
Scientific), and goat anti-mouse IgG Cy3 (Life Technologies). Nuclei
were counter stained with 4’, 6-Diamidino- 2-phenylindole (DAPI, 2 ng/
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ml; Molecular Probes) for 10 min after incubation with secondary an-
tibodies. Sections were mounted on glass slides, allowed to dry, and
coverslipped with Fluoromount G mounting medium (ThermoFisher
Scientific) for imaging.

2.6. Quantification and microscopy

Imaging was performed with an Olympus BX61 confocal microscope
(Olympus America Inc., Center Valley, PA) and montages and z-stack
projections were performed using CellSens and SlideBook6, respec-
tively as previously described (Karim et al., 2019). The Olympus BX61
used spinning disk DSU-D4 with a slit width of 38 um and slit spacing
400 pm. The pixel size of the Hamamatsu R2 was 6.45 pm pixels, Airy
Disk was 0.28 um with Nyquist sampling of 2.3. 10 x, 20 X, and 40 X
objectives were used with step sizes 2.99 ym, 1.00 um, and 0.740 um
with binning 1 and z stack between 20 and 30 um. Counts and analysis
of the center CC were performed blinded using ImageJ (NIH, Bethesda,
MD). Stained sections from Bregma 0.14/0.26 mm (anterior sections)
and — 2.92/3.08 mm (posterior sections) were chosen for 2-dimen-
sional structural tensor analysis (Fig. 1). A plugin for ImageJ was uti-
lized for characterization of the orientation and isotropic properties of
SMI-32-stained axons and MBP-stained myelin in CC ROIs. Orientation
J (Ori J; http://bigwww.epfl/ch/demo/orientation/; (Piispoki et al.,
2016)), coherency values describing how coherently the appropriate
stained pixels are orientated were obtained through quantitative or-
ientation measurement by experimenters blinded to group assignment.

2.7. Statistical analysis

All statistics were performed using Prism 6 software (GraphPad
Software, La Jolla, CA). DTI and immunohistochemistry data were
analyzed by 2-tailed unpaired t-tests with Welch's correction comparing
Control vs. 9wkDM and RM + Veh vs. RM + IndCl. Data are presented
as mean *= SEM. Differences were considered significant at * p < .05,
**p < .01, ***p < .001, **** p < .0001.

3. Results

3.1. Attempted in vivo quantitative DTI measures do not adequately reflect
demyelination and remyelination

The initial goal of this study was to evaluate brain demyelination
and remyelination in a mouse model of MS by in vivo DTI. Sex- and age-
matched C57Bl/6 J mice were placed on a 0.2% CPZ diet for nine weeks
to induce chronic demyelination (9wkDM). After nine weeks on a CPZ
diet, a subset of these mice were switched to a normal diet for two
weeks to induce remyelination and, concurrently, injected with a
known functionally remyelinating ER( ligand IndCl (RM + IndCl) or
the vehicle (RM + Veh) (Fig. 1A) (Moore et al., 2014). Because the CC
is a major white matter tract that undergoes extensive demyelination
during nine weeks on a CPZ diet, focused analysis of this commissural
white matter tract of the left CC, center CC, and right CC was performed
(Fig. 1B).

FA is a coefficient that reflects the magnitude and orientation of
anisotropic water diffusion and is highly sensitive to white matter mi-
crostructural integrity (Feldman et al., 2010). Representative group
average maps for FA in control and 9wkDM groups are shown in
Fig. 2A. Changes in vector colour intensity in regions such as the CC and
cingulum were observed qualitatively between the groups as indicated
by white arrows. ROIs for left CC, center CC and right CC (Fig. 2B) were
drawn manually and analyzed. Two-tailed, unpaired t-test with Welch's
correction statistics were performed comparing control (n = 5) with
9wkDM (n = 6) and RM + Veh (n = 5) with RM + IndCl (n = 6). In
vivo FA was decreased in the center and right CC of the 9wkDM group as
compared to the control group (p = .25 left CC; p = .02 center CC;
p = .002 right CC). However, no difference was observed between the
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RM + Veh and RM + IndCl groups (p = .89 left CC; p = .82 center CC;
p = .60 right CC) (Fig. 2C). To further assess differences in demyeli-
nation and remyelination between the groups, RD and AD were mea-
sured in vivo. RD represents the diffusion perpendicular to the main
axial direction and is known to be altered in response to experimental
demyelination and dysmyelination (Alexander et al., 2007; Song et al.,
2002; Song et al., 2005). RD analysis showed an increase in the left and
right CC of the 9wkDM group compared to the control group (p = .03
left CC, p = .69 center CC, p = .03 right CC) (Fig. 2D). However, no
difference in RD was observed between the RM + IndCl and RM + Veh
groups (p = .83 left CC, p = .52 center CC, p = .51 right CC). AD is
defined as the mean diffusion coefficient of water molecules diffusing
parallel to the tract within the voxel (Song et al., 2003). Interestingly, in
vivo AD in the CC did not differ between the control and 9wkDM groups
or the RM + Veh and RM + IndCl groups (Fig. 2E) (control vs. 9wkDM:
p = .17 left CC, p = .52 center CC, p = .22 right CC; RM + Veh vs.
RM + IndCl: p = .66, p = .24, p = .44). Overall, in vivo DTI showed
minimal differences in demyelination between control and 9wkDM and
no differences between RM + Veh and RM + IndCL

3.2. Chronically demyelinated CC shows decreased fractional anisotropy
(FA) and mean diffusivity (MD) by tract-based spatial statistics (TBSS)

To enhance white matter resolution, ex vivo DTI was performed on a
separate cohort of animals (control: n = 6; 9wkDM: n = 8; RM + Veh:
n = 8; RM + IndCl: n = 8) (Fig. 3). Tract-based spatial statistics (TBSS)
of the CC comparing the 9wkDM and control groups revealed that some
CC regions in the 9wkDM group had lower FA (blue; Fig. 3A). This was
also apparent in three dimensional (3D) reconstructions of the TBSS
(Fig. 3B). FA revealed a decrease throughout the CC in the S9wkDM
compared to the control group (p = .0001). However, no difference in
FA TBSS was detected between the RM + Veh and RM + IndCl groups
(p = .53) (Fig. 3C). TBSS-based MD analysis showed increased MD (red)
in the 9WkDM group compared to the control group, indicating fewer
barriers and more isotropic diffusion (Fig. 3D). 3D projection of these
data illustrated that in the antero-lateral portion of the CC (red;
Fig. 3E). Indeed, there was an overall increase in MD in the 9wkDM
group compared to the control group throughout the CC (p = .002).
However, no difference was observed between the RM + Veh and
RM + IndCl groups (p = .21) (Fig. 3F). Overall, ex vivo DTI with TBSS
analyses demonstrates changes in FA and MD in the chronically de-
myelinated CC.

3.3. Ex vivo DTI reveals corpus callosal changes in chronically
demyelinated and IndCl-treated remyelinating groups

Since CPZ induces demyelination in distinct regions of the CC in a
rostral to caudal fashion (Schmidt et al., 2012; Steelman et al., 2011), it
is possible that remyelination events are differentially localized or
below the detection threshold. Thus, assessment of local CC regions was
performed by assigning ROIs (Fig. 4). Based on the results of Fig. 3, an
anterior section (Bregma 0.14/0.26 mm) and a posterior section
(Bregma —2.92/3.08 mm) were analyzed. The CC was analyzed by
tracing ex vivo ROIs for left CC, center CC, and right CC for anterior
sections and for left CC and right CC for posterior sections as shown in
Fig. 1B and Supplementary Fig. S1. In anterior sections, the FA was
reduced in the left, center, and right CC in the 9wkDM compared to the
control group (p < .0001 left CC, p = .02 center CC, p = .004 right
CC). In addition, the right CC FA was increased in the RM + IndCl
group compared to the RM + Veh group (p = .51 left CC, p = .30
center CC, p = .03 right CC) (Fig. 4A). The MD in these sections was not
different between the control and 9wkDM groups throughout the CC
(p = .96 left CC, p = .33 center CC, p = .98 right CC); however, the MD
in the left CC of the RM + IndCl group was reduced compared to the
RM + Veh group (p = .005 left CC; p = .09 center CC, p = .08 right CC)
(Fig. 4B). No difference in FA (p = .05 left CC, p = .20 right CC)
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(Fig. 4C) or MD (Fig. 4D) was observed in the posterior section of
9wkDM and control groups (p = .36 left CC, p = .13 right CC). How-
ever, the left CC MD of the RM + IndCl group was decreased relative to
the RM + Veh group (p = .01 left CC, p = .22 right CC). Because fur-
ther imaging of posterior sections revealed fewer differences (Supple-
mentary Fig. S1), we chose to focus the remainder of our study on the
anterior sections for ex vivo DTIL.

3.4. IndCl treatment during the remyelination phase does not affect radial
diffusivity (RD)

To further delineate microstructural myelin changes indicated by
the FA, we assessed RD (Fig. 5). Ex vivo TBSS for RD showed an increase
in the 9wkDM group compared to the control group (red; Fig. 5A).

0
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Fig. 2. In vivo DTI detects chronic CPZ-induced de-
myelination but not IndCl-induced remyelination.
(A) In vivo primary diffusion vectors modulated by
group average fractional anisotropy (FA) for control
and 9wkDM groups (anterior to posterior sections
from left to right, red = medial-lateral [X],
green = dorsal-ventral [Y], blue = anterior-pos-
terior [Z]). Diffusion data were warped to an ana-
tomical template and used to calculate group
averages. White arrows indicate areas that differ in
FA between control and 9wkDM groups. (B) In vivo
regions of interest for C-CC, L-CC, and R-CC were
analyzed. (C) FA was decreased in the C- and R-CC
of the 9wWkDM compared to the control group. No
differences in FA were detected between RM + Veh
and RM + IndCl groups. (D) Radial diffusivity (RD)
was increased in 9wkDM compared to the control
groups in the L- and R-CC, while no differences in RD
were observed between the RM + IndCl and
RM + Veh groups. (E) No differences in axial diffu-
sivity (AD) were observed between the control and
9wkDM groups, or between the RM + Veh and
RM + IndCl groups. Control: n = 8; 9wkDM: n = 6;
RM + Veh: n = 5; RM + IndCl: n = 6. Data are re-
presented as mean = SEM. *p < .05, **p < .01.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

in vivo AD

Statistical summary of RD TBSS revealed an increase throughout the CC
of the 9wkDM group compared to the control group (Fig. 5B). In con-
trast, RD quantification in the anterior section showed no difference in
any region of the CC between the 9wkDM and control groups (p = .37
left CC, p = .19 center CC, p = .43 right CC) (Fig. 5C). However, there
was a decrease in ex vivo RD in the RM + IndCl group in the left and
right CC compared to the RM + Veh group (p = .03 left CC, p = .39
center CC, p = .04 right CC).

3.5. IndCl treatment during the remyelination phase potentiates
remyelination

Based on the anterior and posterior ex vivo DTI results, IHC was
performed to understand and compare DTI results to CPZ-induced

. o0

Fig. 3. Chronic CPZ diet results in reduced ex vivo fractional anisotropy (FA), with no detectable difference between vehicle and IndCl-treated remyelination (RM)
groups. (A) Tract-based spatial statistics (TBSS) of the CC comparing the control and 9wkDM groups (green: white matter skeleton; blue: significant decrease). (B)
Three-dimensional projection of a mouse brain (purple: a significant decrease in the 9wkDM group compared to the control group). (C) FA was decreased throughout
the CC of the 9wkDM group compared to the control group. (D) Mean diffusivity (MD) TBSS (um?/ms) within CC comparing the 9wkDM and control groups (green:
white matter skeleton; red: significant increase). (E) Three-dimensional projection of a mouse brain (red: a significant increase in the 9wkDM group compared to the
control group). (F) MD was increased in the 9wkDM group compared to the control group. Control: n = 6; 9WkDM: n = 8; RM + Veh: n = 8; RM + IndCl: n = 8. Data

are represented as mean = SEM. **p < .01, ***p < .001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. Ex vivo DTI reveals differences in corpus callosal (CC) fractional ani-
sotropy (FA) and mean diffusivity (MD) of chronic CPZ versus control groups,
and IndCl versus vehicle-treated remyelination (RM) groups. (A) FA in anterior
sections was decreased in the L-CC, C-CC, and R-CC of the 9wkDM group
compared to the control group. In addition, FA was increased in the R-CC of the
RM + IndCl group compared to the RM + Veh group. (B) MD did not differ
between the control and 9wkDM groups throughout the CC but was decreased
in the L-CC of the RM + IndCl group compared to the RM + Veh group. (C) No
differences in FA were detected in the posterior CC of the 9wkDM group
compared to the control group, or between the RM + Veh and RM + IndCl
groups. (D) No differences were observed in the MD in posterior CC between the
control and 9wkDM groups. MD was decreased in the L-CC of the RM + IndCl
group compared to the RM + Veh group. Control: n = 6; 9WkDM: n = 8;
RM + Veh: n = 8; RM + IndCl: n = 8. Data are represented as mean * SEM.
*p < .05, **p < .01, ****p < .0001.
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Fig. 5. IndCl-treated remyelination group decreases ex vivo corpus callosal (CC)
radial diffusivity (RD) compared to the vehicle-treated group. (A) Tract-based
spatial statistics (TBSS) of the CC comparing the control and 9wkDM groups for
RD (green: white matter skeleton; red: significant increase). (B) RD was in-
creased throughout the CC of the 9wkDM group compared to the control group.
(C) Ex vivo RD in anterior sections had no differences detected between control
and 9wkDM. RD was decreased in the RM + IndCl group compared to the
RM + Veh group in the left and right CC. Control: n = 6; 9WkDM: n = 8;
RM + Veh: n = 8; RM + IndCl: n = 8. Data are represented as mean *+ SEM.
*p < .05, ***p < .001. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

demyelination followed by normal diet-induced remyelination effects.
IHC was performed at the level of the dorsal hippocampus between the
anterior and posterior DTI Bregmas (Fig. 6). To visualize changes in
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myelin, montages displaying myelin basic protein (MBP; green) and
DAPI (blue) were imaged with staining intensity analyzed. MBP in-
tensity was decreased in the 9wkDM group compared to the control
group, with a dramatic increase in MBP expression in the RM + IndCl
group as compared to the RM + Veh group (Fig. 6A, B). The center CC
of the 9wkDM group showed a significant decrease in MBP intensity as
compared to the control group (control vs. 9wkDM: p < .0001,
Fig. 6C). There was, however, a significant increase in MBP intensity in
the RM + IndCl group compared to the RM + Veh group (RM + Veh vs.
RM + IndCl p < .0001, Fig. 6C). Similar changes were observed when
the levels of another myelin protein, myelin oligodendrocyte glyco-
protein (MOG) were measured (Supplementary Fig. S2). To further
delineate changes in myelin organization, MBP coherency was quanti-
fied in the CC of anterior brain sections (Fig. 6D). There was an increase
in MBP coherency (more coherently organized myelin) throughout the
CC of the 9wkDM group compared to the control group (control vs
9wkDM: p = .0004 left CC, p = .001 center CC, p < .0001 right CC). In
addition, an increase in coherency was observed in the RM + IndCl
group in the left CC compared to the RM + Veh group (RM + Veh vs
RM + IndCl: p = .04 left CC, p = .17 center CC, p = .14 right CC).
Overall, while IndCl treatment increased myelination by IHC analysis
(similar to published results (Moore et al., 2014)), DTI analysis de-
monstrated mixed results.

3.6. IndCl treatment during the remyelination phase minimally affects AD

Next, we assessed axonal integrity with AD (Fig. 7). Ex vivo TBSS
assessed in the CC showed qualitative increases in AD between the
9wkDM and control groups (the red representing regions; Fig. 7A).
Quantification of images across the CC showed an increase in AD TBSS
in the 9wkDM group compared to the control group (p = .03) (Fig. 7B).
However, there was no difference between the RM + Veh and
RM + IndClI groups (p = .20). In contrast to the AD TBSS data, ex vivo
analysis in the anterior sections displayed no significant differences
between the 9wkDM and control groups (p = .27 left CC, p = .76 center
CC, p = .41 right CC). There was an overall increase in ex vivo AD in the
remyelinating groups. However, there was a decrease in AD in the
RM + IndCl group compared to the RM + Veh group in the left and
center CC (p =.003 left CC, p = .04 center CC, p = .51 right CC)
(Fig. 7C).

3.7. IndCl treatment during the remyelination phase decreases NF-M +
intensity

Changes in AD are associated with axonal damage and loss. To as-
sess whether the few changes in AD correlated with pathology, brain
sections were immunostained for SMI-32. An increase in non-phos-
phorylated neurofilament reactivity is seen during demyelination as
myelin is stripped, exposing denuded axons. SMI-32 intensity was
quantified in the center CC as indicated on a coronal brain section
montage immunostained with SMI-32 and DAPI (Fig. 8A). Re-
presentative 20 X images for SMI-32 in the center CC are displayed in
Fig. 8B. SMI-32 analysis showed increased SMI-32 expression in the
9wkDM group compared to the control group (p < .003) (Fig. 8C). In
addition, the RM + IndCl group showed decreased SMI-32 expression
compared to the RM + Veh group (p < .03) (Fig. 8C). Changes in axon
pathology with demyelination and remyelination were also confirmed
by neurofilament M (NF-M) intensity analysis, an additional marker for
axon damage (Supplementary Fig. S3).

Astrogliosis (glial fibrillary acidic protein; GFAP) and microglial
activation (Iba-1) immunostaining were also performed to assess the
extent of inflammation and glia activation. Similar to previous results
(Moore et al., 2014), there was an increase in GFAP and Iba-1 im-
munoreactivity in the CC of the 9wkDM group compared to the control
group (Supplementary Fig. S4). Remyelination did not modify GFAP
and Iba-1 levels, and these were similar to the 9wkDM group levels.
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Fig. 7. IndCl-treated remyelination group decreases ex vivo axial diffusivity
(AD). (A) Tract-based spatial statistics (TBSS) of the CC comparing the control
and 9wkDM groups for AD (green: white matter skeleton; red: significant in-
crease). (B) AD was increased throughout the CC of the 9wkDM group com-
pared to the control group. (C) Ex vivo AD in anterior sections showed no dif-
ference between the control group and 9wkDM group. AD was decreased in the
RM + IndCl group compared to the RM + Veh group. Control: n = 6; 9wkDM:
n=8 RM+ Veh: n=8; RM+ IndCl: n=28. Data are represented as
mean *+ SEM. *p < .05. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

In summary, Table 1 summarizes the DTI and IHC results. Overall,
aspects of DTI were representative of demyelination and remyelination
pathology; however, DTI may not purely report all aspects of the his-
tologically observed pathology.

4. Discussion

Mouse models are often used to model human white matter disease;
however, rodents possess significantly less white matter than humans,
so assessing disease progression in rodents using MR imaging can be
difficult in the context of myelination (Zhang and Sejnowski, 2000).
Out of the various MS mouse models, the CPZ model provides reliable
and reproducible white matter pathology (Mangiardi et al., 2011;
Matsushima and Morell, 2001; Praet et al., 2014). The reproducibility
of the CPZ model makes it well suited for studying mechanisms of
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Fig. 6. IndCl-treated remyelination group increases
myelination. (A) 10X montages displaying coronal
sections of myelin basic protein (MBP; green) + 4/,6-
diamidino-2-phenylindole (DAPI; blue). Representative
montage of 9wkDM brain section shows a decrease in
MBP staining intensity as compared to the control
group. Whereas, RM + IndCl brain section shows an
increase in staining intensity as compared to RM + Veh
brain section. (B—C) Representative 10 X images from
the center CC from different groups immunostained
with MBP show a similar result as in (A) and were used
to quantify MBP intensity (scale bar = 50 um) shown in
(C). (D) Analysis of MBP Orientation J (Ori J) in the L-,
C-, and R-CC revealed an increase in the anterior sec-
tions of the 9wWkDM group compared to the control
group in the entire CC. However, the RM + IndCl group
had an increase in MBP Ori J coherency compared to
the RM + Veh group only in the left CC. Control: n = 6;
9wWkDM: n = 8; RM + Veh: n = 8; RM + IndCl: n = 8.
Data are represented as mean + SEM. *p < .05,
**p < .01, ****p < .0001. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of this article.)

*kkk

C-CC R-CC

demyelination and remyelination in the brain (Song et al., 2005; Xie
et al., 2010; Yano et al., 2017), and for testing therapeutic treatments
focused on improving axonal health and myelination.

In the present study, we included groups of mice that underwent
CPZ-diet-induced chronic demyelination, followed by remyelination
(initiated by switching to a normal diet) in the absence or presence of a
known functionally remyelinating drug, IndCl. IndCl is a small, potent
ERP agonist with a 100:1 affinity for ERp over ERa (De Angelis et al.,
2005). IndCl has been previously shown to stimulate functional re-
myelination and neuroprotection by elevating neurotrophic factors and
promoting oligodendrocyte survival and myelination through the PI3K/
Akt/mTOR pathway (Moore et al., 2014; Saijo et al., 2011). Further-
more, IndCl decreases pro-inflammatory IFNy levels while enhancing
chemokine CXCL1 levels, which can also potentially indirectly increase
myelination (Karim et al., 2018; Karim et al., 2019).

The control, demyelinating (9wkCPZ) and remyelinating groups
(9WkCPZ + 2wkND with vehicle or IndCl) were assessed by in vivo DTI,
ex vivo DTI, and IHC to monitor changes in axon and myelin pathology
(Karim et al., 2018; Moore et al., 2014). Here, for the first time, using
DTI image analysis as an outcome, we were able to discriminate drug-
induced remyelination changes.

Past published studies have shown conflicting data with in vivo DTI
during demyelination. An increase in RD and a decrease in FA was
observed in one study using 4wk CPZ diet (Yano et al., 2017), whereas a
decrease in FA and no apparent change in RD was observed in another
study using 6wk CPZ diet (Zhang et al., 2012). In our present study, in
vivo DTI study showed a significant reduction in callosal FA during CPZ
demyelination with no change in RD, which is in congruence with
Zhang et al. (Zhang et al., 2012). However, in our hands, in vivo DTI
analysis failed to detect white matter microstructural alteration fol-
lowing normal diet-induced remyelination in the presence of IndCl
treatment. No difference in FA or RD between RM + Veh and
RM + IndCl was observed. This lack of difference could be due to in-
complete remyelination after chronic CPZ diet, producing thinner
myelin that evaded DTI changes (Duncan et al., 2017; Moore et al.,
2014).

Since changes were apparent with in vivo DTI between control and
9wkDM groups, but not between the RM + Veh and RM + IndCl
groups, ex vivo DTI was initiated to further assess demyelination and
remyelination differences in an additional experiment. Our ex vivo TBSS
data detected similar decreases to in vivo FA in the CC, as well as sig-
nificant increases in MD in the 9wkDM group compared to the control
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Fig. 8. IndCl-treated remyelination group decreases non-phosphorylated neurofilament (SMI-32 +) expression. (A) 10 x montages displaying SMI-32 (red), a marker
for axon damage, + 4’,6-diamidino-2-phenylindole (DAPI; blue). The box represents 40 X region where axon damage was imaged and analyzed in theC-CC. (B) 10 x
images for SMI-32 (red) + DAPI (blue). Scale bar = 50 um. (C) The 9wkDM group has more SMI-32 expression compared to the control group in the center CC. In
addition, the RM + IndCl group had decreased SMI-32 expression compared to the RM + Veh group. Control: n = 6; 9WkDM: n = 8; RM + Veh: n = 8; RM + IndCl:
n = 8. Data are represented as mean *= SEM. *p < .05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

Table 1
Summary of results.

Variables 9wkDM vs normal RM + IndCl vs RM + Veh
FA RD AD FA RD AD
L C R L C R L C L C R L C R L C R
MRI
In vivo - | | T - T - - - - - - - - - - -
Ex vivo ) ) I - - - - - - - i ) - 1 ) 1 -
TBSS | 1 i - - -
IHC MBP SMI-32 MBP SMI-32
1 1 i )
Note. 2-Tailed unpaired t-tests with Welch's correction. 1 = significant increase, | = significant decrease, — = no significant changes.

group. However, no significant changes in RD were observed even with
ex vivo DTI. Previous studies exhibited that the rostral CC is less sus-
ceptible to pathological changes in chronic CPZ compared to the middle
and caudal CC, which is why we analyzed the caudal CC (anterior
Bregma) by IHC (Steelman et al., 2011; Wu et al., 2008; Xie et al.,
2010). Our 9wkDM group showed demyelination, axon damage, as-
trogliosis, and microglial activation similar to previous studies (Varga
et al., 2018). In addition, we observed a significant increase in coher-
ency in MBP, indicating that MBP stained myelin was more coherently
organized. Such results may reflect the altered organization of myelin
due to the initial loss of myelin in the chronic demyelinated white
matter. However, we saw no significant changes in SMI-32 coherency,
which we interpret as surviving axons maintaining a similar orientation
following demyelination.

Examination of specific CC regions in the remyelinating groups
chosen based on ex vivo DTI TBSS data identified significant changes in
FA and MD following RM + IndCl treatment as compared to RM + Veh
alone. Such results signify not only that remyelination by IndCl was
effective in altering white matter microstructure following experi-
mental MS, but that only ex vivo data specific to the anterior regions of
CC could detect these remyelination effects. Similar to previous results
(Karim et al., 2019; Moore et al., 2014), the RM + IndCl group in-
creased myelination and alleviated axon damage.

In essence, our study is one of the first to use DTI as a biomarker to
evaluate CPZ-induced demyelination and remyelination with IndCl, an
effective preclinical drug candidate. In the present ex vivo study, IndCl-
treated mice showed a significant increase in FA compared to vehicle-
treated mice. This result is expected due to increased anisotropy within

the white matter voxels due to IndCl treatment-related stimulation of
both remyelination and neuroprotection. These results also are in
congruence with the significant decrease in RD observed ex vivo be-
tween the RM + IndCl and RM + Veh groups. However, the significant
decrease in AD in the RM + IndCl group compared to the RM + Veh
group was unexpected, because, as observed by IHC, IndCl decreased
axon damage. However, it is important to note that DTI metrics do not
match a single, specific physiological component. In fact, changes in
axonal diameter, myelin distribution, axonal organization, intracellular
compartments, and extracellular space can all contribute to changes in
AD and overall DTI results (Thiessen et al., 2013; Yano et al., 2017;
Zhang et al., 2012). Chronic demyelination changes are visible by in
vivo and ex vivo DTI, but remyelination (induced with 3 week of normal
diet) in the absence or presence of IndCl treatment produces thinner
myelin around axons (Moore et al., 2014) as compared to myelinated
axons in control mice. Thin myelin sheaths in the adult CNS is re-
cognized as a marker of remyelination (shadow plaques in MS tissue
(Popescu et al., 2013)) and the mechanism driving the incomplete re-
covery remains unknown (Duncan et al., 2017). More sophisticated DTI
measures using multi-shell sequence, alternative microstructure models
beyond diffusion tensor, and diffusion kurtosis-DK) may be useful in
teasing apart aspects of demyelination and remyelination. A recent
study demonstrated that DKI-derived metrics are indeed sensitive to
6 week CPZ induced demyelination and 3 week normal diet induced
spontaneous remyelination of cortical areas (but not CC), thus high-
lighting the potential of kurtosis for the detection of grey matter al-
terations (Guglielmetti et al., 2016). Recently, a study performed to
assess performance of DKI and DTI parameters in detecting
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microstructural changes and associated pathology in relapsing remit-
ting MS (RRMS) provided some interesting results. DTI-derived diffu-
sion parameters (FA, MD, and RD) detected abnormality in white
matter regions with coherent fiber arrangement; however, the kurtosis
parameters (mean kurtosis, MK, axial kurtosis, Ka, and radial kurtosis,
Kr) were able to discern abnormalities in white matter regions with
complex fibers (Li et al., 2018).

Diffusion scalars provide only a weighted mean of the pathology
observed by IHC. For example, there is extensive demyelination, in-
flammation, reactive astrocyte accumulation and axon damage in the
CC of 9wkDM mice as compared to controls that are not singularly
reflected in either of the AD, RD, and FA values for both in vivo and ex
vivo conditions. Furthermore, many factors can influence DTI outcomes
and introduce variability between measurements (in vivo vs. ex vivo). Ex
vivo images were acquired at a higher field strength at 9.4 T as com-
pared to in vivo acquisition at only 7 T. The higher b-values used for ex
vivo have been reported to be more sensitive towards slow-diffusing
intra-axonal and myelin bound water and thus more sensitive to mi-
crostructural alterations within the white matter (Yoshiura et al.,
2003). Several other reasons, such as changes in tissue temperature and
increased membrane permeability due to cell death and brain fixation
for the ex vivo samples, could contribute to variation between in vivo
and ex vivo results (Shepherd et al., 2009). Finally, the diffusion time
(A), which was adjusted to report optimal tissue diffusion in each
condition, may play a role in producing the differences between in vivo
and ex vivo data.

5. Conclusions

It is noteworthy that our FA values for the 9wkDM are similar to
previously published studies that had chronic demyelination both in
vivo and ex vivo (Chandran et al., 2012; Yano et al., 2017). In addition,
our values for AD and RD for chronic CPZ in vivo and ex vivo are similar
to previously published studies (Song et al., 2005; Thiessen et al., 2013;
Zhang et al., 2012). While AD was not significant between control and
9wkDM, previous studies also did not reveal changes in AD after
12 weeks of chronic CPZ (Song et al., 2005). Interestingly, we did not
see any significant changes in RD between 9wkDM and control. While
9weeks of CPZ is known to induce demyelination, this lack of sig-
nificant change in DTI could be due to the fact that ex vivo DTI data
analyzed was more rostral CC where different parts of CC show dif-
ferential demyelination patterns (Steelman et al., 2011; Xie et al.,
2010).

While DTI is a valuable technique with great potential to be used as
a biomarker, more advanced techniques may allow detection of more
subtle physiological changes. IHC provides greater resolution compared
to DTI, however, this technique cannot be used to measure patient's
disease progression. Other imaging methods such as Generalized g-
Sampling Imaging (GQI) and Diffusion Basis Spectrum Imaging (DBSI)
may be utilized in conjunction with DTI in order to enhance pathology
detection and therapeutic efficacy assessment (Yeh et al., 2010).
Combining diffusion and kurtosis parameters could provide com-
plementary information for revealing brain microstructural damage in
animal models of MS and MS patients, where DKI parameters may be
regarded as useful surrogate markers for reflecting pathological
changes beyond demyelination and axon damage (Guglielmetti et al.,
2016; Li et al., 2018). Emerging MS imaging studies are utilizing these
combined methods, demonstrating the potential of advanced diffusion-
weighted imaging methods in detecting and studying white matter
microstructure in MS, both clinically and experimentally.

6. Study limitations
A limitation of the current study is that different cohorts were used

for the in vivo and ex vivo studies. Although unlikely given the high
reproducibility of the CPZ model, variations in the extent of
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demyelination and remyelination may have occurred to skew in vivo
and ex vivo data. In addition, the contrast agent Gd was administered
during brain fixation for the ex vivo group. Gd is effective in enhancing
the T1 relaxation component of the overall MRI signal; however, its
effect on DTI metrics is currently unclear. Two clinical studies have
reported opposite effects on FA with Gd (Zolal et al., 2012). However, it
is important to note that both studies report small non-significant
changes in white matter FA, so the effects of contrast agent treatment
on DTI is thought to be minimal. Future multi-shell DTI experiments
should minimize many of these confounds as has been done in emerging
human MS studies (Schneider et al., 2017).
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