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a b s t r a c t 
Brain maturation and neurological diseases are intricately linked to microstructural changes that inher- 
ently affect the brain’s mechanical behavior. Animal models are frequently used to explore relative brain 
stiffness changes as a function of underlying microstructure. Here, we are using the cuprizone mouse 
model to study indentation-derived stiffness changes resulting from acute and chronic demyelination 
during a 15-week observation period. We focus on the corpus callosum, cingulum, and cortex which un- 
dergo different degrees of de- and remyelination and, therefore, result in region-specific stiffness changes. 
Mean stiffness of the corpus callosum starts at 1.1 ± 0.3 kPa in untreated mice, then cuprizone treatment 
causes stiffness to drop to 0.6 ± 0.1 kPa by week 3, temporarily increase to 0.9 ± 0.3 kPa by week 
6, and ultimately stabilize around 0.7 ± 0.1 kPa by week 9 for the rest of the observation period. The 
cingulum starts at 3.2 ± 0.9 kPa, then drops to 1.6 ± 0.4 kPa by week 3, and then gradually stabilizes 
around 1.4 ± 0.3 kPa by week 9. Cortical stiffness exhibits less stiffness variations overall; it starts at 
4.2 ± 1.3 kPa, drops to 2.4 ± 0.6 kPa by week 3, and stabilizes around 2.7 ± 0.9 kPa by week 6. We also 
assess the impact of tissue fixation on indentation-based mechanical tissue characterization. On the one 
hand, fixation drastically increases untreated mean tissue stiffness by a factor of 3.3 for the corpus cal- 
losum, 2.9 for the cingulum, and 3.6 for the cortex; on the other hand, fixation influences interregional 
stiffness ratios during demyelination, thus suggesting that fixation affects individual brain tissues differ- 
ently. Lastly, we determine the spatial correlation between stiffness measurements and myelin density 
and observe a region-specific proportionality between myelin content and tissue stiffness. 
Statement of significance 
Despite extensive work, the relationship between microstructure and mechanical behavior in the brain re- 
mains mostly unknown. Additionally, the existing variation of measurement results reported in literature 
requires in depth investigation of the impact of individual cell and protein populations on tissue stiff- 
ness and interregional stiffness ratios. Here, we used microindentation measurements to show that brain 
stiffness changes with myelin density in the cuprizone-based demyelination mouse model. Moreover, we 
explored the impact of tissue fixation prior to mechanical characterization because of conflicting results 
reported in literature. We observe that fixation has a distinctly different im pact on our three regions 
of interest, thus causing region-specific tissue stiffening and, more importantly, changing interregional 
stiffness ratios. 

© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
1. Introduction 

Brain maturation and many neurological diseases are character- 
ized by microstructural changes that inherently alter the tissues’ 
mechanical behavior [1–5] . Extensive work has gone into the me- 
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chanical characterization of brain tissues and evaluation of spa- 
tial relationships between microstructure and mechanical proper- 
ties [6–9] . Systematic study of mechanobiological changes in neu- 
rological diseases is particularly challenging, however, due to the 
tissues’ inaccessibility for mechanical characterization. Therefore, 
animal models which closely mimic human neuropathology have 
proven useful to uncover many critical mechanobiological mech- 
anisms of disease. At the same time, distinct differences in mi- 
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crostructural composition, size, metabolic activity, and lifetime of 
animal brains in comparison to human brains, pose limitations on 
projecting animal model-derived mechanical properties onto the 
human brain [10–12] . Nonetheless, animal models allow us to ex- 
plore relative brain stiffness changes as a function of underlying 
microstructure. Previous work has used indentation [9,13–15] , rhe- 
ology [16] , and magnetic resonance elastography [11,17,18] to eval- 
uate animal brain properties as a surrogate for human brain tis- 
sue in diseases such as multiple sclerosis [15,19,20] , Alzheimer’s 
disease [1,21] , and age [4,9] , amongst others. All of these diseases 
are associated with microstructural degeneration that alter the tis- 
sues’ mechanical properties as well as function. In many instances, 
however, the mechanical microenvironment plays a critical role in 
enabling or preventing the brain’s ability to repair disease-induced 
damage [22,23] . Since demyelination is a common pathology in ag- 
ing and neurodegeneration, it is worthwhile exploring the impact 
of myelin content variations on tissue stiffness in distinctly differ- 
ent brain regions such as the corpus callosum, cingulum, and cor- 
tex. 

Amongst the most prominent cell and protein populations in 
the mouse brain, myelin content has been shown to correlate with 
brain stiffness [14,15,17] . Myelin plays a critical role during devel- 
opment while the brain’s functional network is formed [24] . It is 
also affected by demyelinating diseases that are associated with 
progressive loss of cognitive function [25] . The cuprizone mouse 
model is the most commonly used surrogate to investigate disease- 
related brain changes such as lesion formation and spontaneous 
remyelination [26,27] . In mice, 0.2% cuprizone treatment for up 
to 6 weeks, causes metabolic stress which leads to comprehen- 
sive demyelination, depletion of oligodendrocyte progenitor cells, 
and triggers neuroinflammation associated with astrogliosis and 
microgliosis [28] . Cuprizone treatment beyond 6 weeks has shown 
to include a brief period of spontaneous, albeit partial, white mat- 
ter remyelination despite continued toxin exposure. In the long- 
term, however, extending cuprizone treatment to 12 weeks and 
beyond, results in multiple failed cycles of remyelination and ulti- 
mately causes irreversible chronic demyelination [15] . Interestingly, 
if toxin is withdrawn, white and gray matter tissue tends to show 
spontaneous remyelination and can even achieve near full recovery 
[29] . 

The primary objective of the present work is to assess brain 
tissue stiffness variations over a continuous 15-week cuprizone 
treatment period to determine if mechanical properties follow 
spatiotemporal myelin content changes. We quantify the tempo- 
ral stiffness changes resulting from initial demyelination during 
the first 5 weeks, the subsequent remyelination by week 6 (irre- 
spective of continuous cuprizone treatment), and the subsequent 
chronic demyelination observed during the remaining weeks. We 
focus on quantifying the temporal stiffness variations observed 
between the two extreme groups, i.e., untreated and chronically 
treated mice, and providing a region-specific relationship between 
tissue stiffness and myelin content. We derived tissue stiffness 
from microindentation measurements based on a minimum of 72 
measurements in the corpus callosum and 36 measurements in the 
cingulum and cortex, respectively, for each animal. We focus on 
these regions, because the gray-white matter stiffness ratio plays a 
critical role in many computational models that try to predict age- 
and disease-related biomechanical brain behavior [30–33] . We also 
investigated the impact of tissue fixation on relative interregional 
stiffness ratios because previous works have used both fresh and 
fixed tissues with conflicting findings. To assess microstructure, we 
used histological staining and quantified myelin fractions from mi- 
croscopy images. A better understanding of the spatiotemporal cor- 
relation between local stiffness and myelin density is particularly 
useful for estimating mechanical tissue changes in many neuro- 
logical diseases such as multiple sclerosis and neurodegenerative 

diseases. Novel magnetic resonance imaging sequences are able to 
quantify in vivo microstructural deterioration related to demyeli- 
nation at significantly higher resolution in comparison to direct 
stiffness measurements based on magnetic resonance elastography 
[34–36] . The work presented here, will help develop new meth- 
ods to infer tissue stiffness changes and the level of tissue damage 
from in vivo brain imaging. 
2. Methods 

All research and animal care procedures were approved by the 
Institutional Review Board at Stevens Institute of Technology under 
animal protocol 2019-004(AP) and performed according to interna- 
tional guidelines on the use of laboratory animals. 
2.1. Cuprizone mouse model to study demyelination 

To systematically study brain stiffness changes on the basis 
of varying degrees of axon myelination, we utilize the cuprizone 
mouse model. By substituting regular mouse diet with cuprizone 
treated chow, we can induce varying degrees of white and gray 
matter myelination based on exposure time. In this study, we ob- 
tained 50 8-week-old female C57BL/6 mice from Jackson Labora- 
tory and divided them into two groups: an untreated group with 
17 mice to serve as controls and a group with 33 animals that 
were placed on a cuprizone diet. Mice were caged in groups of 
3 or 4 animals in a climate-controlled room. They received wa- 
ter and chow ad libitum. Untreated mice received regular chow 
(Envigo, Indianapolis, IN) for up to 3 and 6 weeks, respectively. 
Treated mice received 0.2% cuprizone chow (Envigo, Indianapolis, 
IN) without interruption for 3, 6, 9, 12, and 15 weeks, respectively. 
Figure 1 shows the timeline of our study. For mechanical testing, 
we harvested untreated mice at week 0 (n = 5), week 3 (n = 5), 
and week 6 (n = 7) to assess brain stiffness variations with age. 
We harvested cuprizone-treated mice at week 3 (n = 6), week 6 
(n = 6), week 9 (n = 6), week 12 (n = 7), and week 15 (n = 8). 
To assess differences between fresh and fixed tissue stiffness varia- 
tions, we harvested additional untreated mice (n = 5) and treated 
mice (n = 6) after 6 weeks of observation. For both groups, we 
prepare a sample per brain, fix it for 24 hours and then perform 
mechanical testing, as outlined in Section 2.3 . We harvested n = 3 
mice at weeks 0 (baseline), 3, 4, 5, and 6, respectively, for histo- 
chemical analysis to quantify microstructural changes and varia- 
tions in myelination as described in Section 2.5 . 
2.2. Sample preparation 

All samples were prepared the same way. Mice were sacrificed 
via cervical dislocation. Their brains were subsequently harvested 
and transferred to a custom-built cutting mold to remove the cere- 
bellum as shown in Fig. 2 a/b. The flat surface was then glued 
onto the VT-1200S vibratome disc (Leica Biosystems, Buffalo Grove, 
IL) using Gorilla Super Glue (Gorilla Inc., Cincinnati, Ohio) which 
was then placed in a fluid chamber filled with phosphate buffered 
saline (PBS) at 22 ± 1 °C , see Fig. 2 c. We used the vibratome to 
cut a 1 mm thick coronal slice at 0.7 mm Bregma. We used a vi- 
bratome blade speed of 0.1 mm/s, vibration amplitude of 1 mm, 
and vibration frequency of 85 Hz. The caudal-facing side of the 
slice was then glued to the bottom of a 35 mm diameter petri dish 
(Benz Microscope Optics Center, Inc., Washtenaw County, Michi- 
gan) using Gorilla Super Glue and washed with PBS, as shown in 
Fig. 2 d. Prior to mechanical testing, samples were fully submerged 
in Opti-Free contact lens solution (Alcon, Fort Worth, Texas). We 
used contact lens solution because it drastically lowers the inter- 
facial tension between fluid and indenter and thereby reduces the 
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Fig. 1. Mouse feeding and sample preparation plan. We distinguish between healthy controls, harvested after 0, 3, and 6 weeks and cuprizone treated groups that are 
harvested at 0, 3, 6, 9, 12, and 15 weeks. We prepare samples for tissue staining at 0 weeks to establish the baseline and after 3, 4, 5, and 6 weeks of cuprizone treatment. 
Samples that were fixed prior to indentation testing we harvested after 6 weeks of regular chow and 6 weeks of cuprizone treatment, respectively. 

Fig. 2. Indentation procedure: we harvest the brain, a) place the brain in a tissue slicer, b) cut away the brainstem, c) transfer the sample to a vibratome to cut a 10 0 0 µm 
thick slice, d) glue the sample into a petri dish, and e) identify the regions of interest for indentation testing, i.e., the corpus callosum (cc, green box), cingulum (cg), and 
cortex (cx, red box), f) finally we perform grid measurements in each region of interest using our microindentation machine. Per our indentation protocol, g) we start each 
measurement out of contact, approach the sample, and upon detecting the contact point, prescribe an indentation depth δ of 15 µm. We record tip reaction force during the 
entire process and ultimately determine tissue stiffness by fitting the Sneddon model to the force-displacement data as shown in red. 
drag forces on the tip as we indent the brain. All mechanical in- 
dentation tests on each slice were performed at (22 ± 1 °C ) and 
completed within 4 hours of death. 

To obtain fixed samples for mechanical testing, a 1 mm thick 
coronal slice was harvested from each brain at 0.7 mm Bregma 
and transferred to a test tube with 10 ml 10% neutral buffered 
formalin for fixation. After 24 hours of fixation at 22 ± 1 °C , the 
caudal-facing side of the fixed slices were glued to the bottom of 
a 35 mm diameter petri dish, washed with PBS, and subsequently 
submerged in contact lens solution prior to mechanical testing. 
2.3. Indentation protocol 

We tested three characteristic brain regions in all mice: the cor- 
pus callosum (cc), cingulum (cg), and cortex (cx). In each region 
of interest, we performed grid measurements. In the corpus cal- 
losum, we performed 12 x 6 measurements with 50 µm spacing 
for a total of n = 72 measurements covering an area of 600 µm 
by 300 µm. In both the cingulum and cortex, we performed 6 x 6 

measurements with 50 µm inter-measurement spacing for a total 
of n = 36 measurements covering an area of 300 µm by 300 µm, 
see Fig. 2 e. It is important to note, that our grid size of 300 µm 
by 300 µm might exceed the actual size of the cingulum which is 
up to 400 µm wide [37] and may laterally extend into the corti- 
cal layer by up to one column of measurements. We accept this 
slight overlap with the cortex as this anatomical region represents 
a transition zone from the corpus callosum to the cortex. Once 
samples were placed inside the indentation machine, we used the 
integrated microscope to localize the desired test locations. Specif- 
ically, the symmetry axis of the coronal slice marks the the center 
of the corpus callosum grid. We then identify the bottom left cor- 
ner of the cingulum grid such that we do not overlap with the 
corpus callosum. The position of the cortical grid is defined rela- 
tive to the top right corner of the corpus callosum grid with a ver- 
tical offset of 600 µm and lateral offset of 1200 µm. All measure- 
ments were conducted using our FT-MTA03 Micromechanical Test- 
ing System (FemtoTools AG, Schlieren, Switzerland) equipped with 
an FT-S200 Micro-Force Sensing Probe (FemtoTools AG, Schlieren, 
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Switzerland) which has a force range of -200 µN to 200 µN and 
0.0 0 05 µN resolution at 10 Hz. We customized our probe by glu- 
ing a 50 µm diameter polystyrene microsphere (Alpha Nanotech, 
Research Triangle, NC) to its tip. We placed each petri dish in the 
indentation machine, as shown in Fig. 2 f. 

Before starting grid measurements, the machine automatically 
identifies the sample surface by lowering the probe at a speed 
of 100 µm/s. When an indentation force of 3 µN is detected, the 
sensor retracts by 40 µm and saves this vertical position as the 
starting height for all subsequent grid measurements. We use this 
approach because of the slightly uneven sample surface. We then 
start the automatically controlled grid measurements. For each grid 
point, the machine lowers the probe by 10 µm/s until a force 
threshold of 0.3 µN is reached upon which the machine switches 
to a displacement-controlled indentation test and indents the sam- 
ple by an additional 15 µm, see Fig. 2 g. Following maximum in- 
dentation, the probe returns to the vertical starting position and 
moves to the next grid point for another measurement. The force 
threshold is chosen this high to avoid a switch to the displacement 
driven part before the indenter is in contact with the sample. Dur- 
ing the automated grid tests, we cannot afford to trigger incom- 
plete measurements too often. During post-processing, we discard 
those measurements from further consideration. Force and tip dis- 
placement data are sampled at 40 Hz. 

After collecting all data, we use a custom python code to retro- 
spectively determine the contact point between indenter and sam- 
ple which occurs at some point before the force threshold. The ul- 
trasoft properties of the brain tissue present a challenge for iden- 
tifying the exact contact point which is characterized by a gradual 
change in the slope of the force-displacement curve, as shown in 
Fig. 2 g. Our algorithm first identifies the point of maximum inden- 
tation force. From there, it uses a moving window with the ten 
previous measurement points and determines the slope of a linear 
fit through the displacement data. We iteratively move this data 
window in reverse loading direction until the slope decreases to 
a minimum threshold of κ = 0.008 µN/µm which we determined 
during the protocol development phase. Once we reach our thresh- 
old we define the minimum displacement value in the current data 
window as our contact point. We subsequently clip the force-tip 
displacement data before the contact point and above 15 µm in- 
dentation depth for stiffness identification. This approach ensures 
that we only analyze the tissue response for up to about 15.5% 
strain for which the Sneddon model is a good approximation of 
the force-displacement data [38] . 
2.4. Stiffness identification 

We determine the apparent elastic modulus E, based on the 
Sneddon model for spherical indentation [38] given by equations 
F = E 

1 − v 2 
[

a 2 + R 2 s 
2 ln R s + a 

R s − a − aR s ] with δ = a 
2 ln [R s + a 

R s − a 
]
. 
(1) 

Here, F is the indentation force, R s is the indenter’s spherical 
tip radius that is 25 µm and a is the contact radius. We follow 
the common assumption that brain tissue may be treated as in- 
compressible, i.e., Poisson’s ratio ν = 0.5. Contact radius a is re- 
lated to the indenter’s spherical tip radius and indentation depth δ
measured during each indentation with δmax = 15 µm. For each 
measurement point, we take the displacement data, derive the 
corresponding contact radii, and fit the force data by iterating 
on the apparent elastic modulus. Specifically, we use the nonlin- 
ear least squares implementation of the SciPy library in python 
which minimizes the residual sum of squares, RSS, given by RSS = 

Fig. 3. Microstructural assessment. a) We stain formaldehyde-fixed whole brain 
cortical slices with luxol fast blue and counterstain cresyl violet such that myelin 
appears blue and nissl substance appears purple. b) We then obtain 20x magnified 
images of the corpus callosum (shown here after nuclei were removed), cingulum, 
and cortex, and apply several image processing steps to determine myelin fraction. 
To that end, c) we convert them to a grayscale image and d) binarize them based 
on an intensity value of 155. The red box shows the region used to quantify myelin 
fraction. 
∑ n 

i =1 (y i − f ( x i ) )2 
, where y i is our experimental force data and 

f (x i ) is the prediction from the Sneddon model, see Eq. 1 . For each 
region, we store each grid point’s apparent elastic modulus for our 
subsequent statistical analysis. 
2.5. Histology and image analysis 

We use histology to quantify the microscopic anatomy at our 
indentation sites. Tissue slices harvested for staining were fixed in 
10% neutral buffered formalin for 24 hours at 22 ± 1 °C . After- 
wards, slices were washed with PBS, dehydrated with ethanol, and 
cleared using xylene. Slices were then embedded in paraffin for 
sectioning. We cut 5 µm thick slices using a microtome (RM2135, 
Leica Biosystems, Buffalo Grove, IL) and transferred them to a glass 
side. Among the possible stains to measure myelin content, includ- 
ing myelin basic protein, myelin-associated glycoprotein, and pro- 
teolipid protein immunostaining, we selected luxol fast blue (Stat- 
Lab Medical Products, McKinney, TX) [39] . The copper phthalo- 
cyanine chromogen in luxol fast blue is attracted to the bases in 
the lipoproteins of the myelin sheath [40] . We then counterstained 
with cresyl violet (StatLab Medical Products, McKinney, TX) such 
that myelin appears in blue, neuropil in pink, and nerve cells in 
purple, as shown in Fig. 3 a. Although luxol fast blue is widely used 
to quantify the changes of myelin content, it is not clear if the 
change is caused by a variation of myelin concentration or axon 
density, or both [41] . 

According to our staining protocol, we deparaffinize slices with 
xylene and rinse them with ethanol and deionized water. They are 
then submerged in preheated luxol fast blue solution for 1 hour 
at 60 °C, washed with ethanol and deionized water, and subse- 
quently submerged in cresyl echt violet solution for 10 minutes 
at 22 ± 1 °C . Finally, slices were dehydrated by ethanol, cleared 
by xylene, and mounted using permanent mounting media (Elec- 
tron Microscopy Sciences, Hatfield, PA). We prepared a total of 14 
histology-stained slices and used light microscope (Eclipse Ci-L, 
Nikon Instruments Inc., Melville, NY) to create digital copies with 
a 5.9 megapixel camera (DS-Fi3, Nikon Instruments Inc., Melville, 
NY), see Fig. 3 a. All images were subsequently post-processed with 
our custom-code to quantify myelin content. We first remove cell 
nuclei by thresholding the green color channel (index up to 255) 
based on a value of 85 for the corpus callosum, 95 for cingu- 
lum, and 145 for the cortex. Respective pixels were set to the 
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Table 1 
Summary of our indentation measurements in fresh mouse brain tissue, i.e, 
the corpus callosum (cc), cingulum (cg), and the cortex (cx). We differen- 
tiate between fresh untreated and fresh treated mice that we sacrificed at 
various time points. We report number of mice, mean stiffness and standard 
deviation of all measurements per location, and number of measurements 
per location. See Fig. S1 for each individual measurement. 

week # mice region mean 
[kPa] SD 

[kPa] n 
0 5 cc 1.1 0.3 323 

cg 3.2 0.8 180 
cx 4.1 0.9 180 

untreated 3 5 cc 1.1 0.2 299 
cg 3.7 1.0 174 
cx 4.4 1.0 179 

6 7 cc 1.2 0.3 302 
cg 2.9 0.8 244 
cx 4.2 1.8 174 

3 6 cc 0.6 0.1 403 
cg 1.6 0.4 205 
cx 2.4 0.6 216 

6 6 cc 0.9 0.3 380 
cg 1.9 0.6 216 
cx 2.7 0.9 216 

treated 9 6 cc 0.7 0.1 359 
cg 1.4 0.3 208 
cx 2.5 0.5 204 

12 7 cc 0.7 0.2 427 
cg 1.2 0.3 250 
cx 2.2 0.4 252 

15 8 cc 0.8 0.1 535 
cg 1.8 0.6 281 
cx 3.0 0.7 288 

Table 2 
Summary of our indentation measurements in fixed mouse brain tissue, i.e., 
the corpus callosum (cc), cingulum (cg), and the cortex (cx). We differen- 
tiate between fixed untreated and fixed treated mice that we sacrificed at 
various time points. We report number of mice, mean stiffness and standard 
deviation of all measurements per location, and number of measurements 
per location. See Fig. S2 for each individual measurement. 

week # mice region mean 
[kPa] SD 

[kPa] n 
untreated 6 5 cc 4.0 1.6 329 

cg 8.6 4.0 180 
cx 15.3 6.3 124 

treated 6 6 cc 4.1 1.8 355 
cg 5.3 2.2 187 
cx 8.6 6.3 150 

background color, see Fig. 3 b. We then isolate myelin by convert- 
ing each image to a grayscale image, see Fig. 3 c, and binarize 
the new images based on an intensity value of 155, see Fig. 3 d 
[41] . We then identified our three indentation sites and created a 
copy at twenty-times magnification for each location. As shown in 
Fig. 3 d, this approach accurately differentiates between myelin and 
all other constituents. We ultimately define myelin content as the 
fraction of black pixels over all pixels. 
2.6. Statistical analysis 

We conducted the statistical analyses in R (Version 4.1.2) where 
statistical significance was defined by p < 0.05. For all data, we 
used a linear mixed model as implemented in the R package afex . 
All post-hoc analyses were conducted using Tukey tests. In this 
manuscript, we report data as mean with standard deviation, see 
Tables 1 - 2 , although all statistical analyses are based on including 
every single measurement point to account for intra- and inter- 
animal variance. In the supplementary materials, we report all in- 
dividual stiffness measurements as swarm plots where measure- 

Table 3 
Summary of interregional stiffness ratios derived from our bootstrapping ap- 
proach. For each animal we sampled 10 0 0 data sets of 10 randomly selected 
points, compute 10 stiffness ratios between the cortex and corpus callosum 
(cx/cc), cingulum and corpus callosum (cg/cc), and cortex and cingulum (cx/cg), 
respectively, and constructed the corresponding spatial distributions for each ra- 
tio, see Fig. S3. Here, we calculate the mean of each animal’s distribution and 
report the mean and standard deviation for each group and region. 

week # mice ratio mean 
[-] SD 

[-] n 
fresh untreated 6 7 cx/cc 3.9 1.2 1000 

cg/cc 2.7 0.6 1000 
cx/cg 1.6 0.7 1000 

fresh treated 6 6 cx/cc 3.3 1.1 1000 
cg/cc 2.2 0.5 1000 
cx/cg 1.5 0.2 1000 

fixed untreated 6 5 cx/cc 4.1 1.1 1000 
cg/cc 2.4 0.6 1000 
cx/cg 2.0 0.4 1000 

fixed treated 6 6 cx/cc 2.1 0.8 1000 
cg/cc 1.5 0.4 1000 
cx/cg 1.5 0.5 1000 

ments from the same animal are in the same color. We evalu- 
ated the effect of tissue fixation on interregional stiffness ratios 
using a bootstrapping approach with 10 0 0 iterations. For each it- 
eration and animal, we randomly sampled 10 stiffness measure- 
ments from each of the three regions. We then computed pair- 
wise ratios, i.e., cortex/corpus callosum, cingulum/corpus callosum, 
and cortex/cingulum, and store the three respective mean values 
for each ratio. We then construct a histogram for each animal and 
ratio which are shown in Fig. S3 in the supplementary materials. 
Since all histograms follow a normal distribution, we report their 
mean and standard deviation in Table 3 and use mean values for 
subsequent analyses in Section 3.2. 
3. Results 
3.1. Regional brain stiffness variations 

Figure 4 shows a summary of all measurements performed in 
fresh tissue samples including untreated mice ( Fig. 4 a/c/e) and 
treated mice ( Fig. 4 b/d/f). We report the mean stiffness of each an- 
imal and region to visualize the effect of age and cuprizone treat- 
ment duration on tissue stiffness. However, our statistical analysis 
uses linear mixed models that fit every single measurement in or- 
der to properly account for intra- and inter-mouse variations. We 
show every individual measurement point in Fig. S1 in the supple- 
mentary materials where measurements from the same animal are 
in the same color. In untreated mice, mean stiffness and standard 
deviation in the corpus callosum is 1.1 ± 0.3 kPa, 1.1 ± 0.2 kPa, and 
1.2 ± 0.3 kPa for weeks 0, 3, and 6, respectively; for the cingulum, 
these values are 3.2 ± 0.8 kPa, 3.7, ± 1.0 kPa, and 2.9 ± 0.8 kPa, re- 
spectively; and for the cortex, they are 4.1 ± 0.9 kPa, 4.4 ± 1.0 kPa, 
and 4.2 ± 1.8 kPa, respectively. Cuprizone treatment generally in- 
duces tissue softening in all three subregions. In the corpus cal- 
losum, stiffness decreases from 1.1 ± 0.3 kPa in untreated mice 
to 0.6 ± 0.1 kPa at week 3; stiffness then temporarily increases 
by 50% to 0.9 ± 0.3 kPa at week 6; it then decreases again to 
0.7 ± 0.1 kPa by week 9 and maintains a similar mean value 
for weeks 12 (0.7 ± 0.2 kPa) and 15 (0.8 ± 0.1 kPa). A simi- 
lar trend is observed for the cingulum for which stiffness drops 
from 3.2 ± 0.9 kPa in untreated mice to 1.6 ± 0.4 kPa at week 
3; it then increases to 1.9 ± 0.6 kPa at week 6 and subsequently 
drops to 1.4 ± 0.3 kPa, 1.2 ± 0.3 kPa, and 1.8 ± 0.6 kPa at weeks 
9, 12, and 15, respectively. Cortical stiffness exhibits less stiffness 
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Fig. 4. Summary of all stiffness measurements using fresh samples in the form of mean stiffness per animal and region. We also indicate mean stiffness and standard 
deviation across all measurements (black markers). We measured untreated mouse brain stiffness at 0, 3, and 6 weeks in the a) corpus callosum, c) cingulum, and e) cortex. 
We also measured treated mouse brain stiffness after 3, 6, 9, 12, and 15 weeks of uninterrupted cuprizone treatment in the b) corpus callosum, d) cingulum, and f) cortex. 
Since no statistical difference is observed in untreated groups, except for the cingulum between weeks 3 and 6, we compare treated mice against all untreated data. We 
determine statistical significance between groups using Tukey post-hoc multiple comparison and report p-values as ∗: p < 0.05, ∗∗: p < 0.01, and ∗∗∗: p < 0.001. 
variations overall. It initially drops from 4.2 ± 1.3 kPa in un- 
treated mice to 2.4 ± 0.6 kPa at week 3. In subsequent weeks 
mean stiffness remains stable with 2.7 ± 0.9 kPa, 2.5 ± 0.5 kPa, 
2.2 ± 0.4 kPa, and 3.0 ± 0.7 kPa at weeks 6 through 15, 
respectively. 

In summary, untreated mice show a statistically significant dif- 
ference between regions (p < 0.001) but no statistically signifi- 
cant difference between observation period. Only the cingulum is 
statistically different between weeks 3 and 6 (p = 0.011). Cupri- 
zone treatment, however, has a significant impact on all three re- 
gions. Especially the cingulum and cortex show significant differ- 
ences compared against untreated mice irrespective of treatment 
duration (most p-values < 0.001, see Fig. 4 ). The corpus callosum 

shows major softening by week 3 (p = 0.006), recovers stiffness 
due to temporary remyelination with no statistical significant dif- 
ference compared to untreated mice, but then softens again during 
subsequent weeks (p = 0.021 and p = 0.029 for weeks 9 and 12, 
respectively). 
3.2. Differences between fresh and fixed brain stiffness 

Figure 5 summarizes our data investigating the differences 
between fresh and fixed samples. We show mean stiffness for 
each animal and region. Fig. S2 in the supplementary materials 
shows every individual measurement where measurements from 
the same animal are in the same color. Fig. 5 a) compares 6-week 
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Fig. 5. Summary of measurements in 6-week old a) fresh and b) fixed untreated and treated mice. We use bootstrapping to compute a statistical distribution of the stiffness 
ratio between c) cortex and corpus callosum, d) cingulum and corpus callosum, and e) cortex and cingulum. Here, we report the mean ratio from each animal. We compute 
stiffness ratios for each of the four groups: fresh untreated, fresh treated, fixed untreated, and fixed treated mice, respectively. Black markers indicate mean and standard 
deviation of all data points for stiffness (a/b) and stiffness ratio (d-e), respectively. We determine statistical significance between groups using Tukey post hoc multiple 
comparison and report p-values as ∗: p < 0.05, ∗∗: p < 0.01, and ∗∗∗: p < 0.001. 
untreated data with 6-week treated stiffness in the corpus callo- 
sum, cingulum, and cortex, respectively. Fig. 5 b) shows the same 
data for fixed tissue. For untreated mice, fixed sample stiffnesses 
are 4.0 ± 1.6 kPa in the corpus callosum, 8.6 ± 4.0 kPa in the cin- 
gulum, and 15.3 ± 6.3 kPa in the cortex; fixed treated sample stiff- 
nesses are 4.1 ± 1.8 kPa in the corpus callosum, 5.3 ± 2.2 kPa in 
the cingulum, and 8.6 ± 6.3 kPa in the cortex. Based on these mea- 
surements, untreated fixed corpus callosum is 3.3 times, fixed cin- 
gulum is 2.9 times, and fixed cortex is 3.6 times stiffer than fresh 
control samples from these regions. For treated mice, fixed sam- 
ples from the corpus callosum are 4.6 times, from the cingulum 
are 2.8 times, and from the cortex are 3.2 times stiffer than fresh 
samples from respective regions. In Figs. 5 c-e) we report the com- 
puted stiffness ratios between the cortex and corpus callosum, cin- 
gulum and corpus callosum, and the cortex and cingulum, respec- 
tively. More specifically, we compare fresh untreated, fresh treated, 
fixed untreated, and fixed treated to assess if treatment and fix- 
ation influence each other. Interestingly, we observe that the cor- 
tex/corpus callosum stiffness ratio in fixed treated mice is differ- 
ent from fresh untreated (p < 0.001), fresh treated (p = 0.048), 
and fixed untreated samples (p < 0.001). The only other signifi- 
cant difference is measured for the ratio between cingulum and 
corpus callosum using fresh untreated and fixed treated samples 
(p = 0.032). 

3.3. Correlation between myelin content and tissue stiffness 
Figure 6 shows representative microscopy images of the cor- 

pus callosum, cingulum, and cortex at a) 10 times and b) 20 times 
magnification at weeks 0 (untreated), 4 (treated), and 6 (treated), 
respectively. Figure 6 c shows the results from our histological anal- 
ysis of myelin content in the corpus callosum, cingulum, and cor- 
tex. We measured a baseline myelin area fraction of 0.73 ± 0.01 in 
the corpus callosum, 0.59 ± 0.04 in the cingulum, and 0.19 ± 0.08 
in the cortex. In general, cortical tissue has the lowest myelin con- 
tent and the corpus callosum has the highest which agrees with 
known neuroanatomy. In the corpus callosum, cuprizone treat- 
ment causes a significant decrease in myelin content during the 
first 5 weeks compared to the untreated mice. At week 6, how- 
ever, we recover 84% of the baseline myelin fraction. In the cin- 
gulum, myelin content decreases during the first 4 weeks as well, 
but spontaneously recovers to 68% and 70% of the initial myelin 
fraction by weeks 5 and 6, respectively. In the cortex, myelin con- 
tent drops by 19% within the first three weeks compared to base- 
line myelin fraction and remains stable in subsequent weeks. De- 
spite differences in the evaluation method, our data qualitatively 
matches previous works very well [42,43] . More specifically, Fig. 6 d 
shows the data reported by Gudi et al. who used proteolipid pro- 
tein (PLP) immunostaining to obtain a myelin score for the corpus 
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Fig. 6. Representative histological images at a) 10x and b) 20x magnification of the corpus callosum, cingulum, and cortex at baseline and at 4 and 6 weeks of cuprizone 
treatment, respectively (images are shown prior to undergoing image analysis to determine myelin area fraction). c) Histology-derived myelin area fraction in the corpus 
callosum, cingulum, and cortex at weeks 0, 3, 4, 5, and 6. d) Data from Gudi et al. who evaluated degree of myelination based on a 3-scale myelin score for the corpus 
callosum and a 4-scale myelin score for the cortex [42] . 

Fig. 7. Spatial correlation between myelin fraction and tissue stiffness. Each point 
reflects mean myelin fraction and stiffness; horizontal bars indicate standard de- 
viation of the myelin fraction and vertical bars indicate standard deviation of the 
stiffness. The dashed lines indicate the linear regression of the data points for the 
three regions, respectively. Gray data points are from previous work by Weicken- 
meier et al. [19] . Results from the linear regression are summarized in Tab. 4 . 
callosum and cortex for the first six weeks of cuprizone treatment 
[42] . In the corpus callosum, they observe a gradual decrease in 
the myelin score of 90% within 5 weeks and a subsequent score 
increase of 51% by week 6. In the cortex, they observe a continu- 
ous score decrease by a total of 97% by the end of 6 weeks. 

Table 4 
Summary of the linear regression that maps averaged stiffness against 
averaged myelin area fraction for each of the three regions of interest 
and data previously reported by Weickenmeier et al. [19] . 

brain region slope intercept R 2 p-value SE [-] 
corpus callosum 2.19 -0.50 0.88 0.22 0.81 
cingulum 5.77 -0.27 0.93 0.17 1.57 
cortex 10.35 2.09 0.99 0.07 1.08 
data from [19] 6.12 -3.24 0.85 < 0.001 0.84 

Figure 7 maps averaged tissue stiffness against myelin fraction 
for the corpus callosum, cingulum, and cortex, respectively. We 
performed linear regression to quantify the relationship for each 
region and summarize the results in Table 4 . We observe distinctly 
different trends for the three regions of interest with the high- 
est R 2 value for the cortex ( R 2 = 0.99), followed by the cingulum 
( R 2 = 0.93) and corpus callosum ( R 2 = 0.88). Although the verti- 
cal offset between the trend lines suggests that local myelin con- 
tent does not uniformly predict tissue stiffness across the whole 
brain, it is a reliable indicator for local stiffness, nonetheless. In 
addition, Fig. 7 also shows previously reported data from Weick- 
enmeier et al. (gray data points) who used a similar approach 
to explore the relationship between white matter stiffness and 
myelin area fraction in pre- and post-natal bovine brains [19] . Their 
data shows significant overlap with the new findings reported 
here. 
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4. Discussion 

The present study explores local mechanical stiffness changes in 
mouse brains in response to varying degrees of myelination. In the 
following, we discuss stiffness variations with respect to location, 
degree of myelination, and the difference between fresh and fixed 
tissue samples. 
4.1. Regional stiffness differences in the mouse brain 

We observe that the cortex is significantly stiffer than both the 
corpus callosum and cingulum with p < 0.001 and p < 0.001, re- 
spectively. Based on a total of 2055 indentation measurements, the 
cortex has a mean stiffness of 4.2 ± 1.3 kPa (n = 533) in compar- 
ison to an averaged white matter, i.e. corpus callosum and cingu- 
lum combined, stiffness of 1.9 ± 1.2 kPa (n = 1522) which are val- 
ues comparable to measurements by Koser et al. [44] . Mouse brain 
stiffness, reported as the initial shear modulus derived from force- 
relaxation experiments, was shown to vary between 2675 ± 54 Pa 
in the thalamus, 2996 ± 58 Pa in the cerebellum, 4221 ± 65 Pa in 
the medulla, 6507 ± 65 Pa in the cortex, and 8143 ± 88 Pa in the 
pons, respectively [45] . Depth-controlled indentation viscoelasticity 
maps of mouse cortex and hippocampus show significant region- 
specific stiffness variations with storage moduli of around 20 0 0 Pa 
and 2800 Pa, respectively [46] . Indentation measurements in the 
rat cerebellum , which use a slightly smaller indentation sphere of 
40 µm and indentation depths up to 4 µm suggest effective elas- 
tic moduli of 294 ± 74 Pa in white matter and 454 ± 53 Pa in 
gray matter [47] . Interestingly, rat and mouse gray matter is con- 
sistently stiffer than white matter in comparison to larger animals 
and humans [10,12] . For example, porcine brain has an initial stiff- 
ness in gray matter of 731 ± 75 Pa and 3939 ± 699 Pa in white 
matter [48] , bovine brain has average gray and white matter stiff- 
nesses of 0.68 ± 0.2 kPa and 1.33 ± 0.64 kPa, respectively [19] , 
and for human tissue white matter is 39% stiffer than gray matter 
with elastic moduli of 1.895 ± 0.6 kPa and 1.389 ± 0.29 kPa, re- 
spectively [49] . Extensive work has gone into rationalizing stiffness 
variations based on microstructural composition. It is repeatedly 
reported that tissue regions with higher nuclear density appear 
to be softer than tissues with lower nuclear density [9,44,46,50] . 
Stiffness also varies proportionally with myelin content [14,15] and 
decreases with proteoglycan density [6] . Proteoglycans appear in 
the extracellular matrix, plasma membrane of cells, and intracel- 
lular structures and regulate many cellular processes such as ad- 
hesion, proliferation, migration, differentiation, and apoptosis [50] . 
When we measured gray and white matter stiffness variations in 
untreated mice during our six week observation period, we no- 
ticed only minimal variations in each region, see Figs. 4 a/c/e. This 
observation agrees with measurements by Guo et al. that quanti- 
fied brain stiffness changes during brain maturation [51] . The re- 
gions we studied here experience marginal changes due to fully 
matured, stable microstructure. The other major observation is that 
regional stiffness differences persist during cuprizone treatment, 
see Figs. 4 b/d/f. 
4.2. Partial remyelination at week six in the corpus callosum but not 
the cortex 

Figure 6 shows the temporal changes in myelin content due to 
myelin protein degradation and partial re-expression in the corpus 
callosum, cingulum, and cortex, respectively. Cuprizone treatment 
leads to a dynamic interplay between apoptotic loss of oligoden- 
droglial cells, astrogliosis, and microgliosis and strongly varies for 
individual brain regions [27] . In agreement with previous work, we 
observe partial remyelination between weeks 4 and 6 despite con- 
tinued cuprizone treatment [26,43,52,53] . Generally, myelin recov- 

ery is much more pronounced in the corpus callosum and cingu- 
lum in comparison to the cortex. These regional discrepancies are 
likely the result of differences in tissue structure of the myelin- 
rich corpus callosum and the myelin-sparse cortex [42] . In healthy 
mice, density of mature oligodendrocytes is much higher in the 
corpus callosum in comparison to the cortex. Oligodendrocyte pro- 
genitor cells (OPCs), however, are widely distributed in all brain 
structures including corpus callosum and cortex. Within 3 weeks 
of cuprizone treatment, mature oligodendrocytes are severely de- 
pleted across the whole brain [26] ; the corpus callosum is broadly 
affected by activated microglia while the cortex only shows few 
scattered activated microglial cells [54] ; and astrogliosis is promi- 
nent in both cortex and corpus callosum [42,55] . These noticeable 
variations in cellular response are reflected in the temporal and 
spatial differences with respect to partial remyelination. After 4.5 
weeks of cuprizone treatment, oligodendrocytes reappear in white 
matter structures while density of adult oligodendrocytes in the 
cortex remains at a significantly lower level [56] . OPCs repopu- 
late both white and gray matter structures about one week later. 
Unlike in white matter, however, they do not lead to the same 
level of partial remyelination in gray matter [43,53] . It remains un- 
clear why signals driving remyelination in the corpus callosum are 
weaker in the cortex or why proliferation of OPCs in the cortex 
is lower than in the corpus callosum. Moreover, the roles of mi- 
croglia appear to be different for the corpus callosum and cortex 
and are considered to have both protective as well as deleterious 
effects on demyelination [57] . Infiltration of activated microglia is 
observed in both the corpus callosum and the cortex, while mi- 
crogliosis is predominantly observed in the corpus callosum and 
substantially lower and more diffuse in the cortex [42] . Cuprizone 
treatment beyond the six week mark is consistently observed to 
lead to chronic and mostly irreversible demyelination across the 
brain [29,43,56,58] . In summary, it is evident that cuprizone di- 
rectly impairs a variety of essential cell functions. In the long run, 
irrespective of temporary remyelination of the corpus callosum, 
cuprizone ultimately diminishes the number of mature oligoden- 
droglia and depletes the pool of available progenitor cells across 
the brain. Wherever myelin is restored, the newly formed mate- 
rial does not necessarily match previous microstructure and axonal 
function- especially in the cortex [59] . 
4.3. Stiffness is proportional to myelin content 

Despite extensive previous work, the relationship between the 
brain’s microstructural composition and its biomechanical response 
remains elusive. Location, length of observation, cellular compo- 
sition, as well as numerous other factors such as age, sex, and 
state of health have significant impact on tissue stiffness and de- 
formation behavior [60,61] . Budday et al. fitted a one-term Og- 
den model to their experimental curves and correlated the shear 
modulus and nonlinearity constant with local tissue constituents 
[6] . Their findings suggest that the shear modulus is proportional 
to myelin content but inversely proportional to cell nuclei den- 
sity and proteoglycan content; the nonlinearity constant is pro- 
portional to collagen content but inversely proportional to cell nu- 
clei density, lipid content, and cytoplasm content [6] . Dynamic mi- 
croindentation measurements in the hippocampus by Antonovaite 
et al. present a similar picture: the storage modulus is signifi- 
cantly lower in nuclei dense regions ( ∼ 40 0-80 0 Pa) in compar- 
ison to stiffer regions that have a high myelin content ( ∼ 800- 
1500 Pa) [9] . Guo et al. used magnetic resonance elastography to 
measure brain stiffness changes during brain maturation. Evolv- 
ing brain microstructure ranging from myelination to accumulation 
of microtubular structures, cytoskeletal linkage, cell-matrix attach- 
ment, and decreasing axonal organization, are clearly reflected in 
gradual tissue stiffening in nearly all brain regions [51] . Most no- 
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tably, the similar age-driven myelin increase observed in both gray 
and white matter leads to a more pronounced stiffness increase in 
white matter in comparison to gray matter. Except for the initial 
tissue softening upon cuprizone treatment, this trend matches our 
results which show only minor gray matter stiffness changes with 
progressing tissue demyelination. Eberle et al. used atomic force 
microscopy-based indentation measurements to compare stiffness 
variations in cuprizone-driven demyelinated tissues against inher- 
ited hypomyelinated tissues from Shiverer mice [20] . Although sev- 
eral observations, including softening of the corpus callosum with 
progressing cuprizone treatment, are similar to our work here, they 
observe some critical differences. Specifically, they do not report 
statistically significant differences between the cortex and corpus 
callosum in healthy controls, and they do not observe statistically 
significant stiffness changes with cuprizone treatment for both the 
cortex and cingulum. We suggest that these differences are due 
to the combination of the rather low indentation depth, young 
age of the cuprizone-treated animals (7 weeks at the beginning of 
treatment), only 5 weeks of cuprizone treatment at which point 
0.2% cuprizone has not induced full demyelination [26,42,53] , and 
the location of cortical measurements which appear fairly close to 
the cingulum. Interestingly, Eberle et al. point out that chronically 
hopymyelinated brains do not show significant stiffness differ- 
ences compared to age-matched healthy controls [20,62] . Schregel 
et al. performed in vivo magnetic resonance elastography (MRE) 
measurements and subsequent histology in cuprizone treated mice 
to evaluate brain stiffness changes as the tissue demyelinates and 
ECM remodels [17] . For both control and cuprizone treated mice, 
the brain’s viscoelastic response gradually increases during the first 
9 weeks irrespective of a continuous decrease of the myelin score 
in cuprizone mice. After an additional three weeks, the viscoelas- 
tic response stabilized in control mice, while cuprizone-treated 
mice experience a ∼20% drop down to a behavior similar to 3 
weeks of cuprizone treatment [17] . Interestingly, Schregel et al. ob- 
serve noticeable T2-weighted signal intensity changes in the cor- 
pus callosum in comparison to the thalamus which suggests spa- 
tially heterogeneous microstructural tissue changes; findings that 
are confirmed by histology. In untreated mice, this change is as- 
sociated with brain maturation; in cuprizone treated mice, extra- 
cellular matrix is subject to loss of parenchyma, patchy accumu- 
lation of fibronectin, glycoaminoglycans, and mucopolysaccharides, 
and demyelination of axons [17] . Lastly, Urbanski et al. report that 
acutely demyelinated tissue is softer ( ∼ 31%) and can recover with 
remyelination (within ∼ 1.5kPa in comparison to initial stiffness) 
while chronic demyelination leads to stiffer ( ∼ 35%) tissue due to 
augmented extracellular matrix decomposition [15] . Histology re- 
vealed that stiffening was accompanied by astrogliosis indicated by 
elevated GFAP and vimentin staining and an accumulation of extra- 
cellular matrix components, i.e., chondroitin sulfate proteoglycans 
and fibronectin. It is important to note, that samples were derived 
from cryo-sectioned fixed brain tissue. Fixation prior to atomic 
force microscopy measurements significantly increases overall tis- 
sue stiffness and, as we show in Fig. 5 , does not preserve interre- 
gional stiffness ratios in comparison to fresh tissue measurements. 
In summary, our stiffness measurements align with previous work 
and clearly identify myelin as one of the strongest and most reli- 
able markers for tissue stiffness. While myelin concentration is not 
directly proportional to tissue stiffness across the entire brain, its 
local concentration proportionally affects tissue stiffness. 
4.4. Tissue fixation affects interregional stiffness ratios 

Fixation helps to preserve cellular architecture, composition of 
cells, and the spatial relationship between proteins and the cell 
[63] . 10% formalin, which is 3.7% formaldehyde in water with 1% 
methanol, is one of the most commonly used fixation solutions. 

When tissues are immersed in formalin, formaldehyde reacts with 
various functional groups of biological macromolecules in a cross- 
linking fashion. This process takes between 24-48 hours, depend- 
ing on sample dimensions, and inherently hardens tissue compo- 
nents [64] and prevents tissue decomposition, putrefaction, and 
autolysis [63] . In the brain, our comparison between measure- 
ments using fresh and using fixed tissues leads to two main find- 
ings: for one, fixation significantly increases average brain stiffness 
by a factor of 3.0 (p < 0.001); for the other, fixation significantly 
changes the stiffness ratio between the cortex and corpus callo- 
sum when comparing fixed treated mice with all other groups, 
i.e., fresh untreated, fresh treated, and fixed untreated mice, see 
Fig. 5 and Tab. 2 . Additionally, the only other significant difference 
is the stiffness ratio between the cingulum and corpus callosum 
when comparing fresh untreated with fixed treated mice. All other 
comparisons show no difference. This implies that fixation affects 
the cortex differently than the corpus callosum. Urbanski et al. re- 
ported an average fixed corpus callosum stiffness of 12.07 kPa in 
control mice which is 3.0 times stiffer than our averaged fixed 
control mouse measurements [15] . Moreover, they report a ∼ 31% 
softening after 6 weeks of cuprizone treatment in fixed samples 
while we observe 2.5% stiffening in our fixed and 19.6% soften- 
ing in our fresh samples. At the same time, we observed that the 
cingulum softens by 34.5% in fresh samples and 38.4% in fixed 
samples and the cortex softens by 35.7% in fresh and 43.8% in 
fixed samples. Taken together, there is growing evidence that fixed 
samples don’t accurately reflect in vivo tissue property changes 
due to neurodegeneration. Iwashita et al. used atomic force mi- 
croscopy (20 µm bead, 10 nN indentation force) to measure brain 
stiffness of amniotes at various maturation stages and investigated 
the difference between fresh tissue samples and samples fixed 
in either 3% glyoxal or 4% paraformaldehyde solution based on 4 
week-old juvenile mice [4] . While both fixation solutions were ob- 
served to preserve overall brain structure except for minor tissue 
shrinkage, most glyoxal-fixed brain regions were roughly 3-times 
stiffer than fresh tissues and most paraformaldehyde-fixed brain 
regions were roughly 10-times stiffer than fresh tissues. Interest- 
ingly, they observe that the corpus callosum shows less stiffen- 
ing upon fixation, i.e., a factor of ∼ 2.5 for glyoxal-based and ∼
3.53 for paraformaldehyde-based fixation. This matches our mea- 
surements in the corpus callosum for which we obtained a factor 
of 3.3 upon paraformaldehyde-based fixation. More importantly, 
however, Iwashita et al.’s measurements indicate that interregional 
stiffness ratios, i.e., relative stiffness differences between the sub- 
ventricular, ventricular, and intermediate zone as well as the corti- 
cal plate, are better preserved using glyoxal fixation in comparison 
to paraformaldehyde fixation. That said, they do not observe con- 
sistently higher or lower relative stiffness ratios for either fixation 
solution which suggests that individual regions respond to fixation 
differently. Iwashita et al. hypothesize that regions with lipid-rich 
myelin structures might affect cross-linking of fixatives which ex- 
plains why our stiffness ratios between fixed and fresh samples are 
higher in the cortex (3.6) than in the corpus callosum (3.3) and 
cingulum (2.9) [4] . 
4.5. Limitations 

The present work is not without limitations. First, we only mea- 
sure regional stiffness on regular grids rather than assessing white 
matter stiffness in the entire corpus callosum or various cortical 
locations, respectively. Even though we observe stiffness changes 
with progressing cuprizone treatment in our measurements, it 
is likely that cuprizone-treatment affects individual subregions in 
the corpus callosum and cortex differently, especially with re- 
spect to spontaneous remyelination. Secondly, our histology-based 
myelin quantification approach compares myelin fraction from sev- 
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eral different slices. Given that each slice’s stain intensity turns 
out slightly differently, comparison of absolute myelin area frac- 
tion from multiple sections may be impacted by slide preparation 
artefacts. Additionally, our histological analysis focused on myelin 
and did not include markers for other effects caused by cuprizone 
treatment such as neuroinflammation, astrogliosis, and depletion 
of oligodendrocyte progenitor cells. Future work should investigate 
their impact on tissue stiffness to compliment the knowledge gen- 
erated in the present work. Lastly, conclusion from this mouse- 
based study may not extend to the human brain. Unlike in mice, 
for example, human white matter tissue is typically stiffer than 
gray matter [65] . 

A note on the use of contact lens solution: Due to our inden- 
tation machines layout, our indenter tip is not fully submerged 
such that parts of the tip enter and exit the fluid during each 
indentation test, see Fig. 2 g. Therefore, we use a surfactant solu- 
tion (here: Opti-Free contact lens solution from Alcon, Fort Worth, 
Texas) over established biological buffer solutions to minimize the 
adhesion forces between tip and fluid [66] . While this approach 
ensures repeatable indentation grid measurements, it cannot be 
excluded that prolonged surfactant exposure may damage the lipid 
membrane of cells [67,68] . Given the significant variations in lipid 
contents across cortical tissues (78-81% in myelin, 49-66% in white 
matter, and 36-40% in gray matter [69] ), our inter-regional stiffness 
comparisons in sections 4.1 and 4.4 may be affected. Therefore, in- 
dentation devices that are compatible with established buffer so- 
lutions have an inherent advantage. 
5. Conclusion 

The cuprizone mouse model allowed us to study the impact 
of myelin-content on tissue stiffness at various stages during our 
15-week demyelination observation period. Previously reported 
cuprizone-related myelin density changes, including demyelination 
followed by spontaneous remyelination despite continued cupri- 
zone treatment, are closely reflected in our stiffness measure- 
ments. Although the vertical offset between the trend lines map- 
ping mean stiffness against myelin area fraction in each region 
suggests that local myelin content does not uniformly predict tis- 
sue stiffness across the whole brain, it is a reliable indicator for 
local stiffness, nonetheless. Moreover, we establish that tissue fixa- 
tion does not only significantly increase tissue stiffness, but also, 
more importantly, alters interregional stiffness ratios. Therefore, 
tissue fixation prior to mechanical characterization is an unsuitable 
approach to quantify realistic mechanical brain tissue properties. 
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Supplementary Materials:
Brain Sti↵ness Follows Cuprizone-Induced Variations in Local Myelin Content

S.1. Summary of all indentation measurements based on fresh tissue samples

In Fig. S1, we show the sti↵ness of every single indentation measurement where we plot measurements from the same
animal with the same color.
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Figure S1: Sti↵ness of every single indentation measurement. For each week, measurements from the same animal have the same color. We
report data for untreated animals at weeks 0, 3, and 6 in the a) corpus callosum, c) cingulum, and e) cortex. b/d/f show data from treated mice in
comparison to all untreated data bundles together.
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S.2. Summary of all indentation measurements used for the fresh-fixed measurement comparison

In Fig. S2, we show the sti↵ness value of every single indentation used for the fresh-fixed measurement comparison.
We di↵erentiate between untreated and treated measurements at observation week 6.
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Figure S2: Sti↵ness of every single indentation measurement used for the fresh and fixed comparison. For the corpus callosum, cingulum, and
cortex, we report data for untreated and treated mice from observation week 6, respectively.
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S.3. Results from the bootstrapping approach to determine interregional sti↵ness ratios

In Fig. S3, we summarize the results from our bootstrapping approach. For each animal, we performed 1000 iterations
at which we randomly sampled 10 data points from each region. From this data, we then compute ten ratios for each of
the three interregional sti↵ness ratios and their respective means. From the 1000 means of each interregional sti↵ness
ratio, we construct the histograms in the figure shown below. More specifically, we ranked animals based on the
cortex/corpus callosum ratio from minimum to maximum ratio. We would like to point out two considerations: (i)
fixed treated mice have a substantially lower cortex/corpus callosum ratio which is reflected in the statistical significant
shown in Fig. 5 and (ii) the 1000 means follow normal distributions such that we compute their means for subsequent
analysis.
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Figure S3: Summary of our bootstrapping approach. We ranked all animals’ histograms based on the cortex/corpus callosum ratio from minimum
to maximum value. Interestingly, we observe that this ranking visualizes the clear di↵erence of fixed treated mice in comparison to all three other
groups, i.e., fresh untreated, fresh treated, and fixed untreated for the interregional ratios that include the corpus callosum.
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