
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Viscoelastic mapping of mouse brain tissue
Relation to structure and age
Antonovaite, N.; Hulshof, L.A.; Hol, E.M.; Wadman, W.J.; Iannuzzi, D.
DOI
10.1016/j.jmbbm.2020.104159
Publication date
2021
Document Version
Final published version
Published in
Journal of the Mechanical Behavior of Biomedical Materials
License
CC BY

Link to publication

Citation for published version (APA):
Antonovaite, N., Hulshof, L. A., Hol, E. M., Wadman, W. J., & Iannuzzi, D. (2021). Viscoelastic
mapping of mouse brain tissue: Relation to structure and age. Journal of the Mechanical
Behavior of Biomedical Materials, 113, [104159].
https://doi.org/10.1016/j.jmbbm.2020.104159

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:14 Apr 2023

https://doi.org/10.1016/j.jmbbm.2020.104159
https://dare.uva.nl/personal/pure/en/publications/viscoelastic-mapping-of-mouse-brain-tissue(9a40379e-03c2-4d71-bc03-7f00d7e32e15).html
https://doi.org/10.1016/j.jmbbm.2020.104159


journal of the mechanical behavior of biomedical materials 113 (2021) 104159

A
1

Contents lists available at ScienceDirect

Journal of the Mechanical Behavior of Biomedical Materials

journal homepage: www.elsevier.com/locate/jmbbm

Research paper

Viscoelastic mapping of mouse brain tissue: Relation to structure and age
Nelda Antonovaite a,∗, Lianne A. Hulshof b, Elly M. Hol b,c, Wytse J. Wadman c, Davide Iannuzzi a

a Department of Physics and Astronomy and LaserLaB, VU Amsterdam, The Netherlands
b Department of Translational Neuroscience, University Medical Center Utrecht, Brain Center, Utrecht University, Utrecht, The Netherlands
c Center for Neuroscience, Swammerdam Institute for Life Sciences, University of Amsterdam, The Netherlands

A R T I C L E I N F O

Keywords:
Viscoelasticity
Biomechanical testing
Brain tissue
Brain mechanics
Maturation
Microstructure

A B S T R A C T

There is growing evidence that mechanical factors affect brain functioning. However, brain components
responsible for regulating the physiological mechanical environment are not completely understood. To
determine the relationship between structure and stiffness of brain tissue, we performed high-resolution
viscoelastic mapping by dynamic indentation of the hippocampus and the cerebellum of juvenile mice
brains, and quantified relative area covered by neurons (NeuN-staining), axons (neurofilament NN18-staining),
astrocytes (GFAP-staining), myelin (MBP-staining) and nuclei (Hoechst-staining) of juvenile and adult mouse
brain slices. Results show that brain subregions have distinct viscoelastic parameters. In gray matter (GM)
regions, the storage modulus correlates negatively with the relative area of nuclei and neurons, and positively
with astrocytes. The storage modulus also correlates negatively with the relative area of myelin and axons
(high cell density regions are excluded). Furthermore, adult brain regions are ∼ 20%–150% stiffer than the
comparable juvenile regions which coincide with increase in astrocyte GFAP-staining. Several linear regression
models are examined to predict the mechanical properties of the brain tissue based on (immuno)histochemical
stainings.
1. Introduction

There is an increasing interest in the mechanical properties of
the brain due to the emerging role of physiological mechanical en-
vironment in normal brain functioning and involvement of mechan-
ics in disease progression (Barnes et al., 2017). At the single-cell
scale, mechanical cues regulate brain development (Franze, 2013),
stem cell differentiation (Barnes et al., 2017) and morphology of brain
cells (Flanagan et al., 2002; Georges et al., 2006). For instance, axons
of neurons grow towards softer tissue in vivo (Koser et al., 2016), and
adapt their morphology and stiffness to the rigidity of the substrate in
vitro (Chen et al., 2016). On a tissue scale, there is growing evidence
that changes in brain tissue architecture that occur during neuropatho-
physiological processes, development, and physiological aging affect
the mechanical properties of the brain and thus the local mechanical
environment of neurons and glia. To mention a few, reduction of shear
modulus was observed during neuroinflammation (Riek et al., 2012),
Alzheimer’s degeneration (Murphy et al., 2011, 2016), multiple sclero-
sis (Wuerfel et al., 2010; Fehlner et al., 2015; Streitberger et al., 2011),
glial scaring (Moeendarbary et al., 2017) and tumor growth (Jamin
et al., 2015; Stewart et al., 2017).

Despite the growing evidence of involvement of mechanical cues in
brain functioning, there is a lack of fundamental understanding of how

∗ Corresponding author.

different brain components contribute to the overall stiffness of brain
regions. Anatomical regions of the brain differ in their structural com-
position, from white-matter (WM) regions composed of fiber bundles
with varying degree of myelination and thickness to gray-matter (GM)
regions with various densities of neurons, glia, and their arborizations.
It is thus not surprising that the different brain regions have heteroge-
neous mechanical properties (Budday et al., 2015; Weickenmeier et al.,
2016; van Dommelen et al., 2010; Kaster et al., 2011; Feng et al., 2013;
Forte et al., 2017; Christ et al., 2010; Koser et al., 2015; Samadi-Dooki
et al., 2017; Finan et al., 2012b; Elkin et al., 2011a; Elkin and Morrison,
2013; Elkin et al., 2010) and that there exists a relationship between
some of the components and stiffness (Moeendarbary et al., 2017; We-
ickenmeier et al., 2016, 2017; Budday et al., 2020). Despite this body
of work, how the mechanical properties and structural composition of
the brain relate to each other remains elusive.

As multiple brain components are present within each brain region,
measurements of mechanical properties while the composition of the
brain changes could indicate which brain components regulate the
mechanical environment. One of the naturally occurring modifications
of brain tissue structure is during postnatal brain development. During
this process, the brain undergoes structural changes such as maturation
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of extracellular matrix (ECM), myelination, decrease in water content
and cell number, dendritic pruning and synaptogenesis, all of which
might be accompanied by mechanical alterations (Weickenmeier et al.,
2017; Horrocks, 1968; Hammelrath et al., 2016; Sturrock, 1980; Zim-
mermann and Dours-Zimmermann, 2008; Rauch, 2004). A majority
of previous studies have already reported that stiffness increases with
maturation (Finan et al., 2012b; Elkin and Morrison, 2013; Elkin et al.,
2010; MacManus et al., 2017), yet direct correlations with structural
components of measured regions were never investigated. Therefore,
the co-quantification of mechanical properties and the composition of
the developing brain not only would shed light on structure-stiffness
relationship of the brain but also on postnatal maturation of the brain.

In this study, we used a depth-controlled oscillatory indentation
technique to map the mechanical properties of individual regions of
the hippocampus and cerebellum of horizontal brain slices extracted
from juvenile mice (1-month-old). The selected indentation profile en-
abled viscoelastic characterization in terms of storage and loss moduli,
which corresponds to elastic and viscous responses of the material to
deformation, respectively, at the tissue scale and physiologically rele-
vant oscillation frequency. Previously, we used the same indentation
protocol to map the mechanical properties of adult mouse brain slices,
that show that the mechanical properties resemble anatomical regions
and that high cell density regions are softer than regions with low
cell density, however, the comparison was not quantitative and con-
tributions of other brain components were not addressed (Antonovaite
et al., 2018). In the present study, we quantified relative area A𝑟𝑒𝑙
overed by staining of neurons (NeuN), axons (neurofilament NN18),
strocytes (GFAP), myelin (MBP) and nuclei (Hoechst) of brain sections
aken from juvenile (1-month-old) and adult (6–9 months old) mice.
ifferences as well as correlations between storage modulus and stained
omponents are discussed for adult and juvenile hippocampus.

. Methods

.1. Sample preparation for indentation

Two age groups of wild-type (WT) mice (C57BL6/Harlan) were used
or indentation experiments: 8 juvenile (1-month-old) and 5 adult (6
nd 9-month-old), (for the latter, we refer the reader to Antonovaite
t al., 2018). All experiments were performed in accordance with
rotocols and guidelines approved by the Institutional Animal Care
nd Use Committee (UvA-DEC) operating under standards set by EU
irective 2010/63/EU. All efforts were made to minimize the suffering
nd number of animals. The mice were decapitated, the brain was
emoved from the skull and stored in ice-cold carbogen saturated
rtificial cerebrospinal fluid (ACSF). Slices were cut in a horizontal
lane with a thickness of approximately 300 μm using a VT1200S
ibratome (Leica Biosystems, Nussloch, Germany). Slices from 3 to
mm of dorsal–ventral positions of the hippocampus were selected

or the measurements, where composition along the thickness can be
onsidered homogeneous. After 1 h rest time, single brain tissue slice
as placed in a perfusion chamber coated with 0.1% polyethylenimine

or adherence between the glass slide and brain slice, stabilized with a
arp and supplied with carbogen saturated ACSF solution. Indentation
easurements were performed within 8 h at room temperature to avoid
echanical effects of tissue degradation.

.2. Dynamic indentation setup and measurement protocol

Operation of the custom made indentation setup, including ferrule-
op force transducer (Chavan et al., 2012; van Hoorn et al., 2016), has
een previously described in detail (Antonovaite et al., 2018, 2020).
ndentation mapping was performed in parallel lines with the distance
etween two adjacent locations of 50 μm, which assured that deformed
reas do not overlap. Measurements were carried out on slices from
ight mice for the hippocampus and from six mice for cerebellum
2

ith the total number of measurement points 𝑛 = 1701 and 𝑛 = 380,
espectively. Previously published oscillatory ramp data on adult mouse
rain originated from five mice with the total number of measurement
oints 𝑛 = 1029 (Antonovaite et al., 2018).

Ferrule-top probes of 0.2–0.5 N/m stiffness and 60–105 μm bead
adius were selected for these experiments to have enough resolution
o sample individual regions of the brain but also to be able to indent
eeper than the surface roughness of the sliced brain tissue which was
reviously reported to be 1–3 μm (Christ et al., 2010). Indentation-
epth controlled oscillatory ramp profile consisted of 0.2 μm amplitude

oscillations at 5.62 Hz frequency superimposed on top of a loading
ramp at an approximate strain rate of 0.01. The indentation-controlled
feedback was triggered at an approximate load of 15 nN, which resulted
in the initial uncontrolled 1–3 μm indentation depth, later corrected in
post-processing procedures.

2.3. Indentation data analysis

The raw data was analyzed with custom-written MATLAB func-
tions (Antonovaite et al., 2018). Storage E ′ and loss E ′′ moduli were
alculated according to (Herbert et al., 2008):

′(𝜔) =
𝐹0
ℎ0

cos 𝛿

√

𝜋
2
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√

𝐴
, (1)
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where 𝜔 is the frequency, 𝐹 0 and ℎ0 are the amplitudes of oscillatory
oad and indentation-depth, respectively, 𝛿 is the phase-shift between
ndentation and load oscillations, 𝜈 is the Poisson’s ratio (0.5 assuming
ncompressible material), 𝐴 = 𝜋𝑎2 is the contact area. The contact

radius a was estimated as 𝑎 =
√

ℎ𝑅 where h is the indentation depth
and R is indenter tip radius.

Indentation depth was converted to the mean strain according to
𝜀 = 0.2×𝑎∕𝑅 (Tabor, 1951), thus mechanical properties were measured
in the range between 5 and 8% strain, which fulfills small strain
approximation (Lin et al., 2009). While contact adhesion was observed
as a pull-off force during retraction, it was not taken into account, as we
assume that, under deep indentation conditions, the nominal area dom-
inates over the actual one. Furthermore, it should be noted that contact
radius at maximum indentation depth varied between 25 and 42 μm
depending on the tip size where the infinite half-space assumption is
not fully fulfilled when indenting on narrow regions such as alveus and
granular cell layers (GCL). Finally, all indentation curves were checked
visually to remove curves where either indentation started in contact
or measurements were disturbed by external noise.

2.4. Imaging of 300 𝜇m thickness slices

An inverted microscope (Nikon TMD-Diaphot, Nikon Corporation)
was used to image the slice during the indentation measurements with
a 2 × magnification objective (Nikon Plan 2X, Nikon Corporation).
Images were recorded with a CCD camera (WAT-202B, Watec). After
the measurements, the slices were fixed in 4% paraformaldehyde in
phosphate buffered saline (PBS) overnight at 4 ◦C. The slices were
stained with Hoechst to label cell nuclei and imaged with Leica DMRE
fluorescence microscope (Leica Microsystems, Wetzlar, Germany). Im-
ages of the live slices with indentation locations were superimposed
on corresponding fluorescent images and each indentation location was

assigned to an anatomical region.
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Fig. 1. Microscope images of (A, B) hippocampus and (C, D) cerebellum of 1-month-old mice where area measured by indentation is indicated with red rectangles. Next to it,
maps of storage modulus E ′ at a 50 μm × 50 μm resolution obtained with 0.2 μm oscillation amplitude, 5.62 Hz oscillation frequency, and at 7% strain. The color scale on the top
right is for (A, B) and bottom right for (C, D), gray color indicates failed measurements. White lines indicate boundaries of anatomical regions. Abbreviations: Sub — subiculum,
SLM — stratum lacunosum moleculare, SR — stratum radiatum, SP — stratum pyramidale, SO — stratum oriens, ML — molecular layer, GCL — granule cell layer, AV — arbor
vitae. Gray color indicates failed measurements.
2.5. Imaging and (immuno)histochemistry of 30 𝜇m thickness slices

The separate group of WT mice (C57Bl6/J) were used for (im-
muno)histochemistry: 3 of each of 1-month-old and 6-month-old. All
animals were housed under standard conditions with ad libitum access
to water and food. All experiments were approved by the Animal
Experimentation Committee of the Utrecht University EU Directive
2010/63/EU.

Mice were anesthetized with 0.1 ml Euthanimal 20% (Alfasan
10020 UDD) and transcardially perfused with 1X PBS. Brains were
removed and collected in 4% paraformaldehyde for 48 h before being
transferred to 30% sucrose with sodium azide and stored at 4 ◦C.
Before cutting, brains were snapfrozen in isopenthane and embedded
in Tissue-Tek (Sakura). Using a cryostat, brains were sliced horizontally
in 30 μm thick slices and collected in 1X PBS, which was then replaced
by cryopreservation medium (19% glucose, 37.5% ethylene glycol in
0.2 M PB with sodium azide) and stored at −20 ◦C until further
processing.

Slices were washed 3 times with PBS before they were blocked with
10% Normal Donkey Serum (NDS, Jackson ImmunoResearch, 017-000-
121) and 0.4% Triton-X in 1X PBS for one hour at RT. Sections were
incubated with different primary antibodies (see Table S4) diluted in
200 μl 10% NDS and 0.4% Triton-X blocking medium ON at 4 ◦C.
Thereafter, they were washed 3 times with 1X PBS and then incubated
with 1:1000 secondary antibodies or 1:500 Wisteria floribunda agglu-
tinin (WFA) dye diluted in 200 μl 3.3% NDS and 0.13% Triton-X in 1X
PBS ON at 4 ◦C, washed 3 times with 1x PBS and stained with 1:1000
Hoechst dissolved in 500 μl 1x PBS for 10 min at RT. Slices were washed
2 times with 1X PBS and once with MilliQ and mounted with Mowiol
(10% Mowiol (Millipore, 475904), 0.1% diazabicyclo(2,2,2)-octane,
0.1 M Tris and 25% glycerol in H2O; pH 8.5).

Imaging was done with Zeiss Axioscope.A1 epi-microscope operated
with AxioVision software, using 10x Plan-NeoFluar objective.

2.6. Image analysis

To compare composition of different anatomical regions, fluorescent
images were converted to black and white images by using isodata
3

thresholding algorithm (Fiji software, see Fig. S4 for thresholded im-
ages). Relative area fraction A𝑟𝑒𝑙 of manually identified regions was
calculated for each stained component:

𝐴𝑟𝑒𝑙 =
𝐴𝑠𝑡𝑎𝑖𝑛
𝐴𝑟𝑒𝑔𝑖𝑜𝑛

× 100%, (3)

where A𝑠𝑡𝑎𝑖𝑛 is area covered with stained component and A𝑟𝑒𝑔𝑖𝑜𝑛 is total
area of the region. Images of 8 slices from 3 animals were used for
quantification of components. The image analysis was performed using
Fiji (ImageJ).

2.7. Linear regression analysis

Linear models were generated by using the stepwiselm MATLAB
function. The function starts with the constant model and adds param-
eters as long as it increases statistical power of the model (evaluated
based on the change in the sum of squared errors; p-values from
F-tests).

2.8. Statistical analysis

Factorial (univariate) ANOVA analysis followed by post hoc tests
with bonferroni correction for multiple comparisons was used for sta-
tistical analysis of data using IBM SPSS Statistics software.

3. Results

3.1. Mechanical properties of juvenile mouse brain: hippocampus and cere-
bellum

To characterize local mechanical properties of hippocampus and
cerebellum, dynamic indentation mapping was performed on acute
mouse brain slices (see Methods 2.1) at 50 μm resolution by indenting
with an oscillating ramp at 5.6 Hz frequency up to 8% strain (see
Methods 2.2). The viscoelastic properties were quantified in terms of
storage E ′ and loss E ′′ moduli, and damping factor tan(𝛿), which is the
ratio between loss and storage modulus (see Methods 2.3). The brain
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Fig. 2. (A) Storage modulus E ′ and (B) damping factor tan(𝛿) of regions in cerebellum (red) and hippocampus (blue) of 1-month-old mice ordered from softest to stiffest, obtained
at 7% strain and 5.62 Hz frequency of oscillations. The horizontal bar is the mean value, the vertical black bar is 25th and 75th percentiles with median value marked as white dot.
Data is pooled from multiple animals (N = 2–6 animals per region and n = 16–335 indentation measurements per region, see Table SS2 for mean values and Fig. S1 for individual
animal data). The region, animal and their interaction term were significant factors (factorial ANOVA, p<0.0005 for all factors). (C) Visual reconstruction of mean storage modulus
values and (D) fluorescent images of hippocampus and cerebellum stained for nuclei (Hoechst) in blue and myelin (MBP) in green. Scale bar is 500 μm. Abbreviations: Alv —
alveus, Sub — subiculum, SLM — stratum lacunosum moleculare, SR — stratum radiatum, SP — stratum pyramidale, SO — stratum oriens, ML — molecular layer, GCL — granule
cell layer, AV — arbor vitae.
slices were imaged during dynamic indentation mapping to identify
measured anatomical regions (Methods 2.4). Fig. 1 shows two examples
of maps of storage modulus of the hippocampus, subregions of DG, CA3
and CA1 (Fig. 1A, B) and two examples of maps of cerebellum (Fig. 1C,
D) where lighter color indicates stiffer tissue and darker color indicates
softer tissue. Contrast due to mechanical heterogeneity coincided with
the shape of anatomically defined brain regions.

To account for the inter-animal variation of mechanical measure-
ments, the same indentation protocol was repeated on slices from
multiple animals. The region, animal and their interaction had sta-
tistically significant effects for storage modulus and damping factor
(factorial ANOVA, p<0.0005 for all factors). For the representation of
results, data from different animals was pooled for each anatomical
region (Fig. 2A, B). The storage modulus of the hippocampus and cere-
bellum were mechanically heterogeneous with mean storage modulus
4

values E ′ at 7% strain varying from 0.4 to 0.9 kPa in the cerebellum and
from 0.4 to 1.6 kPa in the hippocampus (Fig. 2A). The mean damping
factor tan(𝛿) was higher in the cerebellum (0.56–0.69) than in the
hippocampus (0.42–0.55) (Fig. 2B, p<0.0005 when compared pooled
results), indicating higher energy dissipation potential of cerebellum.
Fig. 2C shows a color-coded reconstruction of the storage modulus E ′

of hippocampus and cerebellum, based on the mean results in Fig. 2A,
and the fluorescence images of the brain areas stained for nuclei and
myelin with identified anatomical regions.

The oscillatory ramp indentation profile allowed us to investigate
the strain-dependent mechanical properties of brain tissue i.e. nonlin-
earity. All brain regions showed an increase in storage modulus E ′ with
strain (see Fig. 3) where stiffening was less pronounced in softer regions
(0.04–0.2 kPa vs. 0.2–0.5 kPa per 1% of the strain, respectively).
Furthermore, the spread in averaged values was larger at higher strains
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Fig. 3. Mean storage modulus E ′ and damping factor tan(𝛿) as a function of strain for
different brain regions (see legend) of 1-month-old mice. Dashed lines for cerebellum
regions and solid lines for hippocampal regions. Mean ± standard error of the mean
(SEM). Note that SEM is positively correlated since the data are not independent.

(0.2–0.6 kPa at 5% strain and 0.4–1.7 kPa at 8% strain) which means
that the contrast in mechanical properties between brain regions is
more pronounced at higher strains than at lower strains. The damping
factor tan(𝛿) decreased with strain for regions in the hippocampus
(0.03–0.08 per 1% strain), while it was rather constant for cerebellum
(decrease of 0.01 per 1% strain), which suggests differential viscoelastic
behavior of these two regions.
5

3.2. Adult brain is stiffer than juvenile brain

The mechanical data from previously obtained hippocampal regions
of the adult mouse brain (Antonovaite et al., 2018) was combined
with the data from juvenile brain for the comparison (see Fig. 4 for
pooled, Fig. S1 and Fig. S2 for individual animal data), where sample
preparation, setup, measurement protocols and data analysis were the
same. The notable difference was the number of regions: there were 10
regions measured for adult and 15 for juvenile, thus, only regions were
used for comparison. The region, age and their interaction terms had
statistically significant effects for storage modulus (factorial ANOVA,
p<0.0005). The estimated marginal means of the storage modulus E ′

of adult mouse brain were higher than juvenile mouse brain when
comparing all regions together (1.63 ± 0.03 kPa and 0.82 ± 0.02 kPa,
respectively) and individually (see Fig. 4 for post hoc test results).

The increase in storage modulus between juvenile and adult mouse
brain was lowest and not significant for GCL, CA3-SP and Alveus
(20%–50%) which are relatively soft regions and densely packed with
either neurons or fibers. Stiffer and less packed regions such as ML
and SLM had a higher and significant increase in stiffness with age
(60%–150%, see above Fig. 4 p-values from multiple comparisons with
Bonferroni correction). The damping factor tan(𝛿) decreased with age
when comparing all regions together (0.51 ± 0.003 and 0.49 ± 0.005,
respectively, estimated marginal means ± SE) but at an individual
region level it significantly decreased for ML, GCL, hilus and CA3-
SR regions, while it increased for CA1-SR (multiple comparisons with
Bonferroni correction, p<0.05, 0.0005, 0.0005, 0.05, 0.0005, respec-
tively, see Table SS2 for mean values). These results suggest that
during maturation of mouse brain tissue, stiffness of the hippocampus
increases while tan(𝛿) decreases in a region dependent manner.

3.3. Structure-stiffness relationship between brain regions

To assess structural differences between measured brain regions,
and between juvenile and adult mouse brains, we performed (im-
muno)histochemical stainings to label main brain components: all cell
nuclei (Hoechst), nuclei of neurons (NeuN), astrocytes (GFAP), ax-
ons (neurofilament NN18), myelin (MBP), perineuronal nets (Wisteria
floribunda agglutinin WFA) and dendrites (MAP2) (see 5A, staining
Fig. 4. Storage modulus E ′ values of juvenile (red) and adult (blue) hippocampal subregions (data from different slices is pooled, N = 2–6 and n = 16–335 depending on the
region, see Table SS2). Gray horizontal bar is mean value, vertical black bar is 25th and 75th percentiles with median value marked as white circle. Statistical differences between
juvenile and adult for each region are indicated above (multiple comparisons with Bonferroni correction, ****p<0.0005, ns — non significant). Percentages above the graph are
relative increases in mean storage modulus with age.
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Fig. 5. Comparison of fluorescent images of different brain components between juvenile and adult mice hippocampus. A) Representative fluorescent images of stainings of all cell
nuclei (Hoechst), nuclei of neurons (NeuN), astrocytes (GFAP), axons (neurofilament NN18) and myelin (MBP). Dimensions of images are 2065 μm (width) and 1878 μm (height).
B)Mean relative area A𝑟𝑒𝑙(%), averaged over multiple slices (6–28) obtained from 2–3 animals per age group, of different brain components of juvenile (first bar) and adult (second
bar) hippocampal mouse brain regions. Mean ± SD (Table S3). Bonferroni corrected p-values for pairwise comparison of simple main effects are indicated with asterisks (see
Table S4): ***p<0.001,**p<0.01, *p<0.05.
procedure in Methods 2.5). The amount of each component was quanti-
fied as A𝑟𝑒𝑙(%), a relative area covered by the stained component within
each region (Fig. 5B, see Table S3 for all A𝑟𝑒𝑙 values and Methods 2.6
for protocol). MAP2 and WFA stainings were compared qualitatively
because they did not show clear regional differences in terms of A𝑟𝑒𝑙
(Fig. 6).

When comparing juvenile and adult mouse brain stainings, region,
age and their interaction term were found to be significant factors
for A𝑟𝑒𝑙 of GFAP and nuclei (factorial ANOVA, p < 0.0005) and not
significant for A𝑟𝑒𝑙 of NeuN, neurofilament NN18 and MBP. A𝑟𝑒𝑙 of
GFAP increased while A𝑟𝑒𝑙 of nuclei decreased in most of the regions
although not all differences were significant (see Fig. 5B, Table S4).
Interestingly, increase in storage modulus from juvenile to adult brain
(𝛥E ′) had moderate positive correlation with the increase in A𝑟𝑒𝑙 of
GFAP (Pearson’s correlation coefficient r = 0.61, p = 0.06, Fig. 7F)
while correlations were weak for all other components (r = −0.18 for
Hoechst; 0.4 for NeuN; 0.05 for neurofilament NN18; 0.25 for MBP).

A vast number of WFA positive cells were in the Subiculum while
a few cells were WFA positive in the SP layer of CA1-CA3 regions.
Comparison between juvenile and adult mouse brains showed a clear
increase in perineuronal nets (PNNs) positive cells in Subiculum with
age (Fig. 6). Staining with MAP2 of dendrites showed organizational
rather than quantitative differences between regions (Fig. 6). Dendrites
appeared as a honeycomb structure around cells, parallel and long in
CA1-SR and Sub regions and homogeneous in all of the other regions.
A comparison between adult and juvenile did not show differences in
MAP2 staining.
6

Fig. 6. Representative fluorescent images of (immuno)histochemical stainings of PNNs
(WFA) and dendrites (MAP2). Dimensions of images are 2065 μm (width) and 1878 μm
(height).

Assessment of mechanical and structural regional differences was
done by plotting storage modulus E ′ as a function of A𝑟𝑒𝑙 of different
brain components, both adult (in blue) and juvenile (in red) (see
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Fig. 7. Storage modulus E ′ (mean ± SEM) as a function of relative area A𝑟𝑒𝑙 (mean ± SD) covered by A) all nuclei (Hoechst), B) nuclei of neurons (NeuN), C) astrocytes (GFAP),
D) axons (neurofilament NN18) and E) myelin (MBP) of measured regions, both juvenile (red) and adult (blue). WM regions (Alv and AV) are excluded in A–C) plots while
high-density GM regions (GCL in hippocampus and cerebellum) are excluded in D–E) plots. Pearson’s correlation coefficient identified above, r𝑎 for adult data and r𝑗 for juvenile.
F) Increase in A𝑟𝑒𝑙 of astrocyte staining as a function of the increase in storage modulus E ′ when comparing juvenile and adult data. Pearson’s correlation factor r = 0.61 (p =
0.06).
Fig. 7). As both, high-density cell regions and high-density fiber bundles
(WM), are mechanically soft, correlation analysis for nuclei, neurons
and astrocytes (Fig. 7A–C) was done by excluding WM regions (Alv
and AV) while correlation analysis for myelin and axons (Fig. 7D,
E) was done by excluding regions with high-density of nuclei (GCL,
SP3 and SP1, A𝑟𝑒𝑙 > 50%). As a result, E ′ was found to correlate
negatively with A𝑟𝑒𝑙 of nuclei (Pearson’s correlation factor for adult
r𝑎 = −0.73 and for juvenile r𝑗 = −0.64), neurons (r𝑎 = −0.81, r𝑗
= −0.73), axons (r𝑎 = −0.57, r𝑗 = −0.56) and myelin (r𝑎 = −0.63, r𝑗
= −0.56). Moreover, storage modulus E ′ correlated positively with A𝑟𝑒𝑙
of astrocytes (r𝑎 = 0.56, r𝑗 = 0.27). Together, these results show that
relatively cell-free and axon-free regions are the stiffest while regions
that are tightly packed with either nuclei or axons are the softest,
whereas a more pronounced GFAP cytoskeleton in astrocytes seemed
to be responsible for higher stiffness values between regions and when
comparing juvenile and adult brains.

3.4. Linear regression model for storage modulus prediction from (im-
muno)histological data

Previous studies have shown that the mechanical properties of
spinal cord can be predicted from histological data (Koser et al., 2018,
2015). We applied linear regression analysis (see Methods 2.7) to inves-
tigate which of the measured histological parameters are needed for the
prediction of storage modulus values of individual brain regions. The
best prediction (R2=0.60) of storage modulus E′ of juvenile brain areas,
when including indentation data of hippocampus and cerebellum, was
achieved with the relative area of NeuN A𝑁𝑒𝑢𝑁 (p = 0.002) and GFAP
A𝐺𝐹𝐴𝑃 (p = 0.01) stainings:

𝐸′ = 𝑎 ∗ 𝐴𝑁𝑒𝑢𝑁 + 𝑏 ∗ 𝐴𝐺𝐹𝐴𝑃 + 𝑐 (4)

where 𝑎 = −7.5 ± 1.9, 𝑏 = −14.9 ± 5.0 and 𝑐 = 1172 ± 103 are linear
regression model parameters.
7

The best prediction (R2 = 0.70) of storage modulus E′ of adult
brain hippocampal regions was achieved with the relative area of NeuN
A𝑁𝑒𝑢𝑁 (p = 0.007) and neurofilament NN18 A𝑁𝑁18 (p = 0.07) stainings:

𝐸′ = 𝑎 ∗ 𝐴𝑁𝑒𝑢𝑁 + 𝑏 ∗ 𝐴𝑁𝑁18 + 𝑐 (5)

where 𝑎 = −17.9 ± 4.8, 𝑏 = −13.0 ± 6.2 and 𝑐 = 2230 ± 220 are model
parameters.

To test whether including other histological parameters would im-
prove the prediction of regional mechanical properties, estimations
of densities of cells, neurons, glia, oligodendrocytes, astrocytes and
microglia of adult hippocampal regions were acquired from Blue Brain
Cell Atlas (BBCA) (for more information Erö et al., 2018). It is impor-
tant to note that these estimations of cell densities are calculated from
the entire volume of the brain region whereas we measured mechanical
properties only at the specific plane within the brain. Therefore, by
using this data we assumed that there are no variations in cell densities
and mechanical properties within the volume of the brain areas. As a
result, linear regression model revealed that density of all cells P𝑎𝑙𝑙𝑐𝑒𝑙𝑙𝑠
(p = 5.4 × 10−6), density of glia P𝑔𝑙𝑖𝑎 (p = 0.01) and relative area
of neurofilament NN18 𝐴𝑁𝑁18 (p = 0.002) could give the prediction
of storage modulus values of hippocampal areas with the highest
R-squared value (R2 = 0.96):

𝐸′ = 𝑎 ∗ 𝑃𝑎𝑙𝑙𝑐𝑒𝑙𝑙𝑠 + 𝑏 ∗ 𝑃𝑔𝑙𝑖𝑎 + 𝑐 ∗ 𝐴𝑁𝑁18 + 𝑑 (6)

where 𝑎 = −0.004 ± 0.0004, 𝑏 = −0.0002 ± 0.0006, 𝑐 = −13.8 ± 2.5 and
𝑑 = 2489 ± 140 are model parameters.

4. Discussion

4.1. Viscoelastic mapping of hippocampus and cerebellum

In this study, we selected 50 μm mapping resolution and indentation
depth of up to 10–17 μm (8% strain) to obtain mechanical properties
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of individual regions of hippocampus and cerebellum of the juvenile
mouse brain tissue (Fig. 1). We found that both the hippocampus and
the cerebellum were mechanically heterogeneous where mechanically
distinct regions matched morphologically defined anatomical regions.
Similar relative mechanical differences between hippocampal subre-
gions of juvenile mouse brain tissue were found in our previous study
on adult mouse brain (Antonovaite et al., 2018) where the measure-
ment protocol was the same as the one in this study. Other studies have
been done at different measurement scales and indentation protocols,
making it difficult to compare results between studies. For example,
some of the studies used tips with the radius of 250 μm resulting
in contact area much larger than individual anatomical regions of
hippocampus and thus measuring averaged mechanical properties over
multiple layers (Budday et al., 2015; Weickenmeier et al., 2016; van
Dommelen et al., 2010; Kaster et al., 2011; Finan et al., 2012b; Elkin
et al., 2011a; Elkin and Morrison, 2013; Christ et al., 2010; Prange
and Margulies, 2002). Other studies used smaller tips and indentation
depths (R < 20 μm, h < 4 μm Elkin et al., 2010, 2007; Luque et al.,
2016) and reported relative differences between regions different from
our findings.

In comparison to studies regarding mechanical properties of the
cerebellum, we were able to differentiate between three layers (Fig. 2A),
two stiffer GM regions (ML and GCL) and softer WM region (AV),
while previous studies only differentiated between GM and WM with
contradicting results. Quasi-static indentation measurements with small
spherical tips (R = 10-20 μm) agreed with our findings in cerebellum,
where GM was stiffer than WM (Christ et al., 2010; Eberle et al., 2018),
while stress relaxation measurements, performed with flat cylindrical
punch of 250 μm radius, have found that GM was softer than WM (Elkin
et al., 2011a) or showed no differences (Finan et al., 2012b; Elkin and
Morrison, 2013; Elkin et al., 2011b; Finan et al., 2012a).

It is well-known that the mechanical behavior of the brain tissue
is nonlinear and viscoelastic and thus we selected an oscillatory ramp
indentation protocol which allowed us to obtain multiple viscoelastic
parameters of the brain, i.e. strain-dependent storage modulus E ′ and
damping factor tan(𝛿) (see Fig. 3). These measurements revealed that
the cerebellum and the hippocampus have very different viscoelas-
tic properties, i.e. hippocampus showed higher stiffening with strain
and had lower damping ratio at higher strains when comparing with
the cerebellum. We hypothesize that these differences in mechanical
behavior could be related to the fact that cerebellum is folded and
located outside of the brain, close to the skull while the hippocampus
is positioned in the middle of the brain and does not have folds.
These findings demonstrate the potential of measuring multiple me-
chanical parameters, i.e. storage modulus, damping factor and their
depth dependency, as it gives more information about the structure and
function of the brain than typical static measurements. For example, a
recent study has shown that stiffening with increasing compression is
a hallmark for the differentiation between healthy and glioma brain
tissue (Pogoda et al., 2014).

Overall, this data can be used to support future biomechanical
and biochemical studies. To mention a few, local native mechanical
properties of brain tissue are needed when culturing neurons and glial
cells on compliant substrates (Flanagan et al., 2002; Georges et al.,
2006; Buxboim et al., 2010; Moshayedi et al., 2014; Sur et al., 2013),
when designing mechanically compatible brain implants (Spencer et al.,
2017) and modeling traumatic brain injuries (Mao et al., 2013; Sáez
et al., 2020).

4.2. Changes in mechanical properties of the hippocampus with age

We observed 20%–150% increase in stiffness when comparing ju-
venile and adult mouse hippocampal regions (Fig. 4), where densely
packed regions, either with cells or fibers, stiffened less than loosely
packed regions. Furthermore, mechanical damping of hippocampus
8

on average decreased with maturation but changes were much less
pronounced than for stiffness (∼4%). Our findings confirm most of the
previous studies on rodent brain slices. For example, when compared
17–18 postnatal days (PND) and fully mature rat brains, the latter were
found to be stiffer for most of the regions (Finan et al., 2012b; Elkin
and Morrison, 2013). Another study also found that the elastic modulus
of rat hippocampus and cortex increased more than 2 times when
comparing prenatal and adult brains (Elkin et al., 2010). In contrast,
one study compared the elastic modulus of different brain regions
between 10–20 weeks and 100–105 weeks old mice, and only WM in
stratum was stiffer (1.5 fold) in older animals (Eberle et al., 2018).
Measurements on intact brains rather than brain slices also reported
opposing results. For example, 12 weeks old mice were 13%–59% stiffer
than 6 weeks old mice (MacManus et al., 2017) while immature rat
brains (PND13 and PND17) were stiffer than mature ones (PND43 and
PND90) (Gefen et al., 2003). Therefore, our study contributes to the
body of evidence that brain tissue stiffens with maturation.

4.3. Changes in (immuno)histochemically stained components of the hip-
pocampus with age

Co-registration of both, mechanical properties and brain compo-
nents at different developmental stages, could indicate which structural
components are responsible for mechanical maturation of brain tissue.
Although many structural changes that take place during the matura-
tion of the brain are known, in many cases the data is obtained from
large brain regions rather than individual cell layers and limited to the
specific development stage, making it difficult to objectively compare
the stiffness and composition of brain tissue between different stud-
ies. Here, we performed the (immuno)histochemical stainings of brain
components (Fig. 4D) of adult and juvenile mouse brain slices, obtained
from the same brain areas as slices used for mechanical measurements
by using the unique hippocampus shape along the vertical axis to match
the slices.

To assess the differences in the cellular composition of hippocampal
regions, we stained all cell nuclei (Hoechst), nuclei of neurons (NeuN)
and astrocytes (GFAP). Quantification of the relative area covered by
stained component of juvenile and adult mouse hippocampus revealed
that A𝑟𝑒𝑙 of GFAP staining significantly increased (1.8–16.2%) with
ge for most of the subregions, which confirms the previous findings
hat GFAP is upregulated with maturation of astrocytes and aging of
ice (Bushong et al., 2004; Freeman, 2010; Catalani et al., 2002; Clarke

t al., 2018). Furthermore, we observed a significant decrease in A𝑟𝑒𝑙
(0.4%–8%) of nuclei staining (Hoechst) and a non-significant decrease
in A𝑟𝑒𝑙 (0.3%–5%) of neuronal nuclei staining (NeuN) with age for the
majority of measured hippocampal subregions. In agreement with our
finding, the previous study on mice maturation reported that neuronal
and non-neuronal cell nuclei densities decreased in the hippocampus
when comparing similar age groups to our study (1 and 4 months) (Fu
et al., 2013).

To evaluate the composition of hippocampal regions in terms of
cellular arborizations, we stained axons (neurofilament NN18), myelin
(MBP) and dendrites (MAP2). When comparing myelin staining (MBP)
of juvenile and adult mouse brain slices, A𝑟𝑒𝑙 was increased (0.8–5.5%)
for most of the hippocampal subregions, although the age was not
a significant factor. In mice, myelination takes place in the corpus
callosum, fimbria and cortex between 1 and 6 months (Horrocks, 1968;
Hammelrath et al., 2016; Sturrock, 1980; Suzuki and Raisman, 1994).
Although there is no data available of myelination in the mouse hip-
pocampus, it has been reported that, in rats, numbers and distribution
of myelinated fibers are the same on day 25 and adulthood (Meier
et al., 2004), which agrees with our finding. Furthermore, A𝑟𝑒𝑙 of axonal
staining (neurofilament NN18) was similar between two age groups for
most of the hippocampal regions with the exception of Alveus where it
was significantly decreased, and CA3-SR and CA3-SO regions, where
A𝑟𝑒𝑙 was significantly increased. Dendritic staining (MAP2) showed

no qualitative differences between juvenile and adult hippocampus.
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Because neuronal network outgrowth, elongation and branching have
been reported to take place in early postnatal stages (P<30), it seems
plausible that there are no large structural changes of these networks
into the adulthood (Jacobson, 1991; Isaacson, 2012; Pokorný and
Yamamoto, 1981; Tamayo et al., 1999; Ziegler and Tavosanis, 2019;
Farhy-Tselnicker and Allen, 2018).

Brain tissue also contains ECM which forms a fine macromolecular
mesh around cell somata, initial segments of axons, and synapses
and consists of collagen type IV, HA, fibronectin, laminin, and pro-
teoglycans (Ruoslahti, 1996; Song and Dityatev, 2018). Because ECM
in the brain lacks filamentous proteins such as fibrous collagen type
I (Ruoslahti, 1996; Bonneh-Barkay and Wiley, 2009), it is not ex-
pected that ECM regulates brain tissue stiffness (Essen, 1997; Haslach
et al., 2014). In support of this hypothesis, recently it has been shown
that overexpression of ECM components laminin and collagen IV in
glial scars correlates with brain tissue softening (Moeendarbary et al.,
2017). Nevertheless, during the development of the brain, ECM transi-
tions from a juvenile-type matrix to a mature one (Zimmermann and
Dours-Zimmermann, 2008; Rauch, 2004; Milev et al., 1998). To check
whether there are differences between 1 and 6 months old hippocam-
pus, we stained perineuronal nets, which are particularly enriched with
ECM molecules (Brückner et al., 1993). The noticeable increase in the
number of cells wrapped by PNNs was present only in the Subiculum
region and thus does not explain the stiffening of all the regions. Pre-
vious studies have shown that besides PNNs, hyaluronan/proteoglycan
link protein 1 (HAPLN1) increased in the hippocampus between 1.5
and 6 months age (Végh et al., 2014) while protein levels of neurocan,
brevican and tenascin-R were similar. Another study has shown that
levels of aggrecan, versican (GAG𝛼), brevican increased between 1 and
6 months while levels of neurocan and versican (GAG𝛽) decreased,
although the study was done on the whole volume of rat brains (Milev
et al., 1998).

So far, there is very little information regarding the structure-
stiffness relationship of the brain tissue during maturation reported
in the literature. One previous study has shown that an increase in
stiffness of the hippocampus with age (P10, P17 and adult) coincides
with the decrease in water content and increase in protein and lipid
(myelin) content (Elkin et al., 2010). Another study, although only on
white matter, has reported that stiffness tripled while myelin content
increased from 58 to 74% when comparing prenatal and postnatal
bovine brains (Weickenmeier et al., 2017). The recent study, although
using magnetic resonance elastography, has shown an increase in stiff-
ness and decrease in fluidity of the whole hippocampus between 1
and 5 months which was associated with a decrease in number of
neuronal precursor cells and immature neurons, increased myelination
and change in expression levels of proteins responsible for micro-
tubule formation, myelination, cytoskeleton, cell adhesion, ECM and
axonal organization (Guo et al., 2019). In this study, differences in
A𝑟𝑒𝑙 of stained components between juvenile and adult were correlated
with differences in storage modulus of individual hippocampal regions
rather than the whole hippocampus (Fig. 7F), where only A𝑟𝑒𝑙 of GFAP
staining showed moderate positive correlation, which suggests that
GFAP positive cells contribute to mechanical stiffening of hippocampal
regions during brain maturation.

One of the limitations of this study is the quantification of the
relative area covered by the stained component, which only gives a
rough estimate of the brain composition. A more thorough structural
analysis could include 3D analysis of brain slices and quantification of
size and density of cells, orientation and thickness of cellular arboriza-
tions and vasculature, and staining of subtypes of cells, especially for
the tightly packed regions. Furthermore, we only investigated structural
changes at the tissue scale while changes at cellular/axonal scale might
also influence tissue mechanics. Finally, volumetric changes of brain
components such as extracellular space or volume fraction of different
components could also be important factors governing brain tissue
9

mechanics. r
There are two other hypotheses proposed in the literature that
explains the cause of brain tissue stiffening with maturation. The first
hypothesis implies that, with age, the amount of negatively charged
glycosaminoglycans (GAGs) increases (Elkin et al., 2010) resulting
in elevated Donan osmotic pressure (Chang and Kaplan, 1977) and
thus stiffness, which is similar to the behavior observed in articular
cartilage (Sun et al., 2004; Katta et al., 2008). Another hypothesis is
that axons in the brain are under tension (Essen, 1997), and axonal
tension might increase during brain tissue transition into adulthood.
Whether axonal tension or negative charges drive brain tissue stiffening
during maturation should be a topic of further investigation.

4.4. Correlation between mechanical properties and (immuno)
histochemical stainings

To explain differential mechanical properties of brain regions within
the juvenile and adult mouse brains, we performed correlation analysis
between relative area covered by (immuno)histochemical staining A𝑟𝑒𝑙
and storage modulus E ′. We found that storage modulus and A𝑟𝑒𝑙 of all
uclei, nuclei of neurons, axons and myelin of different brain regions
ave moderate to high negative correlation (Fig. 7A, B, D, E) while A𝑟𝑒𝑙

of astrocytes has low to moderate positive correlation, with stronger
correlation factor for adult than juvenile in all cases. Based on these
results, we hypothesize that the loss of myelin as in demyelinating
diseases or loss of neurons as during brain development, aging, and
neurodegenerative diseases, and increase in the number of astrocytes
as in neuroinflammatory diseases would all result in stiffening of the
brain region.

One previous study correlated myelin content with the stiffness by
comparing different cerebral white matter regions in the bovine brain
(myelin content 64%–89%), including pre-natal and post-natal (55%–
89%) brain (Weickenmeier et al., 2017). Furthermore, in agreement
with our findings, a negative correlation between the density of cell
nuclei and shear modulus was shown for human brain tissue although
it did not include hippocampus or cerebellum (Budday et al., 2020).
Regarding other CNS tissues, it has been shown that cell density and
stiffness correlates positively in retinal and spinal cord tissues where
contradiction in comparison to our study might be due to differ-
ences in CNS tissue composition or much smaller measurement scale
(indentation depth <3.5 μm) (Weber et al., 2017; Koser et al., 2015).

.5. Linear model for predicting mechanical properties of the brain

Prediction of mechanical parameters from histological stainings
ould allow assessing information about brain stiffness without the
eed for experimental testing. From the linear regression analysis, we
ere able to identify that storage modulus could be predicted by using

he relative area of NeuN and GFAP staining for the juvenile brain and
euN and neurofilament NN18 staining for the adult brain. However,

he R-squared values of prediction were only 0.6 and 0.7, respectively,
uestioning the reliability of such a linear model. The prediction of
torage modulus of adult mouse hippocampal regions was improved to
-squared of 0.96 by including the density of all cells and glia from
lue Brain Cell Atlas together with the relative area covered by axons.
egarding data from BBCA, the density of all cells was obtained by
issl staining for all cell bodies. Furthermore, glial staining from BBCA

ncluded oligodendrocytes (CNP and MBP), astrocytes (S100b, GFAP
nd ALDH1L1) and microglia (TMEM119). Therefore, including other
arameters describing tissue composition could improve the predictive
ower of the model. Future studies should investigate which histolog-
cal parameters are most relevant for describing the structure-stiffness

elationship of the brain tissue by expanding it to other brain regions.
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5. Conclusions

Dynamic indentation mapping of hippocampus and cerebellum of
juvenile mouse brain revealed that viscoelastic parameters vastly differ
between individual brain layers. Furthermore, juvenile brain was found
to be significantly softer than adult brain. Finally, the constructed
structure-stiffness relationships of the brain regions indicated that the
observed mechanical differences correlated with the density of several
of the identified brain components.
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