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Abstract
In multiple sclerosis patients, chronic clinical deficits are known to result from axonal degeneration which is triggered by
inadequate remyelination. The underlying molecular mechanisms of remyelination and its failure remain currently unclear.
In vivo models, among the cuprizone model, are valuable tools to study underlying mechanisms of remyelination and its failure.
Since complete and reproducible demyelination of the analyzed brain region is an indispensable prerequisite for efficient
remyelination experiments, in this study we systematically addressed which part of the corpus callosum is reliably and consis-
tently demyelinated after acute cuprizone-induced demyelination. Following a novel evaluation strategy, we can show that at the
level of the rostral hippocampus, the most medial sectors of the corpus callosum (spanning 500 μm in the horizontal plane) are
consistently demyelinated, whereas more lateral sectors show inconsistent and incomplete demyelination. These results precisely
define a part of the corpus callosum which should be used as a region of interest during remyelination experiments.
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Introduction

Remyelination, which follows the pathological loss of myelin
in diseases likeMultiple sclerosis (MS), is a reparative process
believed to ameliorate neurodegeneration. While
remyelination occurs in many MS lesions (Prineas et al.
1993), it can become increasingly incomplete/inadequate or
eventually it completely fails (Patrikios et al. 2006).
Understanding why a relatively robust regenerative process
should lose momentum is an important prerequisite for devel-
oping an effective therapeutic approach. One frequently ap-
plied preclinical model to study the effectiveness of drugs to
boost remyelination is the cuprizone model (Slowik et al.
2015). The extent of de- and remyelination in this model is
frequently determined by the semi-quantification of myelin

protein expression via optical density measurements (Slowik
et al. 2015; Werneburg et al. 2017). Commonly visualized
myelin proteins are proteolipid protein (PLP), myelin associ-
ated glycoprotein (MAG), myelin basic protein (MBP) or
2',3'-cyclic-nucleotide 3'-phosphodiesterase (CNPase), and
the analyzed region of interest is the midline of the corpus
callosum at the level of the rostral hippocampus (see
Fig. 1a). However, as recently demonstrated by our and other
groups, demyelination is not spread evenly across the corpus
callosum (Schmidt et al. 2013). Since consistent and repro-
ducible demyelination is an indispensable prerequisite for ef-
ficient remyelination studies, the aim of this study was to
analyze which part of the midline of the corpus callosum is
consistently demyelinated and, therefore, should be used as a
region of interest (ROI) in remyelination studies.

Methods

Animals and cuprizone-induced demyelination

6–7 week-old C57BL/6 male mice (19 g - 20 g) were pur-
chased from Janvier Labs (Le Genest-Saint-Isle, France).
Microbiological monitoring was performed according to the
Federation of European Laboratory Animal Science
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Associations recommendations. Experiments have been ap-
proved by the Regierung Oberbayern (reference number
55.2-154-2532-73-15) and conducted following guidelines
of the Federation of European Laboratory Animal Science
Associations (FELASA). Cuprizone-intoxication (0.25%)
was performed as described previously for 1, 3 or 5 weeks
(Hochstrasser et al. 2017). At the end of the experiment, mice
were deeply anaesthetized with ketamine (100 mg·kg − 1 i.p.)
and xylazine (10 mg·kg − 1 i.p.) and transcardially perfused
with ice-cold PBS followed by a 3.7% paraformaldehyde so-
lution (PFA; pH 7.4). Brains were subsequently dissected,
embedded in paraffin, and then coronal sections (5 μm) were
prepared.

Immunohistochemical evaluation

Established protocols were used for immunohistochemistry
(Slowik et al. 2015). In brief, sections were rehydrated and,
if necessary, antigens were unmasked with Tris/EDTA buffer
(pH 9.0) or citrate (pH 6.0) heating. After washing in PBS,
sections were incubated overnight (4 °C) with the primary

antibodies diluted in blocking solution (serum of species in
which the secondary antibody was produced). The following
primary antibodies were used: anti-PLP (1:5000, Serotec,
MCA839G; Puchheim, Germany), anti-MAG (1:4000,
Abcam, ab89780; Cambridge, UK), anti-CNPase (1:2000,
Abcam, ab6313; Cambridge, UK), and anti-MBP (1:500,
Abcam, ab7349; Cambridge, UK). The next day, slides were
incubated with biotinylated secondary antibodies (both 1:200,
Vector Labs, Dossenheim, Germany; anti- mouse, BA9200;
anti- rat, BA9400) for 1 h and then with peroxidase-coupled
avidin-biotin complex (ABC kit; Vector Laboratories,
Peterborough, UK) and treated with 3,3’-diaminobenzidine
(DAKO, Hamburg, Germany) as a peroxidase substrate.

Fig. 1 a Brain level at which immunohistochemistry was performed. b
Representative anti-PLP (proteolipid protein) stained section of a control
and 5 weeks (wks) cuprizone (Cup)-intoxicated mouse. Corpus callosum
sectors are outlined by the yellow columns. The star indicates the most
internal corpus callosum sector. ES (external sector); IS (internal sector). c
Representative illustration of a binary picture after thresholding using the

Isodata algorithm provided by the ImageJ software package. d
Representative result of staining intensity within the different corpus
callosum sectors. 100 means a fully myelinated, zero a completely
demyelinated corpus callosum sector. Each sector spans over a horizontal
distance of 100 μm. Scale bars: (b/c) 250 μm

�Fig. 2 a Anti-PLP (proteolipid protein), b anti-MAG (myelin associated
glycoprotein) and c anti-CNPase (2',3'-cyclic-nucleotide 3'-phosphodies-
terase) staining intensity in 22 corpus callosum sectors. 100 means a fully
myelinated, zero a completely demyelinated corpus callosum sector. Each
sector spans over a horizontal distance of 100 μm (blue line: first five
sectors = 500 μm). Representative images from control, 1, 3 and 5 wks
(weeks) cuprizone (Cup) intoxicated mice are shown on the right. *
p < 0.05, ** p < 0.01 and *** p < 0.001; Mann Whitney test. Scale bars:
(a-c) 250 μm
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Stained sections were digitalized using a Nikon ECLIPSE
E200 microscope (Nikon Instruments, Düsseldorf, Germany)
equipped with a DS-2Mv camera.

Stained sections were evaluated by densitometry of the
staining intensity using ImageJ and automated thresholding.
To evaluate the reproducibility of cuprizone-induced demye-
lination in different sectors of the midline of the corpus
callosum, the following strategy was followed: First, the mid-
line of the corpus callosum was outlined, and then
superimposed by a grid (distance between adjacent yellow
lines = 100 μm, see Fig. 1b). After applying the Isodata
threshold algorithm to obtain a binary image (see Fig. 1c),
the optical density was measured in the individual fields,
and subsequently blotted against the distance of the midline
of the corpus callosum (star in Fig. 1b). Those parts of the
corpus callosum near the midline are called Binternal sectors^
(IS in Fig. 1b) whereas those parts of the corpus callosum near
the lateral ventricles are called Bexternal sectors^ (ES in Fig.
1b). Right and left hemispheres were separately evaluated, and
results were averaged. A representative result of anti-PLP-
processed slides from a control and 5 weeks cuprizone-
intoxicated mouse is shown in Fig. 1d.

Statistics

Statistical analyses were performed using Prism 5 (GraphPad
Software Inc., San Diego, CA, USA). All data are given as
arithmetic means ± SEMs. A p value of <0.05 was considered
to be statistically significant. Applied statistical tests are given
in the respective figure legends. No outliers were excluded
from the analyses. Kolmogorov-Smirnov test was applied to
test for normal distribution of the data. Four control and five
cuprizone animals (each time point) were used per experimen-
tal group.

Results

As demonstrated in Fig. 2, a homogenous anti-PLP, anti-
MAG and anti-CNPase staining intensity was observed in all
corpus callosum sectors of control and 1 week (wk)
cuprizone-intoxicated mice.While similar results were obtain-
ed at week 3 for anti-PLP and anti-CNPase stained sections, a
slight yet significant drop of anti-MAG staining intensity was
observed in the external sectors of the corpus callosum mid-
line. Statistical comparison using one-way ANOVA with the
obtained p values corrected for multiple testing using
Bonferronni’s method revealed a significant loss of anti-
MAG staining intensities within the four most external sectors
compared to the most internal sector. At week 5, a significant
loss of anti-PLP, anti-MAG, and anti-CNPase-staining inten-
sities were evident in the internal sectors of the corpus
callosum. The mean loss of myelin protein staining intensity

within the five internal sectors was for PLP ~96% (control =
97.96 ± 0.74 versus 5 wks 3.69 ± 1.80 relative optical density;
p < 0.001), for MAG ~68% (control = 99.22 ± 0.20 versus 5
wks 31.68 ± 9.46; p < 0.001), and for CNPase ~68% (con-
trol = 99.73 ± 0.14 versus 5 wks 31.64 ± 5.07; p < 0.001).
Similar results were obtained for MBP ~62% (control =
98.76 ± 0.27 versus 5 wks 36.96 ± 6.15; p < 0.001; data not
shown). Of note, the first five sectors, compromising a dis-
tance of 500 μm from the midline of the corpus callosum,
showed most severe demyelination in all three applied immu-
nohistochemical stains (blue lines in Fig. 2), whereas more
lateral orientated sectors showed incomplete demyelination.

Discussion

In this study we addressed the reproducibility of demyelin-
ation within different corpus callosum subsectors. Following
conventional protocols, acute demyelination is induced by a
5 weeks cuprizone intoxication period, and then pharmaceu-
tical interventions are initiated to test for promyelinating drug
effects (Slowik et al. 2015). Reproducible and preferably com-
plete demyelination is an indispensable prerequisite for reli-
able remyelination studies (Stidworthy et al. 2003). Therefore,
it is important to know which parts of the corpus callosum are
demyelinated in a reproducible manner at week 5 before
remyelination interventions are initiated. In vivo imaging
methods are currently developed to visualize the myelination
levels of the corpus callosum in living mice (Cao et al. 2018;
de Paula Faria et al. 2014). Although such methods could help
in the near future to monitor the efficacy of new drugs aimed
at restoring myelin, their resolution is currently insufficient to
visualize the extent of demyelination in corpus callosum sub-
regions. Here, we show that demyelination is extensive and
reproducible within the internal 500 μm spanning corpus
callosum segments. Optical densities especially in anti-PLP
stained sections show low standard error of the mean values.
We, thus, recommend to focus on this callosal subregion dur-
ing remyelination trials. Of note, this statement is true for the
corpus callosum at the level of the rostral hippocampus. More
rostral parts of the corpus callosum, such as at the level of the
anterior commissure, might have a different demyelination
pattern.

The observation that MAG- but not PLP- or CNPase-
staining intensity was significantly reduced after 3 weeks of
cuprizone intoxication is remarkable, although this finding has
to be verified using other anti-myelin antibodies. It has been
suggested that cuprizone-induced oligodendrocyte apoptosis
mimics the pathology of so called Btype-III MS lesions^
(Lucchinetti et al. 2000). Such lesions are characterized by a
selective reduction of MAG protein, and are reminiscent of
virus- or toxin-induced demyelination rather than autoimmu-
nity. Although further studies have to verify this observation,
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selective early MAG loss in the cuprizone model further sug-
gests that the mode of cuprizone-induced oligodendrocyte de-
generation might well be relevant for MS.
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