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The detection of pathological tissue alterations by manual palpa-
tion is a simple but essential diagnostic tool, which has been
applied by physicians since the beginnings of medicine. Recently,
the virtual “palpation” of the brain has become feasible using
magnetic resonance elastography, which quantifies biomechanical
properties of the brain parenchyma by analyzing the propagation
of externally elicited shear waves. However, the precise molecular
and cellular patterns underlying changes of viscoelasticity mea-
sured by magnetic resonance elastography have not been investi-
gated up to date. We assessed changes of viscoelasticity in a
murine model of multiple sclerosis, inducing reversible demyelin-
ation by feeding the copper chelator cuprizone, and correlated our
results with detailed histological analyses, comprising myelina-
tion, extracellular matrix alterations, immune cell infiltration and
axonal damage. We show firstly that the magnitude of the com-
plex shear modulus decreases with progressive demyelination and
global extracellular matrix degradation, secondly that the loss
modulus decreases faster than the dynamic modulus during the
destruction of the corpus callosum, and finally that those pro-
cesses are reversible after remyelination.

magnetic resonance imaging | elasticity imaging | tissue integrity

Palpation of the brain, a hands-on experience long exclusive to
neurosurgeons and pathologists detecting brain pathology,
has recently become a domain for physicists and radiologists:
Using magnetic resonance elastography (MRE), it is possible
today to noninvasively assess the biomechanical properties of
brain parenchyma in vivo. In MRE, viscoelasticity describes the
tendency of tissue to resist deformation, thus translating the
subjective tactile information gained from palpation into a quan-
tifiable objective measure. These properties can be acquired by
analyzing the propagation of low-frequency shear waves, which
are mechanically elicited in an organ of interest (1, 2).

Recent preliminary studies described distinct viscoelastic
characteristics of the brain parenchyma in healthy subjects as
well as changes by aging and brain pathology, underlining the
applicability and relevance of cerebral MRE (3, 4). During
physiological aging, there was evidence for a brain parenchymal
“liquification” reflected in the decrease of solid-fluid behavior of
the tissue (5). In patients suffering from multiple sclerosis (MS),
a significant decrease of cerebral viscoelasticity was noted al-
ready in early disease stages compared with healthy controls (6).

However, despite a rising collection of in vivo viscoelasticity
data, no study has yet directly correlated viscoelastic parameters
assessed via MRE with histopathological analyses. Thus, the
question on how in vivo mechanical properties translate into
cellular and molecular conditions has remained open.

Magnetic resonance imaging (MRI) has emerged as most
important paraclinical tool for the diagnosis and monitoring of
neuroinflammatory diseases like MS, as reflected by current di-
agnostic criteria (7). Nevertheless, disease specificity of conven-
tional MRI parameters such as T2 lesion load is limited and their
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association with clinical course and neurological disability is only
modest (8). Additionally, these conventional MRI parameters
provide only limited conclusions to be drawn with respect to the
underlying pathology of MS lesions. Novel in vivo parameters are
necessary that are capable of evaluating demyelination and re-
pair, and thus may improve diagnostic specificity and predictive
value in MS.

Therefore, we assessed brain parenchymal viscoelasticitiy non-
invasively by MRE in a mouse model of reversible toxic de-
myelination, and correlated our findings to detailed histological
analyses. The copper chelator cuprizone was used as demyelination
model and fed to susceptible mouse strains (C57BL/6 mice)
resulting in progressive demyelination in several brain regions,
particularly in the corpus callosum (9-11). We show in this par-
ticular model that the degree and the time kinetics of the induced
disruption of extra-axonal tissue integrity (i.e., extensive de-
myelination and distinctive extracellular matrix (ECM) degrada-
tion) lead to a decrease of viscoelasticity in the corpus callosum.
The biomechanical changes of the corpus callosum detected in this
animal model are consistent with previously published human data,
showing a global decrease of brain parenchymal viscoelasticity in
MS patients (6).

Results

Viscoelasticity Images of Brain Tissue. MRE maps of cerebral tissue
viscoelasticity generate an easily interpretable graphic image of
the underlying brain anatomy, identifying the corpus callosum
significantly stiffer than all other structures (Fig. 1). As expected,
ventricles exhibited low shear properties. A decrease of visco-
elasticity within the corpus callosum after 12 wk of cuprizone
feeding was clearly visible.

Physiological Development of MRI and MRE Parameters During
Adolescence. Initially, we studied physiological changes of MRI
and MRE parameters during adolescence in a group of 5- to
6-wk-old healthy female C57BL/6 mice. The corpus callosum
showed a significant progressive decrease in T2 signal intensity
during the observation period in this group (Fig. 24, white bars).
Interestingly, the mechanical phase angle y remained constant
over time (Fig. 2B, white bars), whereas viscoelasticity expressed
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Fig. 1. T2-weighted MRI (above) and reconstructed maps of the complex-
valued shear modulus |G*| (below). (Left) A healthy control. (Right) A mouse
after 12 wk of continuous cuprizone diet. During treatment, the T2 signal
intensity of the myelinated corpus callosum (arrowheads) became isointense
to the neighboring gray matter, and viscoelasticity showed a significant
decrease in the region-of-interest (marked by the red line), corresponding to
progressive demyelination.

by |G*| initially increased by ~20%, and subsequently stabilized
(P = 0.0009) (Fig. 2C, white bars).

Cuprizone-Induced Alterations of MRI and MRE Parameters. We
further assessed whether the dynamic changes of MRI and MRE
parameters during physiological maturation are influenced by
toxic demyelination induced by feeding 0.2% cuprizone to
a second group of animals for a period of 12 wk. These mice
developed a signal increase of the corpus callosum up to gray
matter isointensity on T2-weighted imaging, beginning at week 3
(Fig. 24, black bars). In MRE, the parameter y constantly de-
creased during cuprizone feeding reciprocally to the alterations
detected on T2-weighted signal intensity. This decrease was most
pronounced at week 12 (Fig. 2B, black bars). On the other hand,
changes of |G*| followed a different time course: This parameter
rose from week 3 to week 9, analogous to the alterations ob-
served in the healthy control group; however, the degree of
change was less pronounced. Interestingly, at week 12, we noted
a significant decrease of |G*| in the cuprizone-fed mice (P <
0.01) (Fig. 2C, black bars).

A third group of mice discontinued the cuprizone diet after
week 9 and was followed-up with normal chow. In this cohort,
cuprizone induced changes in T2-weighted signal intensity, y as
well as |G*| were all partially reversible at week 12 (Fig. 2,
gray bars).

Cuprizone-Induced Demyelination and ECM Alterations. We assessed
de- and remyelination in immunohistochemical stainings against
myelin basic protein (MBP) and additionally applying the fluo-
rescent marker fluoromyelin. Control mice did not show any
significant changes of myelination over time.

Demyelination of the corpus callosum of cuprizone mice was
initially apparent after 3 wk of cuprizone feeding and constantly
progressed during the entire observation period of 12 wk. In
those mice halting cuprizone diet after 9 wk, slight remyelination
was noticed at 12 wk (Fig. 3).

Furthermore, we conducted detailed analyses of ECM com-
position and longitudinal alterations applying hematoxylin and
eosin (H&E) staining, Alcian blue staining and immunohisto-
chemical stainings for fibronectin (Fig. 4) and neurocan.

In the cuprizone cohort, we noted an increase of the overall
cell density within the corpus callosum in H&E staining, starting

Schregel et al.

[ Control
2 1.2, B CPZ 12 weeks P
2., [ CPZ 9 weeks . e e
g
SE 1.0
a3
20 09
£2
]
g 0.8
™~
ooy
0 3
week
B o5
0.4 . B -
- ok
N I I—D
0.2+
3 6
week
C 111
104 5 L
g °]
= &
Q 74
&
5
. 8 week

Fig. 2. Quantitative analysis of T2-weighted signal intensity (A), phase-an-
gle y (B) and viscoelasticity |G*| (C) in the corpus callosum. Longitudinal data
in healthy control mice (HC, white bars), cuprizone-fed mice (CUP; black
bars), and mice discontinuing cuprizone diet after 9 wk (gray bars) are
presented. (A) T2-weighted signal intensity was computed as ROI ratio of
corpus callosum and thalami. This ratio developed reciprocally in HC and
CUP: Although, initially, the two groups did not differ (week 0), T2-signal
intensity decreased significantly in HC (P < 0.0001), but increased pro-
gressively in CUP, reaching a maximum at week 12. (B) Whereas y was
constant in HC, it decreased progressively in CUP, reaching a minimum in
week 12. (C) Viscoelasticity rose in HC and CUP between weeks 3 and 9;
however, this increase was less pronounced in CUP. |G*| reached a plateau in
HC, but decreased significantly in CUP at week 12. Mice returning to normal
diet at week 9 partially recuperated. **P < 0.001, ***P < 0.0001; treated
mice compared with HC in Bonferroni-corrected one- or two-way ANOVA at
every time point (in consequence, o was lowered and results were classified
as significant when P value was < 0.025). SD by whiskers.

within 3 wk after initiation of the cuprizone diet. The cell density
was highest at week 6. Simultaneously, the composition of the
ECM appeared less dense and lost homogeneity: The number of
parenchymal vacuoles increased and eosinophilia vanished (Fig.
4A, Top). In Alcian blue staining, we observed a significant up-
regulation of glycosaminoglycans and mucopolysaccharides of
the callosal ECM beginning at week 3 (Fig. 44, Middle). The
expression of fibronectin increased during cuprizone-feeding,
reaching a maximum after 12 wk of cuprizone diet (Fig. 44,
Bottom). The evaluation of the neurocan staining remained
ambiguous: We found a highly heterogenous neurocan expres-
sion in individual mice, but not a distinct pattern differentiating
the study groups. The transient expression of neurocan underlies
complex dynamic processes in physiological as well as in-
flammatory conditions that may even result in coexistent up- and
down-regulation nearby (12).

Remarkably, all forecited stainings showed significant macro-
scopically visible transformations of the ECM: The overall matrix
composition became highly heterogenous. In some areas, the
tissue density clearly thinned up to loss of parenchyma, accom-
panied by progressive vacuolization. In other patches, we noted
an increase of matrix substance due to enhanced depositioning of
ECM molecules (glycosaminoglycans, mucopolysaccharides) and
proteins such as fibronectin. We semiquantitatively assessed this
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Fig. 3. To assess demyelination, brain sections were immunohistochemically
stained for myelin basic protein (MBP). (A) Overview and magnification of
the corpus callosum (arrows) in a healthy control (HC; left side) and a mouse
after 12 wk on cuprizone diet (CUP; right side). HC stained homogeneously
with intact myelin sheaths. In contrast, CUP at week 12 showed almost
complete demyelination. (B) Semiquantitative analysis of demyelination
with scores ranging from 4 = normal myelination, to 0 = no myelin. Pooled
data of HC are given (white bar). In CUP, demyelination progressed con-
stantly and was almost complete after 12 wk of cuprizone feeding (black
bars). The subgroup of mice returning to normal chow after 9 wk of cupri-
zone diet showed incomplete remyelination at week 12 (gray bar). ***P <
0.0001; CUP compared with HC in an unpaired t test at every time point (in
consequence, o was lowered and results were classified as significant when
P value was < 0.01). SD by whiskers.

process, applying an “ECM score” (Fig. 4B, see also SI Materials
and Methods), which linearly increased during cuprizone feeding.
In summary, ECM alterations and demyelination followed
a comparable time course. Cuprizone withdrawal at week 9 in-
duced a reversal of the ECM alterations described above.

Immune Cell Infiltration and Activation Due to Cuprizone Feeding.
We further assessed the infiltration and activation of immune cells
in the corpus callosum during cuprizone feeding to investigate
cell-based factors influencing the parenchymal viscoelasticity.
Immunofluorescent and/or conventional immunohistochemical
stainings were accomplished for T lymphocytes, macrophages/
microglia and astrocytes. In healthy control mice, we noted the
presence of a small number of resident macrophages/microglia
and astrocytes, which did not perceptibly change during the time
course of the experiment.

In the cuprizone cohort, an early immigration of a small
number CD3+ T cells into the corpus callosum was observed,
which was most pronounced 3 wk after initiating the cuprizone
diet (Fig. S1). The number of IBA-1-expressing macrophages/
microglia largely increased within the corpus callosum starting
at 3 wk, peaking after 9 wk, and declining again at 12 wk of
cuprizone diet (Fig. S2). Astrogliosis, marked by GFAP staining,
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coincided with the kinetics of macrophage immigration/micro-
glial activation, however, with a delayed start at 6 wk (Fig. 5). In
summary, the immune cell infiltration into the corpus callosum
of cuprizone-fed mice followed a different time course compared
with the changes of MRE parameters, reaching a maximum at
week 9, and declining in all investigated cell types thereafter.
In the subgroup of mice discontinuing with the cuprizone diet
after week 9, we could not detect any effect on immune cell
presence compared with the cuprizone group at week 12.

Influence of Cuprizone Feeding on Axons. We also investigated the
effect of cuprizone on neurons, because changes of axonal integrity
might influence viscoelastic properties of the corpus callosum.
Immunofluorescent stainings were performed for f-amyloid pre-
cursor protein (B-APP). Minimal background p-APP staining was
observed in control mice. In cuprizone mice, there was a significant
increase of the B-APP expression in ovoid-like axonal structures,
which reached a maximum at 9 wk and slightly declined at week 12
(Fig. 6). To assess whether the observed increase of B-APP ex-
pression in cuprizone mice implied axonal damage, we additionally
stained for different neurofilament markers (phosphorylated
neurofilaments H and M, detected by SMI-31 and SMI-34 anti-
bodies). No differences could be observed between healthy con-
trols and cuprizone mice, and no changes were detectable during
the whole course of the experiment.

Discussion

MRE has recently become applicable to study biomechanical
alterations of the brain under physiological and pathological
conditions. Evidence of significant changes of viscoelastic prop-
erties in CNS diseases such as MS (6) or normal pressure hy-
drocephalus (3) affirm the potential of MRE to fill a diagnostic
gap, providing the opportunity for a noninvasive, quantifiable
palpation of brain parenchyma. Particularly in neuroinflammatory
diseases, where MRI has emerged as most important parameter
for diagnosis and treatment monitoring, despite weak disease
specificity and prognostic value, more specific disease parameters
are necessary. Here, we demonstrate how changes of brain stiff-
ness measured by MRE translate into alterations on a cellular and
molecular level. Our data indicate that biomechanical properties
of the brain parenchyma are modified during brain maturation
processes in physiological conditions. Toxic demyelination in the
cuprizone model significantly altered parenchymal biomechanical
properties. These findings can be used to interpret the loss of brain
viscoelasticity in patients suffering, e.g., from MS, as reported (6).

In adolescent healthy mice, the mechanical phase angle y
remained constant whereas the viscoelasticity |G*| in the corpus
callosum increased during the time course of the experiment,
reaching a plateau after 9 wk of observation, corresponding to 14
wk of age. Concurrently, the T2-weighted signal intensity in the
corpus callosum decreased over time. These changes in |G*| and
T2-weighted signal intensity may be interpreted as evidence of
ongoing brain maturation during adolescence. The development
of the cerebral architecture including cell division and migration,
axonal and dendritic sprouting and sorting-out, as well as final
myelination of fiber tracts continues in humans and rodents after
birth (13). In a recent MRI study using diffusion tensor imaging,
fiber maturation of the corpus callosum reached a plateau ~30-
40 d after birth (14). The global biochemical composition of the
brain parenchyma was shown to largely change during the first 60
d after birth with an increase of proteolipid protein and myelin
basic protein (MBP), peaking at 10-18 d of age (15). Assuming
similar kinetics of the myelin synthesis in our murine model,
large-scale myelination would have been completed at the be-
ginning of the experiment. This is in line with our own histo-
logical analyses, which do not show any dynamics of myelin
staining in healthy mice. Contrarily and in accordance to the
literature, alterations of the ECM continue up to adulthood,
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Fig. 4.

(A) Extracellular matrix (ECM) alterations were studied by hematoxylin and eosin (H&E, Top), Alcian blue (AB, Middle), and immunohistochemical

fibronectin (FN) stainings (Bottom). The corpus callosum of healthy controls (HC; Left) was homogenous and showed an intact tissue structure on all stainings.
AB (glycosaminoglycans, mucopolysaccharides) and FN were barely present in the corpus callosum of HC. In contrast, the parenchyma of mice after 12 wk on
cuprizone diet (CUP; Right) was markedly altered. H&E depicted a heterogeneously composed ECM with vacuoles (arrows; Top Right) and eosinophilia. AB
showed a patchy accumulations of glycosaminoglycans and mucopolysaccharides (blue staining, arrows; Middle Right). FN staining in the corpus callosum
increased largely (brown staining; Bottom Right). An increasing cell density was evident in all stainings after cuprizone feeding. (B) Tissue integrity alterations
were assessed applying a semiquantitative score in H&E, AB and FN staining. The score ranged from 0 (normal) to 3 (heavily altered ECM; vacuoles, dis-
ruption). Controls (white bar) were pooled. In CUP (black bars), alterations were constantly progressive and reached a maximum at week 12. In mice dis-
continuing the cuprizone diet after 9 wk (gray bar), ECM recuperated incompletely. The extent of AB (C) and FN (D) staining in the corpus callosum was
evaluated with a score ranging from 0 (no staining) to 3 (intense staining). Controls (white bar) were pooled. In CUP (black bars), stainings were most

pronounced after 12 wk of cuprizone diet. **P < 0.001, ***P < 0.0001; CUP compared with HC with an one-way ANOVA. SD by whiskers.

reflected by a decrease of the ECM volume fraction from 40% at
birth to 20% at adulthood (16). We hypothesize that the increase
and stabilization of |G*| in healthy adolescent mice observed in
our study may be attributed to physiological brain maturation, in
particular reorganization processes of the ECM. Interestingly, an
inverse development showing the decrement of cerebral visco-
elasticity was recently shown during physiological aging in a hu-
man study (5); however, this has not been investigated on
a cellular or molecular level so far.

In cuprizone-fed mice, we noted two different kinetics re-
garding the temporal evolution of MRE parameters: firstly, the
phase angle y continuously decreased between week 3 and week
12, paralleling the increase in T2-weighted relative signal intensity;
secondly, we measured a smaller increase of |G*| compared with
control mice until week 9 of the experiment, and subsequently
a significant loss of |G*| at week 12, which was less pronounced in
the subcohort halting cuprizone diet. We compared the kinetics of
these biomechanical parameters with cellular and molecular his-
tological analyses to identify the underlying pathophysiology
causing the observed changes in mechanical properties:

Axonal or extra-axonal processes? Axons are important players con-
stituting the biomechanical properties of brain tissue because
they penetrate the parenchyma, forming a stabilizing grid-like
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structure. Also, neurons were shown to be significantly stiffer
than glial cells in an in vitro assessment of biomechanical prop-
erties of single cells (17). Inconsistent data have been published
regarding the influence of cuprizone on the neuronal cell pop-
ulation. Lindner et al. described an enhanced p-APP immuno-
reactivity, which peaked at 4-6 wk of cuprizone feeding, which
was judged as minimal acute axonal damage. Chronic axonal
degeneration detected by SMI-32 staining was first seen after
8 wk and peaked after 16 wk of cuprizone feeding (18). Other
studies report only a marginal or transient influence of cuprizone
on neurons and axonal integrity (19, 20). In our study, increased
B-APP was noted predominantly in ovoid-like axonal structures
peaking after 9 wk of cuprizone feeding, suggesting a failure of
fast axonal transport. Such findings indicate either axonal damage
or abnormal intracellular p-APP-transport (21, 22). To distin-
guish between these, we performed staining for phosphoneur-
ofilaments H and M, SMI-31 and SMI-34, which showed no
evidence of neurodegeneration. Thus, the transient increase of
B-APP expression rather depicts impeded axonal transport, pos-
sibly due to mitochondrial failure. In our experimental set-up, the
significant reduction of viscoelasticity in the corpus callosum
occurred at week 12 and was hence not correlated with the
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Fig. 5. Astrogliosis was assessed by immunohistochemical staining for glial
fibrillary acidic protein (GFAP). (A) Extensive astrogliosis was observed after
9 wk of cuprizone feeding (Right; Upper: green = GFAP, astrocytes; blue =
Hoechst 33258, cell nuclei; red = fluoromyelin; Lower: gliosis, brown in DAB
staining) in comparison with control mice (HC; Left). (B) Semiquantitative
analysis of gliosis in the corpus callosum. The score ranges from 0 (none) to 4
(massive gliosis); HC were pooled (white bar). In treated mice (black bars),
astrogliosis increased progressively until reaching a maximum at week 9,
and declined thereafter. **P < 0.001, ***P < 0.0001; treated mice compared
with HC in an unpaired t test at every time point (in consequence, o was
lowered and results were classified as significant when P value was < 0.01).
SD by whiskers.

increased B-APP expression and is therefore probably in-
dependent from neurons and axons.

Demyelination and ECM alterations? Demyelination could be clearly
shown in MBP and fluoromyelin stainings. The loss of myelin
continuously increased until week 12. The linear progression of
the demyelination correlated closely with the reduction of the
phase angle y and was also reflected by a drop of relative T2-
weighted signal intensity in cuprizone mice. Moreover, alterations

of the structural integrity of the ECM paralleled the time courses
of demyelination and y. Whereas in our study the T2-weighted
signal intensity was additionally altered by continuous brain mat-
uration, changes of y could be solely assigned to demyelination
and ECM degradation, because y did not change in the control
group. Thus, both the parameter y and T2-weighted signal changes
are sensitive to the degree of structural integrity, but only y is
specific to these.

The parenchymal integrity of the corpus callosum in cupri-
zone-fed mice was largely altered. We observed a progressive
disaggregation of the ECM with the formation of vacuoles as
well as vanishing of brain parenchyma on one hand, and a patchy
accumulation of fibronectin, glycosaminoglycans, and mucopo-
lysaccharides on the other hand, the later assumably caused by
local inflammatory processes. A similar up-regulation of ECM
molecules has been reported in MS and other inflammatory CNS
diseases (12, 23-25). However, we were not able to identify
a single and unique ECM component causing the cuprizone ef-
fect on viscoelastic properties alone. This is not surprising: The
current state of knowledge assigns a functional role to ECM
molecules in the CNS (directing maturation, degeneration, and
repair processes) more than keeping a simple structural/me-
chanical role (23, 26). The local up-regulation of several ECM
proteins during cuprizone feeding, as we show, might contribute
to the degree of structural dysintegrity within the corpus cal-
losum, additionally to the vacuolization and loss of parenchyma.
The combination of such disturbances in a highly structured
matrix composition might cause the severe drop in |G*| observed
at the late time point of 12 wk cuprizone feeding (27).
Inflammatory processes? We studied the kinetics of immune cell
migration to the corpus callosum, to investigate a possible in-
fluence on brain parenchymal biomechanics because in-
flammation has been suspected to alter tissue stiffness in liver
MRE (28). Specifically, a model of acute inflammation in rat
liver demonstrated a steep increase in viscoelasticity (29), as
expected from normal clinical experience. There is general
agreement that parenchymal alterations during cuprizone feed-
ing are not immune mediated despite the fact that the migration
of T cells to the brain of cuprizone-treated animals has been
reported (20, 30, 31). The time course of astrogliosis, infiltration,
and activation of macrophages/microglia in our study was in line
with data published by other groups (9, 18, 30, 31); cellular
inflammation peaked at an early time point, markedly before
the significant reduction of y and the drop in viscoelasticity.
Therefore, a decrease in viscoelasticity is unlikely to be caused by
local accumulation of immune cells directly, but rather by in-
flammation-dependent alterations of the ECM.

Reviewing its biphasic course, we assume that two competing
mechanisms influence |G*| in cuprizone mice: On one hand,
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Fig. 6. Cuprizone feeding did not induce permanent neuronal damage. (A) The expression of -amyloid precursor protein (B-APP) was transiently increased
after 9 wk of cuprizone feeding compared with control mice (A Upper: red = 8-APP; blue = Hoechst dye 33258, cell nuclei). Staining for neurofilament M was
not altered in cuprizone fed mice. Accordingly, there was no evidence of relevant neuronal damage (A Lower: green = anti-phosphorylated neurofilament M
antibody; blue = Hoechst dye 33258, cell nuclei). (B) Time course of B-APP expression (ovoids per mm?) expressed in control mice (white bar) compared with

cuprizone-fed mice (black bars).
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a viscoelasticity-increasing factor supposedly generated by com-
bined kinetics of brain maturation such as reorganization of the
ECM; on the other hand, a viscoelasticity-reducing factor clearly
dominated longitudinally. The latter was cuprizone-dependent:
Its influence was partially reversible after discontinuing the
cuprizone diet. The drop in viscoelasticity could be associated
with extra-axonal reorganization, i.e., the demyelination and de-
struction of the ECM, but not with axonal damage. Our current
data do not allow the identification of one single molecular or
cellular process responsible for the observed biomechanical
alterations. Nevertheless, the temporal evolution of the mechan-
ical parameters during physiological maturation in comparison
with the cuprizone-induced demyelination process reveals one
important difference: During physiological maturation, the phase
angle y remains constant, whereas it continuously decreases in
cuprizone-treated mice. Thus, we hypothesize that the reduction
of the phase angle y is exclusively assigned to demyelination.
Nevertheless, there are ongoing remodeling processes of the
ECM during this stage (13, 16). Unfortunately, the cohort of
healthy control mice investigated in this study was too small to
detect significant ECM alterations during adolescence in the
conducted histological analyses. A larger trial investigating phys-
iological ECM changes during adolescence, and the relevance of
specific ECM molecules, e.g., in tenascin-receptor deficient (32,
33) as well as brevican-deficient (34) murine knock-out models,
is warranted and necessary to support this hypothesis.

In a previous cross-sectional human study of 45 MS patients
with recent diagnosis and mild relapsing-remitting disease course,
we found a reduction of global brain viscoelasticity compared
with healthy controls measured with MRE. The decrease of
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viscoelasticity in the corpus callosum of cuprizone mice is con-
sistent with the data acquired in MS patients. The cuprizone
model mimics particular aspects of the pathology of MS (11, 35,
36): The composition of cuprizone-induced pathology corre-
sponds to so-called “pattern III lesions” in MS, which are char-
acterized by oligodendroglial depletion, demyelination, and an
inflammatory infiltration of activated macrophages/microglia and
T lymphocytes (37). Conferring our murine cuprizone data to
MS, we can assume that globally reduced cerebral viscoelasticity
in patients is caused by demyelination and ECM alterations.

In conclusion, we identified structural and molecular mecha-
nisms underlying the changes of brain parenchymal bio-
mechanics assessed by MRE. Previously acquired human data
could be reproduced in an animal model, supporting the con-
sistency of MRE and its applicability in different species.

Materials and Methods

Detailed methods are provided in S/ Materials and Methods. These describe
mouse strains, animal handling including cuprizone diet, in vivo MRl as well as
MRE procedures, and post-processing and data analysis algorithms applied.
Conventional histological analyses on paraffin-embedded slices included he-
matoxylin and eosin (H&E) staining, Alcian blue staining, and the character-
ization of microglia/macrophages (anti-IBA-1), astrogliosis (anti-GFAP), T-cells
(anti-CD3), myelination (anti-MBP) and the ECM proteins fibronectin (anti-
fibronectin) and neurocan (anti-neurocan). Additional immunofluorescent
staining on cryosections was performed for the characterization of microglia/
macrophages, astroglia and axonal damage (anti-B-APP, neurofilaments
H and M) as well as myelination (fluoromyelin).
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S| Materials and Methods

Animals and Cuprizone Model. Female C57BL/6 mice, 5-6 wk old,
were purchased from Harlan Laboratories. They were housed in
groups of four animals per cage in a climate-controlled room and
offered food and water ad libitum.

Two groups of each 10 animals were fed 0.2% cuprizone [oxalic
acid bis (cyclo-hexylidenehydrazide)] (SAFE) mixed into normal
pellet chow to induce demyelination. One group received the
cuprizone diet for a period of 12 wk to evoke chronic demyelination.
The other group returned to nutrition with normal pellet chow after
9 wk to study acute demyelination and remyelination subsequently
(1). A third group of 10 age and sex-matched mice received con-
tinuously regular rodent nutrition and served as control group. All
treated mice were observed for clinical symptoms daily.

Magnetic Resonance Imaging and Magnetic Resonance Elastography.
Cerebral magnetic resonance imaging (MRI) and magnetic res-
onance elastography (MRE) were performed on a 7 Tesla rodent
MRI scanner (Pharmascan, Bruker BioSpin). Six animals of each
group were examined every 3 wk. For imaging, mice were initially
anesthetized with 3% (vol/vol) Isoflurane (Aerrane, Baxter) in
100% O,. For maintenance of anesthesia, the animal received 1-
1.5% isoflurane in 100% O, via facemask. Mice were placed on
a heating mattress to keep up body temperature during scanning.
Respiration and temperature were monitored (SA Instruments).
After standard calibration, piloting and shimming, axial fat-
suppressed T2-weighted (RARE; TE/TR: 66/2,213 ms, 0.60 mm
slice thickness, matrix 128 x 128, field of view (FOV) 1.92 cm, 24
averages, 8 slices) and full 3D-MR-Elastography (SE sequence;
TE 27 ms, TR 1,001 ms, 0.3-mm slice thickness, matrix 64 x 64,
FOV 1.92 cm, 2 averages, 10 slices) images were acquired cov-
ering the same volume. Slices were positioned parallel to the most
occipital tip of the olfactory bulb and covered the entire corpus
callosum. For MRE, longitudinal mechanical waves at 1,000 Hz
were mechanically transmitted into the mouse brain. The animal
lay in supine position with its head fixed via a specially designed
basket to a small vibrating piston that was coupled to a rod
protruding outside the MRI. Mechanical vibrations produced by
an actuator were transmitted via this rod into the brain.
Acquired MRE data were reconstructed according to published
algorithms (2, 3). ROIs covering the corpus callosum were defined
on anatomical images and copied to the maps of reconstructed
mechanical parameters providing mean values and SDs (Fig. 1).
Results are presented in terms of absolute values of the complex-
valued shear modulus [i.e., |G*| = sqrt(Gd* + GI*)] denoted as
viscoelasticity, and the phase angley [i.e., 2/z * atan(Gl/Gd)], with
Gd the dynamic modulus and GI the loss modulus. Viscoelasticity
expresses whether the mechanical shear parameters are elevated
or not, and y informs about whether a given material behaves
solid-like (y = 0) or liquid-like (y = 0.5). T2-signal intensity ratio
of the corpus callosum was analyzed on anatomical T2-weighted
images using open source Osirix Imaging Software (Osirix v3.9.2
32-bit; http://www.osirix-viewer.com). Three independent ROIs
were positioned covering the lateral and medial corpus callosum.
Two control ROIs were bilaterally positioned within the thalamus
in the same MR slice. The analysis was accomplished twice in two
adjacent MR slices. For the calculation of the T2 mean intensity
ratio of the corpus callosum, a quotient was determined dividing
the average intensity of the ROIs within the corpus callosum by
the average intensity of the ROIs within the thalamus.
Statistical analysis was performed with GraphPad Prism (ver-
sion 4.00 for Windows, GraphPad Software). For MRI and MRE
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data Bonferroni-corrected one- or two-way ANOVA were con-
ducted and classified as significant when P value was < 0.025. The
value of a had to be corrected due to double testing.

Histology. After each scanning period, two to three animals per
group were killed for histological analysis. Each mouse was
anesthetized with pentobarbital sodium (60 mg/kg, Céva Santé
Animale) injected intraperitoneally. In the following, the animal
was perfused through the heart with 100 mL of saline followed by
4% paraformaldehyde in 0.1 M PBS. The brains were removed
and postfixed in 4% (wt/vol) paraformaldeyde overnight at 4 °C,
then transferred in 30% (wt/vol) sucrose solution (30% sucrose in
0.2 M PBS) for dehydratation. One half of the brains were em-
bedded in paraffin. The remaining brains were embedded into
tissue freezing medium (OCT compound Tissue-Tek, Sakura
Finetek Europe), frozen in liquid nitrogen, and stored at —80 °C.

The paraffin-embedded tissues were sectioned into 3-pm-thick
slices using a microtome (Hn40, Leica Microsystems) and
stained by standard hematoxylin and eosin (H&E) and Alcian
blue staining.

Conventional immunohistochemical stainings were performed
with paraffin-embedded slices using anti-IBA-1-antibody (1:1,000,
rabbit-anti-iba-1-antibody, WAKO Chemicals) for characteriza-
tion of microglia/macrophages, anti-GFAP-antibody (1:500, poly-
clonal rabbit anti-glial-fibrillary-acidic-protein antibody, Dako
Deutschland) for astrogliosis, anti-CD3-antibody (1:150; Labvi-
sion, Thermo Fisher Scientific) for the detection of T-cells and anti-
MBP-antibody (1:100, polyclonal rabbit myelin basic protein an-
tibody, Abcam) for myelination. The stainings were realized using
the Bond Automated Immunohistochemistry & In-Situ Hybrid-
ization System (A. Menarini Diagnostics).

Immunohistochemical stainings for extracellular matrix pro-
teins were accomplished using anti-neurocan-antibody (1:1,000,
mouse-monoclonal anti-Neurocan antibody) and anti-fibronec-
tin-antibody (1:400, rabbit polyclonal anti-Fibronectin antibody,
both Abcam). For antigen-retrieval, 3-um axial paraffin-embed-
ded sections were heated at 120 °C in citrate buffer (pH 6) for
7 min. They were incubated with the above named primary an-
tibodies for 1 h and with the secondary antibodies for 20 min and
30 min, respectively (for neurocan staining: biotinylated goat-
anti-mouse, ready to use, Zytomed; for fibronectin staining: bi-
otinylated donkey-anti-rabbit 1:2,000, Dianova). In the follow-
ing, the sections were incubated in Streptavidin-HRS (ready to
use, Zytomed) for 20 min and in 3-Amino-9-Ethylcarbazole
(AEC, Invitrogen) for another 15 min. Nuclei were counter-
stained with hematoxylin.

Additionally, immunofluorescent stainings were performed
using the above described anti-IBA-1- and anti-GFAP-antibodies.
Briefly, 10 pm axial cryosections (Kryostat 1720, Leica Micro-
systems) were preincubated with 4% (vol/vol) normal goat serum
for 1 h to block nonspecific bindings. Sections were subsequently
incubated with the primary antibody in 0,1 M PBS overnight at
4 °C and then with the secondary antibody (1:500, goat anti-
rabbit IgG, AlexaFluor 488, Invitrogen, Cergy-Pontoise, France)
for 1 h at 4 °C. Slices were counterstained with fluoromyelin
(1:50, Invitrogen) to visualize myelin and Hoechst dye 33258
(1:1,000, Invitrogen) to depict cell nuclei. Analysis of axonal
damage has been performed by costaining with anti-APP (1:400,
rabbit polyclonal anti-human amyloid precursor protein anti-
body, AbD Serotec), anti-SMI-31R (1:2,000 dilution, mouse
monoclonal anti-phosphorylated neurofilament H and M anti-
body, Covance), anti-SMI-34R (1:2,000 dilution, mouse mono-
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clonal anti-phosphorylated neurofilament H and M antibody,
Covance) in 2.5% (vol/vol) normal goat serum, 0.5% BSA 0.1%,
Triton X100, overnight at 4 °C, followed by staining for 1 h at
room temperature with goat secondary antibody 1:500 dilution
conjugated with AlexaFluor 546 or AlexaFluor 488 (Molecular
Probes, Invitrogen).

Sections were examined with light and epifluorescence microscopy
(Leica, Carl Zeiss) and digitally photographed and processed using
AxioVision (Carl Zeiss Microlmaging). Two independent inves-
tigators performed the histological analyses after agreement on
a semiquantative scoring system respectively for the evaluation of
myelination, extracellular matrix proteins, astrogliosis, and presence
of microglia/macrophages or T lymphocytes. For each of these
parameters, a score was introduced rating from 4 to 0. (Score for
myelination: 4 = normal myelination, 3 = slightly reduced myeli-
nation, 2 = largely impaired myelination, 1 = minor myelination, 0 =
no myelin; Score for astrogliosis or the presence of macrophages/

1. Kipp M, Clarner T, Dang J, Copray S, Beyer C (2009) The cuprizone animal model: new
insights into an old story. Acta Neuropathol 118:723-736.

2. Green MA, Bilston LE, Sinkus R (2008) In vivo brain viscoelastic properties measured by
magnetic resonance elastography. NMR Biomed 21:755-764.

microglia, respectively: 4 = massive, 3 = pronounced, 2 = moderate,
1 = minor, 0 = none; Score for extracellular matrix alterations: 3 =
largely impaired extracellular matrix structure with severe degra-
dation, 2 = moderate degradation, 1 = slightly altered extracellular
matrix and 0 = normal; Score for fibronectin and Alcian blue: 3 =
intense deposition, 2 = moderate deposition, 1 = sparse deposition,
0 = none). Quantification of T-cell numbers was conducted by
manual counting of clearly visible CD3-positive cells in the corpus
callosum in six subsequent slices.

Statistical analyses of histological data were accomplished
using GraphPad Prism. Healthy controls were pooled as they did
not show differing values at all time points. Cuprizone mice were
compared with pooled controls at every time point conducting
conventional unpaired ¢ tests. Consequently, o« was adjusted due
to multiple testing and had results were classified as significant
when P value was < 0.01.

3. Sinkus R, et al. (2007) MR elastography of breast lesions: understanding the solid/liquid
duality can improve the specificity of contrast-enhanced MR mammography. Magn
Reson Med 58:1135-1144.
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Fig. S1. The presence of T lymphocytes was assessed on immunohistochemical stainings using anti-CD3-antibodies. (A) In healthy controls (HC; Left) only few
T-cells were detectable, whereas cuprizone-treated animals (CUP; Right) showed elevated numbers of CD3-positive cells (arrows). (B) Quantitative analysis of

the longitudinal T-cell count in the corpus callosum. Only few T cells were found

in HC (white bar). In CUP (black bars), an early immigration of a small number

of T lymphocytes into the corpus callosum was observed. The number of T cells was most pronounced after 3 wk of cuprizone diet. ***P < 0.0001; treated mice
compared with controls in an unpaired t test at every time point (in consequence, o was lowered and results were classified significant when P value was <

0.01). SD by whiskers.
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Fig. S2. Presence of activated microglia/macrophage (aM/M) was determined by immunohistochemical staining for IBA-1. (A) After 9 wk of cuprizone feeding,
the density of aM/M was largely elevated (image top right; green = IBA-1, aM/M; blue = Hoechst 33258, cell nuclei; red = fluoromyelin) compared with healthy
mice (HC) at week 0 (Upper Left). (B) Semiquantitative analysis of the presence of aM/M in the corpus callosum assessed with a score rating from 0 (none) to 4
(massive infiltration). HC (white bar) were pooled. In treated animals (CUP; black bars), a significantly increased number of stained cells was detectable starting
at week 3, and peaked at week 9, and declined after 12 wk of cuprizone feeding. **P < 0.001, ***P < 0.0001; CUP compared with HC in an unpaired t test at
every time point (in consequence, a was lowered and results were classified as significant when P value was < 0.01). SD by whiskers.
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