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a b s t r a c t 

Changes in axonal myelination are an important hallmark of aging and a number of neurological diseases. De- 

myelinated axons are impaired in their function and degenerate over time. Oligodendrocytes, the cells responsible 

for myelination of axons, are sensitive to mechanical properties of their environment. Growing evidence indi- 

cates that mechanical properties of demyelinating lesions are different from the healthy state and thus have the 

potential to affect myelinating potential of oligodendrocytes. We performed a high-resolution spatial mapping of 

the mechanical heterogeneity of demyelinating lesions using atomic force microscope-enabled indentation. Our 

results indicate that the stiffness of specific regions of mouse brain tissue is influenced by age and degree of myeli- 

nation. Here we specifically demonstrate that acquired acute but not genetic demyelination leads to decreased 

tissue stiffness, which could influence the remyelination potential of oligodendrocytes. We also demonstrate that 

specific brain regions have unique ranges of stiffness in white and grey matter. Our ex vivo findings may help the 

design of future in vitro models to mimic the mechanical environment of the brain in healthy and diseased states. 

The mechanical properties of demyelinating lesions reported here may facilitate novel approaches in treating 

demyelinating diseases such as multiple sclerosis. 
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Significance statement 

Mechanical characteristics of a cell’s environment can have a pro- 
found influence on its biological properties. Neuronal and glial 
cells are sensitive to mechanical input during development, in dis- 
ease and regeneration. Sustained tensile strain can promote differ- 
entiation of oligodendrocyte progenitor cells into mature oligo- 
dendrocytes, which are responsible for the myelination of axons. 
Changing myelination is an important hallmark in human aging 
and disease, such as multiple sclerosis. Our hypothesis is that these 
diseases might be characterized by altered tissue stiffness and that 
this has an influence on remyelination potential. Here we inves- 
tigate tissue stiffness profiles of healthy, aged and disease model 
mice. Manipulating the tissue stiffness might be another promising 
approach for new treatments. 
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. Introduction 

The vertebrate brain consists of various types of glial and neuronal

ells. Signal transduction within the brain is based on connections of

eurons via their axons. Vertebrate brains are characterized by myeli-

ated axons, allowing saltatory conduction [1] . Changing axonal myeli-

ation is an important hallmark in human aging and disease. Demyeli-

ated axons are impaired in their function and degenerate over time.

ultiple sclerosis is one such demyelinating disease with chronic in-

ammation of certain parts of the central nervous system. As of 2013,

n estimated 2.3 million people were affected worldwide with currently

o known cure available [2] . 

It is well recognized that beside biochemical input, the mechanical

haracteristics of a cell’s environment can have a profound influence on

ts biological properties [3–5] . Neuronal and glial cells are sensitive to

echanical input during development, in disease and regeneration [6–
 Germany. 
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M  
] . For instance, cellular responses of spinal cord neurons such as neurite

utgrowth were found to be influenced by the substrate stiffness [10] ,

nd recently, it has been shown in vivo that mechanosensing of neuronal

rowth cones is a critical process of axonal pathfinding during neural de-

elopment [11] . Other findings indicate that astrocytes are mechanosen-

itive according to the compliance of their growth substrate, suggesting

hat in vivo the stiffness of surrounding tissue might have a significant

ffect on them [ 12 , 13 ]. It has been shown that microglia are susceptible

o mechanical signals [14] and that the mechanical mismatch between

ervous tissue and neuronal implants activates glial cells, resulting in

liosis and a foreign body reaction [15] . 

Furthermore, oligodendrocytes (OL), the cells responsible for myeli-

ation of axons, are sensitive to mechanical properties of their environ-

ent [16] . Also sustained tensile strain can promote differentiation of

ligodendrocyte progenitor cells (OPC) into OL [ 17 , 18 ]. Our hypothe-

is is that demyelinating diseases, such as multiple sclerosis, might be

haracterized by altered tissue stiffness at lesion sites and that this al-

ered stiffness has an influence on the biology of OPC and OL and their

otential to remyelinate axons. Notably, in vivo studies using magnetic

esonance elastography (MRE) indicate that mechanical properties of

emyelinating lesions are different from the healthy state [19–21] . 

An obvious strategy for therapeutic treatment, changing brain tissue

tiffness locally, is speculative to date, but first ideas have been inves-

igated. One example is chondroitinase-treatment in spinal cord injury.

t has been shown that chondroitinase ABC treatment promotes spinal

ord plasticity [ 22 , 23 ]. The results of García-Alías et al., 2009 [24] ,

ndicate that chondroitinase treatment opens a window during which

ehabilitation may promote recovery. Additionally, Koser et al. showed

n 2016 [11] a softening of brain tissue after treatment with chondroitin

ulphate proteoglycans, resulting in delayed growth of Xenopus retinal

anglion cell axons. Thus, chondroitinase-treatment might be a promis-

ng approach in changing CNS tissue stiffness and therefore influencing

eural growth and regeneration. 

While MRE image resolution within the millimeter range remains

oo low to draw conclusions about detailed structures of lesioned tissue,

tomic force microscopy (AFM)-based indentation measurements enable

he characterization of mechanical properties of neuronal tissue at high

patial resolution [25–28] . Here, we used this technique to investigate

he apparent elastic modulus of young and geriatric wild-type mouse

rain regions. Additionally, we investigated an inherited hypomyelina-

ion (shiverer [ 29 , 30 ]) and an acute demyelination mouse model (cupri-

one [31–34] ). The shiverer mouse model is characterized by an auto-

omal recessive mutation within the myelin basic protein (MBP) gene

35–37] . Without MBP, the axons of these mice remain hypomyelinated

rom birth. Cuprizone treatment leads to a disruption of the very active

etabolism of oligodendrocytes, resulting in cell death and therefore

cute demyelination in affected regions [33] . We show that age as well

s degree of myelination affect brain tissue stiffness. We further show

hat specific brain regions have unique white to grey matter stiffness

atios. Our results specifically demonstrate that acute but not inherited

emyelination affects the mechanical properties of a mouse brain. 

. Methods 

.1. Ethics statement 

All animal experiments comply with the ARRIVE guidelines and

ere carried out in strict accordance with European Union (Directive

010/63/EU) and German laws (Tierschutzgesetz) and were approved

y the animal ethics committee of the TU Dresden and the Landesdirek-

ion Sachsen (approval number: 2014/7). 

.2. Animals 

Young wild-type control brain slices were prepared from C57BL/6JRj

nimals (10 – 20 weeks old) obtained from Janvier Laboratories
France). Aged C57BL/6JOlaHsd animals were obtained from MPI-

BG Dresden with an age of 2 – 2.3 years. Shiverer mice (C3Fe.SWV-

bp shi /J), a model of inherited hypomyelination, were obtained from

he Jackson Laboratory (Bar Harbor, ME USA) at the age of 7 weeks.

or cuprizone treatment, wildtype C57BL/6JRj age-matched male mice

12 – 14 weeks, Janvier Laboratories) were randomized into treatment

Cuprizone, 22.5 g average weight) and control (23.7 g average weight)

roups. The treatment group was fed ad libitum a pellet chow contain-

ng 0.2% (w/w) cuprizone (C 14 H 22 N 4 O 2 , OpenSource Diets) for 5 weeks

ollowing a setup for minimal clinical toxicity and acute demyelination

 33 , 34 ]. Control mice were kept on a normal diet for the same time. Af-

er the feeding period, mice were euthanized and brains were collected.

.3. Mouse brain preparation 

Mouse brain was freshly isolated and kept on ice in HEPES buffered

xtracellular solution (ECS, NaCl 136 mM, KCl 3 mM, MgCl 2 1 mM,

EPES 10 mM, CaCl 2 2 mM, Glucose 11 mM, pH 7.4). After embedding

n 2.5% low-gelling point agarose (Merck KGaA, Darmstadt, Germany),

amples were cut at 4°C into 400 μm thick sections using a Microm HM

50V Vibratome (ThermoFisher Scientific, Waltham, USA). Brain slices

ere then mounted on individual cell culture dishes (34 mm diameter,

PP Techno Plastic Products AG, Trasadingen, Switzerland) using His-

oacryl® tissue glue (B. Braun Melsungen AG, Melsungen, Germany).

amples were kept on ice during the preparation procedure and trans-

erred to room temperature during measurement. FluoroMyelin TM live

tain (ThermoFisher Scientific, Waltham, MA USA) was used to label

yelinated regions in brain slices of cuprizone and cuprizone control

nimals by adding 10 μl to slices in 4 mL ECS buffer medium 15 min

efore AFM measurements. 

.4. Atomic force microscopy (AFM) 

AFM indentation measurements were performed using the AFM

etup CellHesion 200 (JPK Instruments, Berlin, Germany). A spheri-

al polystyrene bead (diameter: 20 μm, Microparticles GmbH, Berlin,

ermany) was glued to an Arrow-TL1 cantilever ( k = 13 – 37 mN/m,

anoAndMore GmbH, Wetzlar, Germany) ( Fig. 1 A). The calibration of

he cantilever was performed before the measurements using built-in

rocedures of the AFM software (thermal noise method). To probe the

echanical properties of a particular region of a brain tissue section,

he cantilever was positioned over the region of interest and lowered

t a speed of 10 μm/sec until a setpoint of 6 nN was reached. Indenta-

ion depths did not exceed 5 μm. Force-distance curves were collected

n grids of 100 × 100 μm and 7 × 7 measurement points. Three to five

rids were sampled per brain section. One section was sampled per brain

egion of interest per mouse. The investigated brain regions contained 3

hite matter areas (cerebellum white matter, corpus callosum, striatal

hite matter) and 4 grey matter areas (cerebellum grey matter, cortex,

triatal grey matter and substantia nigra pars compacta). The resulting

orce-distance curves (approach part, Fig. 1 B red) were analyzed using

he JPK data processing software using a Hertz / Sneddon model fit for

pherical indenters to determine the apparent elastic modulus using the

ollowing equations 

 = 

𝐸 

1 − 𝜈2 

[ 

𝑎 
2 + 𝑅 

2 
𝑠 

2 
ln 

𝑅 𝑠 + 𝑎 

𝑅 𝑠 − 𝑎 
− 𝑎 𝑅 𝑠 

] 

𝛿 = 

𝑎 

2 
ln 

𝑅 𝑠 + 𝑎 

𝑅 𝑠 − 𝑎 

here F = force, E = elastic modulus, 𝜈 = Poisson’s ratio, 𝛿 = indentation

epth, a = radius of contact circle and R s = radius of sphere. We assumed

he Poisson’s ratio to be 0.5. ECS was always used as buffer and the

emperature was kept in the range of 18 – 23°C. 

.5. Immunofluorescence staining 

Brain slices were fixed in 4% paraformaldehyde (Sigma-Aldrich,

O, USA) overnight at 4°C. Then, the tissue was blocked for 1 hr
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Fig. 1. AFM measurement procedure. (A) Schematic diagram of AFM-based indentation measurement (dimensions similar but not true-to-scale). A spherical 

polystyrene bead is glued to a cantilever. A laser beam (red) directed to the backside of the cantilever is reflected and detected by a quadrant-photodiode. Upon 

indentation, the cantilever bends, causing a deflection of the laser beam on the photodiode. z : piezo height, x : vertical deflection of cantilever, 𝛿: vertical tip position, 

d : laser deflection on photodiode. (B) Force-distance diagram of a representative indentation. By calibrating the cantilever using the thermal noise method, the laser 

deflection is converted into force and is plotted on the y -axis. The vertical tip position ( z – x in A) is plotted on the x -axis, resulting in a force-distance diagram. 

Shown is an example force curve with extend segment in red, retract segment in blue and Hertz / Sneddon model fit curve in green (JPK DP software). (C) Example 

scan grid on white matter (cingulum bundle, coronal), 7 × 7 measurement points, 100 × 100 μm, with approximated contact areas (white circles), scale bar: 50 μm. 

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Table 1 

Mean, SD and number of measurement points per experimental 

group. 

Group Mean [Pa] SD [Pa] # Mice # Dats Points 

Young 

wt 

CB GM 260.6 36.1 6 1092 

CB WM 196.7 22.0 11 2388 

CTX 253.6 81.9 6 645 

cc 216.5 112.5 6 702 

STR GM 286.6 39.0 16 1586 

STR WM 315.6 58.8 16 1643 

SNc 222.9 51.3 15 1518 

Old 

wt 

CB GM 273.1 26.9 8 1492 

CB WM 221.9 36.3 11 2362 

CTX 307.6 54.8 7 620 

cc 327.7 86.3 8 652 

STR GM 312.2 39.5 11 1163 

STR WM 504.1 109.0 11 1338 

SNc 278.8 64.4 11 1054 

Please note that mean and SD values are calculated from means of 

individual mice per region and group (see also methods – statistical 

analysis). WM – white matter, GM – grey matter, CB – cerebellum, 

CTX – cortex, cc – corpus callosum, STR – striatum, SNc – substantia 

nigra pars compacta. 
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t room temperature in PBS-Tx (1x PBS, 0.3% Triton X-100) + 0,5%

ovine Serum Albumin (BSA). Immunostaining was performed in block-

ng buffer at 4°C overnight using the following antibodies: rat anti-

BP (Abcam, ab7349), mouse anti-CNPase (Abcam, ab6319), sheep

nti-hyaluronan (Abcam, ab53842), mouse anti-fibronectin (DSHB,

FN7.1), rabbit anti-Iba-1 (Wako, 019-19741), rabbit anti-GFAP (Dako-

ytomation, Z033429-2). This was followed by washing steps in PBS-Tx

nd incubation with respective secondary antibodies [Cyanine- (Jack-

on ImmunoResearch, West Grove, PA, USA) or Alexa Fluor-conjugated

ThermoFisher Scientific, Waltham, MA USA)] in blocking solution at

°C overnight. To stain nuclei, DAPI (4 ′ ,6-diamidino-2-phenylindole,

ell Biolabs Inc., San Diego, CA, USA) was added for 5 min. Three wash-

ng steps in PBS-Tx were done before slices were mounted on glass slides

sing Aqua-Poly/Mount (Polysciences Inc., Warrington, PA, USA). 

Images were acquired using a light microscopic setup from Zeiss

quipped with an Apotome structured illumination system (Zeiss,

berkochen, Germany). Processing was done using Zeiss ZEN Black soft-

are and Fiji [38] , a distribution of ImageJ [39] (v1.51g). 

.6. Electron microscopy (EM) 

For EM, vibratome sections of the brain were fixed in modified

arnovsky’s fixative (2% glutaraldehyde, 2% paraformaldehyde in 50

M HEPES) for at least overnight at 4°C. Samples were washed twice in

00 mM HEPES and twice in water, and the area of interest was cut out

f the section using small pieces of a breakable razor blade. After that

he samples were fixed in 2% aqueous OsO 4 solution containing 1.5%

otassium ferrocyanide and 2 mM CaCl 2 for 30 min on ice, followed

y washes in water, 1% thiocarbohydrazide in water (20 min at room

emperature), again washes in water and a second osmium contrasting

tep in 2% OsO 4 /water (30 min, on ice). After several washes in wa-

er, the samples were en bloc contrasted with 1% uranyl acetate/water

or 2 h on ice, washed again in water, dehydrated in a graded series of

thanol/water up to 100% ethanol, and infiltrated in the epon-substitute

Mbed 812 (epon/ethanol mixtures: 1:3, 1:1, 3:1 for 1.5 h each, pure

pon overnight, pure epon 5hrs). Samples were embedded in flat embed-

ing molds and cured at 65°C overnight. Ultrathin sections were pre-

ared with a Leica UC6 ultramicrotome (Leica Microsystems, Vienna,

ustria), collected on formvar-coated slot grids, and stained with lead

itrate [40] and uranyl acetate. Contrasted ultrathin sections were ana-

yzed on a FEI Morgagni D268 (FEI, Eindhoven, The Netherlands) or a

eol JEM1400 Plus at 80 kV acceleration voltage. 
.7. Statistical analysis 

Apparent elastic modulus values were collected as grids of 100 × 100

m and 7 × 7 measurement points ( Fig. 1 C). Three to five grids were

easured per brain region and 7 brain regions (3 white and 4 grey mat-

er areas) were sampled per mouse. All measurement points of these

rids were summarized into one brain-region-group per mouse and

ean and SD values were calculated from this group. The number of

ata points per group is given in Tables 1 –3 . Data points were pro-

essed, evaluated and graphically visualized using GraphPad Prism ver-

ion 6.0h (GraphPad Software, La Jolla, CA, USA, www.graphpad.com ).

nless otherwise stated, significance was tested with one-way ANOVA

ollowed by Bonferroni post-hoc tests and given the following ratings

t the graphs: ns - not significant, ∗ - p ≤ 0.05, ∗ ∗ - p ≤ 0.01, ∗ ∗ ∗ - p

 0.001, ∗ ∗ ∗ ∗ - p ≤ 0.0001. Intensity of the signs of inflammation in

orpus callosum of shiverer- and cuprizone-treated mice was quanti-

ed in the following semi-quantitative manner: – (no to almost no sig-

als), + (medium number of signals), ++ (most signals). 

http://www.graphpad.com
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Table 2 

Mean, SD and number of measurement points per experimental 

group for the shiverer mouse experiment. 

Group Mean [Pa] SD [Pa] # Mice # Data Points 

Young 

wt 

CB GM 260.6 36.1 6 1092 

CB WM 196.7 22.0 11 2388 

CTX 253.6 81.9 6 645 

cc 216.5 112.5 6 702 

STR GM 286.6 39.0 16 1586 

STR WM 315.6 58.8 16 1643 

SNc 222.9 51.3 15 1518 

Young 

shiverer 

CB WM 180.5 49.8 5 923 

CB GM 239.5 34.1 5 876 

CTX 206.1 34.7 5 378 

cc 229.5 21.6 4 497 

STR WM 286.7 82.67 5 493 

STR GM 352.2 75.8 5 455 

SNc 172.7 55.2 5 551 

Please note that mean and SD values are calculated from means of 

individual mice per region and group (see also methods – statistical 

analysis). WM – white matter, GM – grey matter, CB – cerebellum, 

CTX – cortex, cc – corpus callosum, STR – striatum, SNc – substantia 

nigra pars compacta. 

Table 3 

Mean, SD and number of measurement points per experimental 

group for the cuprizone experiment. 

Group Mean [Pa] SD [Pa] # Mice # Data Points 

CTX CTRL 268.3 36.62 7 2058 

CTX CUP 271.3 17.38 8 2352 

cc CTRL 214.9 19.38 6 1176 

cc CUP 139.1 16.47 8 1568 

cing CTRL 302.7 72.86 7 594 

cing CUP 312.5 68.51 8 784 

Please note that mean and SD values are calculated from means 

of individual mice per region and group (see also methods –

statistical analysis). CTX – cortex, cc – corpus callosum, cing –

cingulum bundle. 
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. Results 

.1. Stiffness values of different brain regions of young and old wild-type 

ice 

No detailed examination of the elastic modulus of different mouse

rain regions using AFM with respect to demyelination has been done

o far. To acquire a baseline for our future experiments and to examine

hether aging can affect the mechanical properties of myelinated white

atter (WM), we characterized the stiffness of 7 different regions of

oung (10 – 20 weeks) and old (100 – 105 weeks) wild-type (wt) mouse

rains ( Fig. 2 ). Three to five measurement grids were sampled per brain

egion and mouse, resulting in 147 – 245 measurement points per brain

egion per mouse. Results are given as mean ± SD and n as number

f mice (see also Table 1 ). The investigated brain regions contained 3

M areas (cerebellum WM, corpus callosum, striatum WM) and 4 grey

atter (GM) areas (cerebellum GM, cortex, striatum GM and substantia

igra pars compacta). WM was significantly more compliant than GM

n cerebellum (CB) for both, young and old mice ( Fig. 2 B, Table 1 ). No

ifference in stiffness was observed in young mice between cortex (CTX)

nd corpus callosum (cc, Fig. 2 C) and WM and GM of striatum ( Fig. 2 D).

ld mice displayed no difference between CTX and cc ( Fig. 2 C) but their

triatal WM showed a more than 1.5-fold increase of the apparent elas-

ic modulus, when compared with adjacent GM or WM of young mice

 Fig. 2 D). No significant differences were observed between the substan-

ia nigra (SNc) GM of young and old mice ( Fig. 2 E). 
.2. Inherited hypomyelination does not affect tissue stiffness in 

nvestigated brain regions 

The shiverer mouse is characterized by an autosomal recessive mu-

ation within the myelin basic protein (MBP) gene. Without MBP, axons

f these mice are hypomyelinated from birth on [30] . In all investigated

egions, shiverer mice showed similar values of GM and WM stiffness

hen compared with the same regions of young wt control mice, respec-

ively ( Fig. 3 and Table 2 ). White and grey matter regions of shiverer

orpus callosum / cortex and striatum were not distinguishable from

ach other with respect to apparent elastic moduli. Only cerebellar GM

f shiverer mice was significantly more compliant than WM, as seen also

n wt animals ( Fig. 3 A). Thus, investigated brain regions of shiverer mice

howed similar stiffness characteristics as wt mice. 

.3. Acute demyelination leads to decreased tissue stiffness 

In contrast to shiverer mice, cuprizone-treated mice are a model of

nduced, acute demyelination with regionally restricted demyelinated

reas [41] . Affected regions within our area of interest (corpus cal-

osum, cc, Fig. 4 A, yellow) were identified using FluoroMyelin TM live

tain ( Fig. 4 B, yellow). Control measurements included the unaffected

ingulum bundle region (cing, Fig. 4 A, B, orange) as well as cortex

CTX, Fig. 4 A, purple). Treated animals showed markedly reduced flu-

rescence in certain cc regions compared to cing regions. These cc re-

ions were chosen for AFM measurements. Like the shiverer ( Fig. 5 B),

he cuprizone-treated ( Fig. 5 D) mice show on the ultrastructural level

 lower amount of dark-stained myelin bundles and much looser tissue

rchitecture ( Fig. 5 B’, D’). Additionally, dark electron-dense cells (pre-

umably microglia, Fig. 5 B, D, arrows) (see also Fig. 7 , 2 nd row) were de-

ected in shiverer and CUP mice. These cells are characterized by a large

mount of intracellular membrane vesicles, presumably phagosomes. 

The acute demyelination of cc in treated mice leads to a significant

5% stiffness reduction, from 214.9 ± 19.4 Pa (cc CTRL, Table 3 and

ig. 4 C) to 139.1 ± 16.5 Pa (cc CUP). GM (CTX) and unaffected WM

cing) areas show no significant difference of stiffness between cupri-

one treated and control groups. With 268.3 ± 36.6 Pa (CTX, CTRL)

nd 271.3 ± 17.4 Pa (CTX, CUP), GM values were approximately 55 Pa

tiffer than longitudinally cut cc CTRL WM (214.9 ± 19.4 Pa). In con-

rast, transversally cut, unaffected WM cing tissue (302.7 ± 72.9 Pa for

ing CTRL and 312.5 ± 68.5 Pa for cing CUP) was approximately 38 Pa

tiffer than GM averages. 

.4. WM stiffness differs with cutting direction 

WM tissue structure is dominated by myelinated axon bundles. Dur-

ng sectioning of the brain, WM bundles were cut either longitudinally

 Fig. 6 A, top, cc) or transversally ( Fig. 6 A, bottom, cing). Interestingly,

hen pooling all WM measurements of these two groups, transver-

ally cut regions showed a significantly higher apparent elastic modulus

297.2 ± 86.9 Pa, n = 35) than longitudinally cut regions (210.2 ± 53.1

a, n = 40) ( Fig. 6 B). Additionally, the standard deviation of transver-

ally cut regions (117.1 ± 28.5 Pa, n = 23) was significantly higher than

f longitudinally cut regions (84.7 Pa ± 19.3, n = 23), which might be

 possible indicator of structural differences ( Fig. 6 C). 

.5. Shiverer and cuprizone-treated mice show elevated levels of 

nflammation 

To investigate whether signs of inflammation may coincide with

bserved mechanical differences, a semi-quantitative antibody-staining

as done for cellular (astrocytes, microglia) as well as for ECM-

omponents (fibronectin, hyaluronan). We observed higher amounts of

icroglia and astrocytes in cuprizone-treated than in shiverer animals

 Fig. 7 , 1st and 2nd row). Additionally, elevated levels of hyaluronan in

emyelinated WM of cuprizone-treated mice were visible ( Fig. 7 , last
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Fig. 2. Tissue stiffness in different brain regions of young and old wild-type mice (A) Schematic of cutting directions of different regions of mouse brain 

(top view). Cerebellum: sagittal, others: coronal. Below: light microscopy images of brain regions with scan areas indicated by differently colored squares. Yellow: 

longitudinal WM, orange: transversal WM, purple: GM. Scan areas cerebellum (CB), cortex (CTX), corpus callosum (cc) and substantia nigra pars compacta (SNc): 

100 × 100 μm and 7 × 7 measurement points, scale bar: 1,000 μm. Scan area striatum (STR): 50 × 50 μm and 5 × 5 measurement points, scale bar: 100 μm. (B-E) 

Corresponding AFM-based nanoindentation results. Dots: GM, circles: WM. WM was significantly more compliant than GM in cerebellum (B) for both, young and 

old mice. No difference in stiffness was observed in young mice between cortex and corpus callosum (C) and WM and GM of striatum (D) . Old mice display no 

difference between cortex and corpus callosum (C) but their striatal WM shows a more than 1.5-fold increase of the apparent elastic modulus, when compared with 

adjacent GM or WM of young mice (D) . No differences were observed between the substantia nigra GM of young and old mice (E) . Data points represent means of 

all measurements of the respective region of individual mice. Overlay lines are mean ± SD of data points. For (E) significance was tested with unpaired two-tailed 

t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ow). According to fibronectin level, we could not detect significant

hanges in the brain tissue of shiverer and cuprizone-treated mice in

omparison to wt and CTRL groups ( Fig. 7 , 3rd row). 

. Discussion 

Mechanosensitivity of cells and impact of mechanical environment

n cell function have been shown in vitro as well as in vivo, supporting

he rising demand for systematic profiling of in vivo tissue mechanical

roperties [6–11] . Such mechanical characterization has been especially

ifficult for nervous tissue, because of its extremely low stiffness (elas-

ic modulus ~1 kPa) and structural heterogeneity. Here we present a

ystematic high resolution (sub-micron) mechanical characterization of

our distinct mouse brain regions using AFM-based indentation. This de-

ailed mechanical profiling allowed us to compare mechanical stiffness

f different regions of mouse brain and to address a question of whether

echanical changes occur in different parts of the brain due to aging or

isease-related demyelination. 

We observed relatively similar values of elastic modulus across dif-

erent brain regions for GM (ranging from 200-300 Pa). Stiffness of WM

howed more variation among brain regions resulting in areas where

M was more compliant than GM (CB), regions where WM was stiffer

han GM (STR), and regions where no significant difference between

rey and white matter stiffness could be observed (CTX / cc, CTX /
ing). Our results agreed well with stiffness values reported earlier by

hrist et al. [25] for rat cerebellum showing WM (elastic modulus ∼ 220

a) as more compliant than GM (elastic modulus ∼ 340 Pa). Stiffness of

M stiffness was lower in brain slices cut longitudinally (~ 210 Pa)

ompared to those cut transversally (~ 300 Pa). This is in contrast to

revious results for mouse spinal cord of Koser et al. [42] that reported

n opposite trend. Urbanski et al. reported values of 250 Pa for mouse

orebrain tissue, matching our results [43] . However, we do not share

heir view that values in this range are indicating extensive mechanical

urface damage. In fact, our high-resolution light micrographs do not

how remarkable indications of damage ( Fig. 6 and experimental ob-

ervation). Our samples were treated less extensively and prepared in a

ore physiological environment, which should reflect the actual in vivo

ituation more accurately. 

Aging-related non-mechanical changes in WM have been widely

tudied and are considered contributing factors to cognitive decline in

lder adults. During aging, myelin and nerve fibers undergo profound

tructural changes [44] and remyelination efficiency declines [45–47] .

t has been demonstrated, that remyelination efficiency can be increased

n older mice supplemented with a youthful system milieu through het-

rochronic parabiosis [48] . Changes in mechanical properties of central

ervous system (CNS) tissue have also been reported in rats [49] and hu-

ans [50] indicating an overall increase in stiffness from birth to adult-

ood and a decrease in stiffness with older age. However, the cause be-
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Fig. 3. Tissue stiffness in brain regions of shiverer mice with inherited hypomyelination In cerebellum (A) , corpus callosum, cortex (B) and substantia nigra 

(D) , shiverer mice showed similar values GM (grey dots) and WM (circles) stiffness compared to the corresponding regions in wt mice. (C) No significant difference 

could be observed between wild-type and shiverer WM or GM. Data points represent means of all measurements of the respective region of individual mice. Overlay 

lines are mean ± SD of data points. For (D) significance was tested with an unpaired two-tailed t-test. 

Fig. 4. Tissue stiffness in brain regions of cuprizone treated mice with acute demyelination A) Fluorescence images of control (CTRL) and cuprizone (CUP) 

treated corpus callosum (cc, yellow) / cingulum bundle (cing, orange) region using FluoroMyelin TM live stain to label myelinated regions. Treated animals showed 

markedly reduced fluorescence in certain cc regions compared to cing regions. These regions were chosen for AFM measurement. Scale bar: 100 μm. B) Left side: 

Mouse brain top-view schematic of cutting direction (coronal). Right side: light microscopy image of brain region with scan areas indicated by differently colored 

squares. Yellow: longitudinal WM, orange: transversal WM, purple: GM. Scan area: 100 × 100 μm and 7 × 7 measurement points, scale bar: 1,000 μm. C) Corresponding 

AFM-based nanoindentation measurements. The demyelination of cc in treated mice leads to a significant drop in apparent elastic modulus of about 76 Pa on average 

(cc CUP). GM (CTX) and not affected WM (cing) areas show no significant difference. Dots: GM (CTX), circles: WM (cc, cing). CTRL animals labeled in blue, CUP 

treated animals in red. Data points represent means of all measurements of the respective region of individual mice. Overlay lines are mean ± SD of data points. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 



D. Eberle, G. Fodelianaki, T. Kurth et al. Brain Multiphysics 1 (2020) 100019 

Fig. 5. EM-Ultrastructure of WM in shiverer and cuprizone-treated mice 

Wild-type (wt) mouse striatal WM (A) and cuprizone control mouse corpus cal- 

losum (C) show dense arrangements of compactly myelinated axons (A’, C’) . In 

contrast, shiverer (B) and cuprizone-treated (D) mice show a lower amount of 

dark-stained myelin bundles and much looser tissue architecture (B’, D’) . Ad- 

ditionally, dark electron-dense cells (presumably microglia, B, D , arrows) were 

detected in shiverer and CUP mice. Striatum WM (A, B) or corpus callosum (C, 

D) area marked with dotted black line. Scale bar: overview 20 μm, zoom 1 μm. 
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ind these stiffness changes is unknown. To further investigate the ques-

ion whether age-related CNS changes, especially changes of myelin,

ould be linked to tissue’s mechanical properties we investigated sev-

ral brain regions of young and old mice. We did not observe significant

ifferences in stiffness between old and young mice in most of the inves-

igated brain regions, except for the striatum. There, WM values were

ncreased more than 1.5-fold compared to young control animals. This

ndicates a profound effect of aging on brain stiffness in the striatum.

nterestingly, this distinct region is associated with certain age-related

otor function decline diseases such as Parkinson’s disease [ 51 , 52 ]. It

as recently been shown that the OPC microenvironment stiffens with

ge, resulting in age-related loss of function to OPCs [53] . Mouse CNS

issue stiffens with age during juvenile development [54] and decreases

ith age from adulthood on. In the second phase, the microenviron-

ent of certain brain regions seems to follow the opposite trend with

uspected local detrimental effects. Eventually, we could show that at

he cerebellum, WM was significantly more compliant than GM for both
roups. This is in line with previous results obtained for the cerebellum

f rats [25] . 

Furthermore, we investigated CNS tissue stiffness in mouse mod-

ls for inherited (shiverer) and acute (cuprizone) demyelination. While

hiverer mice showed no obvious mechanical differences compared

o wild-type controls, cuprizone-treated mice displayed a significant

ecrease in WM stiffness in affected regions characterized by signifi-

ant demyelination. This is in line with previous results acquired with

ormaldehyde-fixed tissue [43] . However, formaldehyde treatment will

ead to changes in tissue stiffness, so that the results reported in that

tudy likely do not reflect the situation of living tissues and should be

onsidered with caution. 

There could be several causes of the observed mechanical changes.

irst, loss of myelin in this area in cuprizone-treated mice could lead

o decreased tissue stiffness [55] . Of course, other systemic effects of

he cuprizone treatment apart from demyelination, such as effects on

he metabolic activity of all cells, could also play a role in the observed

echanical changes. Second, oligodendrocyte death resulting in depo-

ition of cell debris and loss of axonal connections can lead to structural

hanges in tissue and associated stiffness decrease (compare Fig. 5 C, C’

ith D, D’). However, we and others [ 29 , 56 ] observed similar structural

hanges in shiverer mice ( Fig. 5 B, B’), which did not result in changed

issue stiffness, raising the question whether the observed structural tis-

ue changes have a significant influence on tissue stiffness. Notably,

imilar brain stiffness analysis in a mouse model of tuberous sclerosis

omplex (TSC), an inherited neurological disease characterized by struc-

urally altered brain tissue and hypomyelination, did not show a stiffness

ifference between TSC and wild-type tissue [57] , similar to shiverer

ice. On the other hand, mouse cuprizone-mediated and human post-

ortem chronic demyelination investigations indicate elevated tissue

tiffness levels [43] . Taken together it seems that acute demyelination

eads to decreased, and chronic demyelination to increased tissue stiff-

ess levels. Either deviation from a hypothetical physiological optimum

ight be detrimental to the remyelination capacity of OLs [58] . Inher-

ted demyelination models seem to be inadequate to properly model the

issue stiffness properties of a human chronic demyelination paradigm. 

One of several further questions would be, whether one can com-

are these in vivo findings with in vitro experiments with oligodendro-

ytes and oligodrendrocyte precursor cells which indicate an influence

f substrate stiffness on many functions of these cells. And whether this

ould warrant drawing conclusions on in vivo cells under the influence

f measured tissue stiffness. In vitro experiments show the general trend

hat a stiff matrix is inhibitory to branching and differentiation of oligo-

endrocytes compared to a compliant matrix [59] . Nevertheless, there

re indications that this biological system is neither linear nor univer-

ally applicable. It has been shown that different substrate stiffnesses

ave either no influence, as shown for adhesion and directionality, a

hreshold, as shown for proliferation, a linear dependency, as shown

or migration velocity, or a bimodal dependency, as shown for survival

16] . Additionally, one has to consider that most in vitro experiments

re done in a 2D-environment while in vivo the cells are facing a 3D-

tiffness-environment. A possibility to address this is the use of in vitro

D-stiffness-tuned colloidal crystals made of compliant hydrogel beads,

imicking the in vivo situation as good as currently possible [ 60 , 61 ].

indings using this kind of system currently have the highest chance to

llow reliable conclusions for the in vivo situation. 

Third, microglia and astrocytes proliferate and migrate to the le-

ion site to clean up cell debris [62] in response to cuprizone-induced

emyelination. Increased immune cell proliferation and migration has

een reported for the shiverer mouse [56] . In direct comparison, the

uprizone-treated mouse showed higher amounts of microglia and as-

rocytes, which may be a reason for observed tissue stiffness changes. In

eneral one would expect an increase of tissue stiffness when more cells

er tissue area are present, especially for the CNS [ 42 , 63 ], which is op-

osite to the stiffness decrease observed here in demyelinated areas of

uprizone-treated animals. Of note, also a negative correlation has been



D. Eberle, G. Fodelianaki, T. Kurth et al. Brain Multiphysics 1 (2020) 100019 

Fig. 6. The influence of axonal direction on AFM-based nanoindentation measurements (A) Representative image of a border region of the corpus callosum 

(cc) and cingulum bundle (cing) region showing longitudinally (cc region) and transversally (cing region) arranged axon bundles, stained in green using CNPase 

antibody. Nuclear DAPI stain is shown in blue. Scale bar: 20 μm. (B) Transversally arranged WM regions as for example in the region below the dotted line in (A) 

(n = 35 mice) show a ~100 Pa higher apparent elastic modulus than longitudinal regions as in the region above the dotted line in (A) (n = 40 mice). (C) Additionally, 

the standard deviation of elastic moduli measured in transversal regions (n = 23 mice) is significantly higher than of longitudinal regions (n = 23 mice), indicating 

greater structural variations. Data points represent means of all measurements of the respective region of individual mice. Overlay lines are mean ± SD of data points. 

Significance was tested with an unpaired two-tailed t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.) 
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eported from mouse hippocampal slices in a non-disease setting [64] .

t has been shown that, in contrast to other mammalian injured tissue

ehaviour, inflammatory responses and glial scar formation within the

odent brain, manifested by increased presence of activated astrocytes

nd microglia, are associated with a decrease of tissue stiffness [ 65 , 66 ].

t is possible that increased presence of microglia and astrocytes causes

emodeling of extracellular matrix (ECM) via secreted proteins that ei-

her digest or build up ECM, which in turn may lead to changes of tissue

tiffness. For example, elevated levels of ECM components laminin and

ollagen IV, and GFAP protein expressed in astrocytes correlate with tis-

ue softening [66] . However, an astrocyte-mediated chronic mechanical

tiffening in spinal cord injury has been reported recently [67] . These

onflicting results suggest that general conclusions cannot be drawn to

ate and a more tissue- and disease-specific view might be necessary. 

Regarding hyaluronan, we describe elevated levels in demyelinated

M of cuprizone-treated mice. To date, the effect of hyaluronan on

rain tissue stiffness, especially in a demyelinating disease scenario is

nclear. Hyaluronan is a major component of ECM in the CNS and

as been shown to accumulate in demyelinating lesions and inhibit ro-

ent oligodendrocyte differentiation and remyelination in a chemical-

ased manner [68] . Because of its hydrating and viscoelastic properties

69] hyaluronan may contribute to the observed decrease in tissue stiff-

ess, although reports from other tissues show an opposite effect [70] .

nd the biochemical effect of hyaluronan accumulations seems to be in-

ibitive regarding oligodendrocyte progenitor maturation and remyeli-

ation [71] . 

Fibronectin, another component of the ECM, was reported to be ele-

ated at demyelinated lesions, which also had decreased stiffness com-
 m  
ared to healthy CNS tissue as measured by magnetic resonance elastog-

aphy (MRE) [19] . However, we could not detect significant changes of

bronectin levels in the brain tissue of shiverer and cuprizone-treated

ice. 

Our results of decreased stiffness in acutely demyelinated regions

gree with in vivo studies using magnetic resonance elastography (MRE)

n rodent [ 19 , 57 ] and human brains of patients with multiple sclerosis,

 20 , 21 , 72 ], and provide further evidence that demyelinating diseases

re characterized by decreased tissue stiffness. 

In summary, we demonstrate that acute but not inherited demyeli-

ation affects mechanical properties in mouse brain, which could con-

ribute to a decreased remyelination potential of oligodendrocytes. It re-

ains a subject of future studies to fully understand cellular and molec-

lar factors contributing to tissue stiffness decrease upon acute demyeli-

ation and how these factors differ in inherited demyelination, which

oes not lead to similar stiffness changes. 

eclaration of Competing Interest 

The authors declare that they have no known competing financial

nterests or personal relationships that could have appeared to influence

he work reported in this paper. 

cknowledgments 

We acknowledge Prof. Robin Franklin for scientific discussions and

nspirations, Prof. Triantafyllos Chavakis for critical reading of the

anuscript, Dr. Oliver Borsch for GFAP and Iba-1 antibodies and Is-



D. Eberle, G. Fodelianaki, T. Kurth et al. Brain Multiphysics 1 (2020) 100019 

Fig. 7. Signs of inflammation in corpus callosum of shiverer and cuprizone-treated mice In contrast to wild-type (wt) and cuprizone control animals (CTRL), 

shiverer mice show more GFAP and Iba-1 positive cells and elevated hyaluronan levels. These markers increase even more in cuprizone-treated mice (CUP). fibronectin 

levels remain unchanged in both, shiverer and CUP mice compared to respective controls (wt and CRTL). The respective staining (GFAP, fibronectin, Iba-1 or 

hyaluronan) is shown in grey levels. Corpus callosum area marked with dotted white line. Staining signal intensity was categorized into (-) weak, ( + ) medium and 

( ++ ) strong, indicated by the respective symbol in the top-right corner of each picture. Scale bar: 50 μm. 
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