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Abstract

Non-invasive measures of well-known pathological hallmarks of multiple sclerosis (MS) such
as demyelination, inflammation and axonal injury would serve as useful markers to monitor
disease progression and evaluate potential therapies. To this end, in vivo localized proton
magnetic resonance spectroscopy ('"H-MRS) provides a powerful means to monitor metabolic
changes in the brain and may be sensitive to these pathological hallmarks. In our study, we
used the cuprizone mouse model to study pathological features of MS, such as inflammation,
de- and remyelination, in a highly reproducible manner. C57BL/6J mice were challenged with
a 0.2% cuprizone diet for 6-weeks to induce demyelination, thereafter the mice were put on a
cuprizone free diet for another 6 weeks to induce spontaneous remyelination. We employed in
vivo '"H-MRS to longitudinally monitor metabolic changes in the corpus callosum of cuprizone-
fed mice during the demyelination (weeks 4 and 6) and spontaneous remyelination (week 12)
phases. The MRS spectra were quantified with LCModel and since the total creatine (tCr)
levels did not change over time or between groups, metabolite concentrations were expressed

as ratios relative to tCr. After 4 and 6 weeks of cuprizone treatment a significant increase in



taurine/tCr and a significant reduction in total N-acetylaspartate/tCr, total choline-containing
compounds/tCr and glutamate/tCr could be observed compared to mice under normal diet. At
week 12, when almost full remyelination was established, no statistically significant metabolic
differences were present between the control and cuprizone group. Our results suggest that
these metabolic changes may represent sensitive markers for cuprizone induced demyelination,
axonal injury and inflammation. To the best of our knowledge, this is the first longitudinal in
vivo '"H-MRS study that monitored biochemical changes in the corpus callosum of cuprizone

fed mice.

Abbreviations: 'H-MRS, proton magnetic resonance

spectroscopy;Cho, choline; CNS, central nervous system; CPZ, cuprizone; GABA, y-
aminobutyric acid; CNS, central nervous system; f_,, volume fraction of cerebrospinal

fluid; f,,, volume fraction of gray matter; f,,, volume fraction of white

matter; Glc, glucose; Glu, glutamate; Gln, glutamine; Glx, Glu + GIn;GSH, glutathione; GPC
, glycerophosphorylcholine; Lip, lipid; LSD, least significant difference; mlns, myo-
inositol; MS, multiple sclerosis; MR, magnetic resonance; MRI, magnetic resonance
imaging; NAA, N-acetylaspartate; NAAG, N-acetylaspartylglutmate; OPC, oligodendrocyte
progenitor cells;PCho, phosphorylcholine; PCr, phosphocreatine; OVS, outer volume
suppression;RARE, rapid acquisition and relaxation enhancement; sIns, scyllo-

inositol; Tau, taurine; tCho, total choline (GPC + Cho); tCr, total creatine; TE, echo

time;tNAA, NAA + NAAG; TR, repetition time; VOI, volume of interest

Keywords: Cuprizone mouse model; Proton magnetic resonance

spectroscopy;Longitudinal; Multiple sclerosis; Demyelination; Remyelination

Introduction

Multiple sclerosis (MS) is a chronic immune-mediated demyelinating disease of the
central nervous system (CNS) affecting about 2 million people worldwide (Denic et al., 2011).
The main neuropathological hallmarks of MS are focal demyelination, inflammation and
reversible axonal damage (Lucchinetti et al., 2005). Definite evidence of these hallmarks in
MS is mainly obtained frompost-mortem studies (Kolasinski et al., 2012; Lucchinetti et al.,
2000). However, the in vivo detection of these changes and their underlying mechanisms is
challenging. Magnetic resonance (MR) based techniques provide a non-invasive means to
investigate these features of MS pathology in vivo. Although conventional MR imaging (MRI)
techniques are sensitive to changes in myelin integrity, these techniques cannot discriminate
between inflammation, demyelination and axonal injury (Laule et al., 2007). Thus, to obtain a
better insight into the underlying pathology, and to evaluate the success of new therapeutic

strategies, there is an emergent need for specific and sensitive in vivo MR-based techniques.



To this end, localized proton magnetic resonance spectroscopy ('"H-MRS) serves as a
novel technique, which provides metabolic information on various aspects of in vivo
neurochemistry, including neuroaxonal integrity, gliosis and energy metabolism (De Stefano
et al., 2005; Duarte et al., 2012). For example, the amount of N-acetylaspartate (NAA)/total
Creatine (tCr) ratio has been proposed as a marker of neuroaxonal integrity (Choi et al., 2007;
De Stefano and Filippi, 2007). In addition, by measuring choline-containing metabolites and
taurine (Tau), 'H-MRS has provided information regarding membrane turnover and osmotic
stress respectively. Although 'H-MRS markers are valuable to gain a greater insight into the
disease progression, application of 'H-MRS is currently limited to clinical trials and
experimental studies (Supplementary Table S1) and rarely applied as a diagnostic tool (Filippi
et al., 2013). Moreover, the use of 'H-MRS in MS patients is limited by the heterogeneity
between MS patients and the inconvenience to histologically validate the pathology. In
contrast, animal models enable us to study pathological features of MS, such as demyelination,
remyelination and inflammation in a more reproducible manner. However, so far only few
animal studies focused on the detection of these pathological features using 'H-MRS
(Supplementary Table S2). Among these animal models, the CPZ mouse model is a well-
characterized model of MS. This model mimics the primary oligodendrogliopathy associated
demyelination as seen in type III/IV MS lesions (Denic et al., 2011; Lucchinetti et al., 2005).
CPZ fed mice present a well-established and reproducible spatiotemporal pattern of
inflammation, de- and remyelination in white matter tracts such as the corpus callosum. The
copper chelating properties of CPZ cause mitochondrial and metabolic stress to
oligodendrocytes, which eventually lead to oligodendrocyte loss and demyelination during the
first weeks of CPZ administration (Kipp et al., 2009;Skripuletz et al., 2011). The demyelination
in the corpus callosum is associated with a variety of factors such as gliosis and macrophages
(Gudi et al., 2009). During 6 weeks of CPZ treatment oligodendrocyte progenitor cells (OPC)
accumulate and start spontaneous remyelination, which is further continued when CPZ is
withdrawn from the diet at week 6 (Mason et al., 2000; Morell et al., 1998; Stidworthy et al.,
2003). This highly reproducible, distinct de- and remyelination of the corpus callosum makes
the CPZ-treated mice an ideal model to longitudinally monitor changes in the white matter
(Lindner et al., 2008; Matsushima, 2001). While much is known about CPZ-induced
demyelination, longitudinal in vivo biochemical fingerprinting of CPZ-induced demyelination
in the corpus callosum with 'H-MRS has not been attempted yet. In vivo metabolic changes
detected with '"H-MRS can provide better insight into some of the pathological features of MS

such as demyelination and remyelination.

The aim of this study was to: (1) obtain a metabolic fingerprint of the corpus callosum

of the CPZ-treated mice with in vivo 'H-MRS; (2) longitudinally follow, in vivo metabolic



changes in the corpus callosum of CPZ fed mice in order to get better insight into how dynamic
changes of several metabolites can reflect inflammation, neuroaxonal suffering, de- and
remyelination using in vivo 'H-MRS; and (3) follow histological changes in CPZ fed mice in

order to validate inflammation, de- and remyelination.

Materials and methods
CPZ treatment and experimental groups

All procedures were performed in accordance with the European guidelines for the care
and use of laboratory animals (Directive 2010/63/EU) and were approved by the Committee
on Animal Care and Use at the University of Antwerp, Belgium (2013-57).

Female C57BL/6 mice, 8 weeks of age, were obtained from Charles River Laboratories
(strain code 027) and divided into a CPZ (N = 15) and control group (N = 15). The mice of the
CPZ group were fed standard lab chow mixed with 0.2% (w/w) CPZ (Sigma-Aldrich,
Germany) for a period of 6 weeks, thereafter mice were returned to a cuprizone-free rodent
chow and remained on this diet for another 6 weeks. The control mice were maintained on
normal rodent chow. Mice were housed in a 12 h light/dark cycle with ad libitum access to
food and water. Eighteen additional female C57BL/6 mice were used for histological
evaluation of the CPZ mouse model. For each time point (weeks 4, 6 and 12) three CPZ-treated

and three control mice were sacrificed.

Magnetic resonance spectroscopy

All MR-based measurements were performed on a 9.4 Tesla Biospec scanner with a
horizontal bore (20 cm in diameter) (Biospec 94/20 USR, Bruker Biospin, Germany), equipped
with a standard Bruker crosscoil setup using a quadrature volume coil for excitation and
quadrature mouse surface coil for signal detection (Bruker Biospin, Ettlingen, Germany). The
system was interfaced to a Linux PC running Topspin 2.0 and Paravision 5.1 software (Bruker

Biospin).

For MR studies, all mice were initially anesthetized using 3% isoflurane and
maintained at 2% isoflurane (Forane Abnott, UK) in a mixture of 30% O, and 70% N, at a flow
rate of 600 ml/min. The anesthetic gas was administered via a special facemask with a tooth
bar, which kept the mouse head immobile. Throughout the MR studies, respiration rate was
constantly monitored by a pressure sensitive respiration sensor, placed under the abdomen.
Body temperature was monitored with a rectal temperature probe and was maintained at
37.0 + 0.5 °C using a warm air system with a feedback unit (SA Instruments, NY, USA). The
respiration and body temperature control systems were connected to a computer with pcSam

monitoring software (SA Instruments, NY, USA).



The volume of interest (VOI) for 'H-MRS was localized using multislice rapid
acquisition and relaxation enhancement (RARE) images (Hennig et al., 1986). The RARE
images were acquired in three orthogonal directions (axial, coronal and sagittal) with following
parameters: repetition time (TR) = 2500 ms, echo time (TE) = 33.442 ms, matrix size
(256 x 56), field of view = (20 x 20) mm?, 16 slices, slice thickness = 0.4 mm, RARE factor = 8.
A VOI (0.9 mm x 2.5 mm x I mm = 2.25 mm?*) was placed in the splenium of corpus callosum
of the mouse brain (Fig. 1). Consistent voxel placement for 'H-MRS was achieved in each
mouse by using anatomical markers such as the hippocampus, cortex and third ventricle in
three orthogonal RARE slices. The volume fractions of cerebrospinal fluid (f.), gray and white
matter (f,, and f,,) within the VOI for 'H-MRS were estimated manually from the T2-weighted
RARE images using an image analysis software (i.e. Amira 5.4). These volume fractions were
used to assess reposition accuracy between scans and subjects. Furthermore, they allowed us
to perform a partial volume correction to determine accurate absolute total creatine (tCr)
concentrations. FASTMAP was employed to automatically adjust first- and second-order shim
coils for the VOI (Gruetter, 1993; Tkac et al., 2004). Spectral line widths of water around 18—
20 Hz were obtained. In vivo localized '"H MR spectra were acquired with a point resolved
spectroscopy sequence in combination with outer volume suppression (OVS) and VAPOR
water suppression (Bottomley, 1987; Tkac et al., 1999). There was no gap between OVS and
voxel. The following parameters were used: TR = 4000 ms, TE = 15 ms, number of
averages = 720, water (4.7 ppm) as frequency on resonance, spectral width = 4006 Hz or
10 ppm, number of acquired points = 2048 yielding a spectral resolution of 0.98 Hz/pt. The
total acquisition time amounted to 48 min. For each animal, an unsuppressed water signal
(TE = 15 ms, TR = 4000 ms, 64 averages, scanning time = 5 min, VAPOR and OVS turned
off) was acquired immediately after acquiring the water-suppressed spectrum. During post-
processing, this unsuppressed water signal was used for Eddy-current correction by the
LCModel, where the water suppressed MRS signal (in time domain) is point-wise divided by
the phase part of the unsuppressed water signal (Mandal, 2012). An unsuppressed water
spectrum (TE = 15 ms, TR = 4000 ms, number of averages = 1) was acquired before and after
each 'H-MRS spectrum (water suppressed) for frequency drift estimation. These two

unsuppressed water spectra were analyzed by Bruker's TopSpin™ software package to estimate

the level of frequency drift.
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Fig. 1 Representative overview of histology, axial T2-weighted images and localized spectra
obtained from the corpus callosum of control and CPZ-treated mice at weeks 4, 6 and 12
(6 weeks after returning to normal diet). Histology shows the amount of myelin (MBP
staining), microgliosis (IBA-1 staining) and astrogliosis (GFAP staining) present at these
different time points. During acute demyelination (week 4), extensive microgliosis and
astrogliosis can be observed. By week 6 of CPZ intoxication, an attempt of remyelination is
visible while astrogliosis persists in the absence of microgliosis. 6 weeks after returning to
normal diet, spontaneous remyelination occurs, while microgliosis and astrogliosis have
disappeared. Hyperintense lesions at the level of the corpus callosum are observed in the T2-

weighted images at weeks 4 and 6, which also reflect the ongoing demyelination and



inflammation. At week 12 these hyperintensities are no longer observed. 'H MR spectra are
obtained from VOIs positioned at the splenium of the corpus callosum, designated as white
boxes in the corresponding T2-weighted images above. Longitudinal alterations in NAA and

Tau levels are shown with arrows.

'H MR spectra were acquired using the same control and CPZ-treated mice at 3
different time points: week 4 and week 6 (to observe demyelination and inflammation) and

week 12 (to observe remyelination).

Metabolite quantification using LCModel

In vivo '"H MR spectra were analyzed using an automated deconvolution program
(LCModel) (Provencher, 2001) as described previously (Marjanska et al., 2005; Oz et al., 2010;
Tkac et al., 2004). Quantification with the LCModel is not user biased and performs many
corrections like spectral phasing automatically. The LCModel analysis was performed within
the chemical shift range of 0.2—4.2 ppm. The following metabolites were included in the basis
set of the LCModel: alanine, aspartate, creatine (Cr), phosphocreatine (PCr), y-aminobutyric
acid, glucose (GIc), glutamate (Glu), glutamine (Gln), glutathione (GSH),
glycerophosphorylcholine (GPC), phosphorylcholine (PCh), Inositol (Ins), lactate, N-
acetylaspartate (NAA), N-acetylaspartylglutmate (NAAG), scyllo-inositol and taurine (Tau).
Besides this standard set of brain metabolites, LCModel includes 9 stimulated macromolecule
and lipid peaks (Pfeuffer et al., 1999).

The reliability of the metabolite quantification was assessed using the Cramér-Rao

lower bounds (CRLB, estimated error of quantification) provided by the LCModel. Stringent
selection criteria were applied as follows: metabolites quantified with CRLB > 20% were
classified as not detected, and metabolites with CRLB < 20% in at least 50% of the spectra
were included in the neurochemical profile. Frequency drift in spectra was less than 0.04 ppm
on average. In most spectra, the present analysis was unable to reliably discern PCh from GPC,
NAA from NAAG or Cr from PCr. More accurate are the sums expressed as total choline-
containing compounds (GPC + PCh or tCho), total NAA (NAA + NAAG or tNAA) and tCr
(Cr + PCr) respectively. Due to the higher field, Glu and GIn could be quantified individually

with good accuracy, but the combined Glu and Gln (Glx) concentration was also determined.
Absolute tCr concentrations (in pmol/g) were determined relative to an unsuppressed

water signal acquired from the same VOI. In addition, absolute tCr concentrations were
corrected for partial volume effects by taking the volume fractions of white and gray matter
into account in the quantification (Provencher, 1993). These volume fractions were used to
correct the total water concentration for each VOI using the following equation: water
concentration = (43300f,, + 35880f,,, + 55556f,,,)/(1-f,,,) (Provencher, 2014). Since the absolute



tCr concentrations did not change over time or between groups in our study (data not shown),
we express our metabolite concentrations relative to tCr, as concentration ratios are less

sensitive to relaxation and partial volume effects (Provencher, 1993, 2001).

Histological analysis

For histological analysis, mice (additional subset of mice, 3 per time point and group)
were deeply anesthetized via an intraperitoneal injection of 60 mg/kg/BW pentobarbital
(Nembutal, Ceva Sante Animale), transcardially perfused with 0.9% NaCl and perfused-fixed
with 4% paraformaldehyde. Whole brains were surgically removed and post-fixed in 4%

paraformaldehyde for 2 h. Fixed brains were freeze-protected via a sucrose gradient (2 h at 5%,
2 h at 10% and overnight at 20%), snap frozen in liquid nitrogen and stored at — 80 °C until

further processing. Consecutive 10 pm-thick cryosections were prepared using a microm

HMS500 cryostat at the level of the splenium. For immunofluorescence analysis of microgliosis,
astrogliosis and myelin quantity the following antibodies were used respectively: a rabbit anti-
mouse IBA1 antibody (Wako, 019-19741; 1/200 dilution) in combination with an Alexa
Fluor® 555-labeled donkey anti-rabbit secondary antibody (Invitrogen, A31572; 1/1000

dilution), a mouse anti-GFAP antibody (Millipore bioscience, MAB360; 1/400 dilution) in
combination with an Alexa Fluor® 555-labeled goat anti-mouse secondary antibody
(Invitrogen, A21127; 1/1000 dilution) and a chicken anti-MBP antibody (Millipore, AB9348;
1/200 dilution) in combination with a DyLight549 donkey anti-chicken secondary antibody
(Jackson ImmunoResearch, 703-506-155; 1/1000 dilution). Slides were mounted using
Prolong Gold Antifade (Invitrogen, P36930). Immunofluorescence images were acquired using
a standard research fluorescence microscope (Olympus Bx51 fluorescence microscope)
equipped with an Olympus DP71 digital camera. Olympus CellSense software was used for

image acquisition.

Statistical analysis

The variability of metabolic measurements over time was assessed with the coefficient
of variation calculated from control mice (n = 8) scanned at 4, 6 and 12 weeks. The coefficient
of variation is defined as the ratio of the standard deviation of metabolite/tCr to the mean of
metabolite/tCr. In addition, the coefficients of variation of the partial volume fractions were

assessed to estimate the repositioning accuracy.

Metabolic data was first analyzed with linear mixed model, with ‘Group’,‘Time’ and

their interaction ‘Group x Time’ used as fixed factors. This analysis identified which

metabolites were significantly different between groups, and which metabolites changed
significantly over time. Next, significant group differences of individual metabolites per time
point were identified using a two-tailed Student's t-test. P-values were Bonferroni corrected for

multiple comparisons between three time points.



Subsequently, longitudinal metabolic changes over the different time points were
quantified using a linear mixed model with post hoc Bonferroni analysis for both groups
separately. The threshold for statistical significance of the linear mixed model was set at
p<0.05.

Results

Validation of the CPZ mouse model
First, we used immunohistochemistry (Fig. 1) to validate the reproducibility of the CPZ

mouse model by visual assessment of the extent of demyelination (MBP staining) and
inflammation characterized by microgliosis and astrogliosis (IBA-1 and GFAP staining,
respectively). Control animals presented a fully myelinated corpus callosum without signs of
inflammation, whereas 4 weeks of CPZ treatment resulted in severe demyelination of the
corpus callosum along with extensive microgliosis and astrogliosis. After 6 weeks of CPZ
treatment the level of demyelination and microgliosis was markedly decreased. In contrast,
astrocyte reactivity persisted throughout CPZ treatment. Six weeks after returning to a normal
diet, microgliosis and astrogliosis activity were no longer visible, which was accompanied by

spontaneous remyelination in the corpus callosum.

Neurochemical profiles obtained with 'H-MRS

High quality 'H MR spectra with good resolution, high signal-to-noise ratio and a flat
baseline were acquired from a VOI centered in the splenium of the corpus callosum (see Fig. 1,

and Inline Supplementary Figure S1). On average the white matter and gray matter accounted
for 34 + 4% and 65 + 4% of the VOI respectively. There was no contribution of cerebrospinal

fluid fraction in any of the VOI's. Variation in the partial volume fractions f,, and f,, due to
manual reposition of the VOI was only 8% and 4% respectively, suggesting that the voxel

placement was consistent. The average coefficient of variation obtained from repeated
measurements (weeks 4, 6 and 12) in control mice was summarized inTable 1. No statistically

significant change (p > 0.05) was observed in the absolute concentration of tCr (umol/g)

between the control and CPZ group at any time point. Due to the high spectral quality,
longitudinal neurochemical alterations of NAA and Tau were discernible in individual spectra
(Fig. 1). The corpus callosum of control mice appeared hypointense in T2-weighted images,
whereas the corpus callosum of CPZ fed mice presented hyperintensities at weeks 4 and 6,
indicative of inflammation and/or demyelination. At week 12, 6 weeks after CPZ withdrawal,
no differences were observed between intensities of the corpus callosum of CPZ fed mice and

control mice.

Inline Supplementary Fig. S1 can be found online
athttp://dx.doi.org/10.1016/j.neuroimage.2015.04.012.



Metabolic alterations due CPZ-induced pathology

Metabolic profiles of the corpus callosum of control and CPZ-treated mice are depicted
in Fig. 2 and Table 1. Additionally, Table 1 shows the number of animals included at each time
point and the average CRLB values of metabolites. A linear mixed model was used to evaluate
the treatment effect, the longitudinal changes and their interaction (see Inline Supplementary
Table S3). For given metabolites Glc, Glu, Glx, Ins, Tau, tCho and tNAA a significant group
effect was observed (p < 0.05). In addition, a significant time effect was observed in GSH/tCr,
Glu/tCr, tCho/tCr and tNAA/tCr ratios (p < 0.01). Tau/tCr and tNAA/tCr ratios also showed a
significant interaction between time and group (p < 0.05) (see Inline Supplementary Table S3).
Next, an in-depth group analysis per time point revealed significant neurochemical alterations
in the corpus callosum of CPZ fed mice compared to control mice at 4 and 6 weeks of the
treatment (Fig. 2, Table 1). At both weeks 4 and 6, tNAA/tCr, tCho/tCr and Glu/tCr ratios were
significantly lower while Tau/tCr ratios were significantly higher in CPZ fed mice compared
to control mice. Furthermore, the Glc/tCr and Glx/tCr ratios were significantly lower in the
CPZ group compared to the control group at week 4 (Table 1). Six weeks after CPZ withdrawal
(at week 12), no statistically significant metabolic differences (p > 0.05) were observed

between both groups.

Inline Supplementary Table S3 can be found online
athttp://dx.doi.org/10.1016/j.neuroimage.2015.04.012.

Time courses of metabolite levels revealed different trends in CPZ exposed mice
compared to control mice (Fig. 3). An additional linear mixed model analysis was applied to

verify the significance of the time effect in each group separately (Table 2). The control group

showed a significant metabolic change in Glu/tCr and GSH/tCr ratios over time (Fig. 3). CPZ-

treated mice depicted significant longitudinal changes in Tau/tCr (p < 0.001), tCho/tCr (p
<0.001) and tNAA/tCr (p < 0.01) ratios (Table 2). A post hoc Bonferroni comparison revealed

significant differences (p < 0.05) between different time points for Tau/tCr; tCho/tCr,
tNAA/tCr, Glu/tCr, and GSH/tCr (Fig. 3 and Table 2). Neither the control nor CPZ-treated

group presented a longitudinal change in Glc/tCr ratios.
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Fig. 3 Time courses of mean metabolite concentrations relative to tCr acquired from VOI

containing the corpus callosum of CPZ-treated and control mice. Statistical analysis with

linear mixed model with post hoc Bonferroni analysis revealed significant longitudinal

differences of metabolites in the control (CON, dashed lines) and CPZ-treated group (full

lines) and are indicated by *(p < 0.05), ** (p < 0.01) or *** (p < 0.001). Error bars shown are
the standard deviation.
Table 2 Significant longitudinal metabolic alterations in the control and CPZ-treated group revealed by

statistical analysis with linear mixed model.

Time effect Post hoc Bonferroni

w4 vs. w6 w4 vs. wi2 w6 vs. wl2
CON
Glu/tCr p<0.05 p <0.05
GSH/tCr p <0.05 p <0.05
CPzZ
Tau/tCr p <0.001 p<0.05 p <0.001
tCho/tCr p <0.001 p<0.05 p <0.001
tNAA/tCr p<0.01 p<0.01 p<0.05

P-values indicate a significance level of difference between time point week 4 and week 6, week 4 and week
12, and week 6 and week 12. Only p values, which indicate a significant difference across the time points, are
depicted.

The pathological alterations, such as gliosis and demyelination, in CPZ-treated mice

were most severe at week 4. Therefore, the major alterations in the metabolic ratios seen in



CPZ-treated mice may reflect the pathological severity. In particular, a statistically significant
increased level of Tau/tCr ratio was observed at week 4 compared to week 6, suggesting that
the Tau/tCr ratio may indicate the severity of the CPZ pathology. Interestingly, when almost
full remyelination was observed at week 12, no statistically significant differences were

observed between metabolite ratios of control and CPZ-treated mice.

Discussion

In the CPZ mouse model, longitudinal monitoring of in vivo changes in regional
metabolites within the brain has not been attempted so far. We employed quantitative in
vivo 'H-MRS to longitudinally monitor brain metabolic changes in the corpus callosum of the
C57BL/6 mice, which were challenged with CPZ diet for 6 weeks followed by a recovery phase
of 6 weeks with a cuprizone-free diet. Doing so we investigated how some of the neurochemical
changes in the brain reflect demyelination, axonal damage and/or gliosis, and spontaneous

remyelination.

Longitudinal '‘H-MRS analysis

In this longitudinal study, we demonstrated in vivo metabolic changes at the level of
the corpus callosum of CPZ fed mice. The major finding of our study was a reversible and
significant decrease in the ratio of tNAA/tCr in CPZ-treated mice during demyelination,
reflecting reversible axonal injury due to CPZ treatment. The observed alterations of the
tNAA/tCr ratio during demyelination and spontaneous remyelination, were well in line with
prior longitudinal studies in MS patients (Davie et al., 1994; Kirov et al., 2013; Mader et al.,
2000) and MS animal models (Denic et al., 2009) (see Table S1 and Table S2). Interestingly a
reversible increase in Tau/tCr ratio was observed in our study. However, MS patients exhibited
increased levels of mlns rather than increased Tau levels (Kirov et al., 2013). Since both mIns
and Tau function as an osmoregulator, an increased Tau/tCr ratio in mice may reflect a similar
process as the one responsible for a mlIns increase in human patients (Dedeoglu et al., 2004).
In addition, Tau is found in a much higher concentration in the rodent brain compared to the
human brain, which makes it easier to detect compared to mIns. Similar to our results, elevated

Tau concentrations were observed in other animal models, where white matter integrity was
decreased (Bucur et al., 2008; Choi et al., 2009; Dedeoglu et al., 2004).

The interpretation of the reversible decrease in the signal of choline containing
compounds during the demyelination phase is complicated. Some MS studies reported an
increased level of choline containing compounds (Bitsch et al., 1999; Tourbah et al., 1996),
while others reported unchanged or reduced tCho levels (Chard et al., 2002; Davies et al., 1995;
Gustafsson et al., 2007; Oh et al., 2004; Sijens et al., 2006). Since CPZ causes mitochondrial
dysfunction (Venturini, 1973), it may disturb the energy metabolism (Kipp et al., 2009). In line

with our results, a decrease in choline containing compounds has been reported in studies of



patients with mitochondrial diseases (Bianchi et al., 2003; De Stefano et al., 1995; Saneto et
al., 2008). In addition Xuan et al. (2014)recently reported that CPZ exposure even for a short
period causes a decrease in GPC + PCho levels, presumably due to the mitochondrial

impairment.

In our study, linear mixed model analysis revealed significant group and time effects
in the Glu/tCr ratio. In MS patients Glu concentrations are often increased in acute MS lesions
(Srinivasan et al., 2005), whereas they are often decreased in cortical gray matter (Chard et al.,
2002; Ramadan et al., 2013). The elevated levels of Glu in acute MS lesions are often linked
to glutamate excitotoxicity induced by inflammation. The decrease in Glu/tCr ratio could be
linked to the CPZ induced mitochondrial dysfunction, as impaired mitochondrial function can
be correlated to decreased Glu levels (Boumezbeur et al., 2010). Furthermore, a recent study,
investigating the expression of Glu receptors and transporters during CPZ treatment, showed
increased expression of the Glu transporter GLAST in the corpus callosum of CPZ treated
mice. They suggested that due to the chronic exposure to CPZ, a long lasting change in GLAST

expression might be effective in coping with glutamate toxicity (Azami Tameh et al., 2013).

In line with other longitudinal MRS studies, a significant decrease of GSH (Duarte et
al., 2014) and Glu (Boumezbeur et al., 2010; Duarte et al., 2014) was observed over time in
the control group. The interpretation of alterations in Glc/tCr ratio observed in this study is
complicated as isoflurane anesthesia can alter glucose homeostasis (Duarte and Gruetter, 2012;
Kofke et al., 1987).

Evaluation of microstructural changes and their relation to
neurochemical alterations in CPZ fed mice

In this study, extensive reversible demyelination and gliosis were observed in the
corpus callosum after 4 weeks of CPZ treatment, as reported previously (Gudi et al., 2009;
Lindner et al., 2008; Matsushima, 2001; Skripuletz et al., 2011). Being a putative marker of
neuroaxonal integrity, a decrease in the NAA/tCr ratio reflects the presence of axonal injury
caused by demyelination and gliosis. In our study we observed a significant NAA/tCr ratio
change between week 4 and week 6 in CPZ-treated mice. Prior electron microscopy studies on
CPZ-treated mice showed a mean reduction in axonal diameter with the presence of reversible
axonal injury, characterized by swollen dystrophic axons but without significant axonal loss
(Lindner et al., 2009; Lindner et al., 2008; Mason et al., 2001; Stidworthy et al., 2003; Xie et
al., 2010). In line with earlier studies, a recovery of the myelin content was observed at week
6 of CPZ treatment, indicating that remyelination had already started before CPZ withdrawal
(Gudi et al., 2009; Lindner et al., 2008). This early remyelination is in accordance with prior
studies reporting an accumulation of oligodendrocyte progenitor cells (OPCs) in the corpus
callosum at 4 and 4.5 weeks of CPZ exposure (Mason et al., 2000; Morell et al.,



1998; Skripuletz et al., 2011). These OPCs account for the reappearance of adult remyelinating
oligodendrocytes between 5 and 6 weeks of CPZ treatment when they mature (Gudi et al.,
2009; Lindner et al., 2008; Matsushima, 2001; Skripuletz et al., 2011). Together with the
attenuated microglial activity and the beneficial role of reactive astrocytes (Lukovic et al.,
2014), adult oligodendrocytes may improve neuroaxonal integrity, which could explain the

gradual recovery of NAA/tCr ratios at week 6 compared to week 4.

Tau is an osmolyte to which many functions in the CNS have been ascribed, including
neurotransmission, neuromodulation and neuroprotection (Burg et al., 1997; Foos and Wu,
2002; Tkac et al., 2007). The elevated Tau/tCr ratio, observed at weeks 4 and 6, may reflect an
adaptive metabolic response to the hypo-osmolarity caused by the edema, which is associated
with extensive inflammation (Pascual et al., 2007). It was shown that the release of Tau by
astrocytes could be increased as a neuroprotective response to hypoxia, ischemia, hypo-
osmolarity, oxidative stress and metabolic toxins such as CPZ (Foos and Wu, 2002; Tkac et
al.,2007). Thus, an increased Tau/tCr ratio observed in this study might reflect an osmotic and

neuroprotective reaction against the extensive inflammation due to CPZ exposure.

'H-MRS can detect metabolites that play a role in cell membrane turnover, such as
choline containing components (e.g. GPC and PCho). In the present study, a decrease in
GPC/tCr ratio was observed during CPZ treatment, which may be linked to a variety of factors.
For example, the mitochondrial impairment, caused by the copper chelating properties of CPZ,
may reduce energy production, which is essential for membrane turnover (Bianchi et al., 2003;
Chard et al., 2002; De Stefano et al., 1995; Saneto et al., 2008). Another possibility is that
uptake of Cho from the free phase is increased as a protective respond against CPZ toxicity to
maintain myelin sheath integrity (Gustafsson et al., 2007). Furthermore, OPCs, which infiltrate
the corpus callosum starting at week 3 of CPZ treatment (Matsushima, 2001), might further

contribute to the reduction in tCho/tCr level as Cho is used for membrane formation.

It is remarkable that 6 weeks after CPZ withdrawal, when almost full remyelination
has occurred no metabolic differences were observed between control and CPZ-treated mice.
Even though remyelination is almost complete, CPZ treatment can result in long lasting
behavioral deficits. For example motor-coordination remains affected even after 6 weeks CPZ

withdrawal (Franco-Pons et al., 2007).

It should be noted that performing 'H-MRS in a mouse brain has several limitations,
such as the need for a small voxel to minimize partial volume effects, resulting in a tradeoff
between signal-to-noise ratio, and acquisition time. In our study, these limitations were
partially overcome by carrying out 'H-MRS experiments at ultra-high magnetic field strength

(9.4 T), which improved not only the signal-to-noise ratio but also the spectral resolution. This



enabled a reliable identification of brain metabolites. The use of anatomical markers allowed
accurate repositioning between scans and subjects, which limited the variation in partial
volumes. In the present study MRS data were stored as a sum of averages instead of individual
spectra, therefore post-processing frequency drift corrections could not be applied. In practice
we obtained good quality spectra with high reproducibility (between control group at weeks 4,
6 and 12), which were adequately fitted by the LCModel (see Fig. 1 and Inline Supplementary
Figure S1). We would recommend that future studies of 'H-MRS use post-processing drift
corrections as described in more detail by others (Lange et al., 2011; Near et al., 2014; Tkac
and Gruetter, 2005; Tkac et al., 2004). The potential impact of frequency drift on acquired
spectra are the following: incoherent signal averaging, which leads to increase in spectral line
width, line shape distortions and reduced signal-to-noise ratio (Near et al., 2014). In addition,
severe frequency drift may also limit the ability of LCModel to accurately model spectral line
shapes. Differences in frequency drift between time points or between animals may introduce
additional uncertainty in metabolite measurements. Performing 'H-MRS in pathological
models, holds an additional risk that observed metabolic changes could be confounded by
changes in relaxation time (T2 and T1) of water or metabolites. This effect is further enhanced

by using a long TE and short TR (Bracken et al., 2013). Therefore, we adapted our TE and TR
to stay within the suggested limits TE < 35 ms and TR > 4000 ms (Provencher, 2014).

In conclusion, the reversible alterations in brain metabolites of the CPZ mouse model
suggest that these metabolites are sensitive indicators to monitor the dynamic CPZ-induced
pathologic changes in the brain. As such, these metabolites could be used as neurochemical
evidence to study the underlying mechanisms responsible for demyelination, inflammation and
axonal suffering and to evaluate the success of potential treatment strategies such as anti-

inflammatory/immunomodulatory therapies.
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