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The neural stem cell (NSC) niche is a highly vascularized microenvironment that supplies
stem cells with relevant biological and chemical cues. However, the NSCs’ proximity
to the vasculature also means that the NSCs are subjected to permanent tissue
deformation effected by the vessels’ heartbeat-induced pulsatile movements. Cultivating
NSCs under common culture conditions neglects the —yet unknown—influence of this
cyclic mechanical strain on neural stem cells. Under the hypothesis that pulsatile
strain should affect essential NSC functions, a cyclic uniaxial strain was applied under
biomimetic conditions using an in-house developed stretching system based on cross-
linked polydimethylsiloxane (PDMS) elastomer. While lineage commitment remained
unaffected by cyclic deformation, strain affected NSC quiescence and cytoskeletal
organization. Unexpectedly, cyclically stretched stem cells aligned in stretch direction,
a phenomenon unknown for other types of cells in the mammalian organism. The
same effect was observed for young astrocytes differentiating from NSCs. In contrast,
young neurons differentiating from NSCs did not show mechanoresponsiveness. The
exceptional orientation of NSCs and young astrocytes in the stretch direction was
blocked upon RhoA activation and went along with a lack of stress fibers. Compared
to postnatal astrocytes and mature neurons, NSCs and their young progeny displayed
characteristic and distinct mechanoresponsiveness. Data suggest a protective role of
young astrocytes in mixed cultures of differentiating neurons and astrocytes by mitigating
the mechanical stress of pulsatile strain on developing neurons.

Keywords: neural stem cell, astrocyte, NSC differentiation, mechanoresponse, cyclic strain, cortical neuron,
mechanoprotection, neural stem cell niche
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INTRODUCTION

Neural stem cells (NSC) are the source of all neurons and
glial cells in the central nervous system. NSCs sense chemical
and mechanical cues located in their specialized extracellular
environment, referred to as the neural stem cell niche. In
this specialized microenvironment, NSCs and progenitor cells
are supplied by numerous extracellular signals that regulate
stem cell characteristics (for review see Miller and Gauthier-
Fisher, 2009). As an essential feature of the niche, its close
proximity to vasculature modulates and controls characteristic
NSC functions, i.e., proliferation and differentiation (Goldberg
and Hirschi, 2009; Otsuki and Brand, 2017; Karakatsani et al.,
2019).

Due to blood pulsation, brain tissue is continuously in
motion with tissue deformation approaching amplitudes of up
to 30% (Drew et al, 2011). Thus, while often overlooked,
ubiquitous mechanical cues affect the niche, such as the
stiffness of the surrounding microenvironment (Blaschke et al.,
2019) or topographical cues (Baek et al., 2018) that arise
due to the complex architecture of the microenvironment
and its interconnected network of extracellular proteins.
Furthermore, substrate stiffness interferes with cell cycle
regulation inducing cell quiescence (Blaschke et al, 2019).
Strain as a mechanical cue to influence NSCs was reported
by Arulmoli and colleagues (Arulmoli et al, 2015). With a
device that supplied equibiaxial strain, the authors exposed
mice NSCs to 10% of static strain and observed a stretch-
induced reduction in oligodendrocyte regeneration. Another
study reported a change of the substrate’s physical property,
i.e., conductivity, after stretch as a cue to tune stem cell lineage
commitment to promote neuronal differentiation (Srivastava
etal., 2013).

Furthermore, mechanical strain exerted by pulsating vessels
may substantially impact NSCs. We and others previously
showed that mechanical factors essentially affect the mode
of differentiation and lineage commitment (Engler et al,
2006; Yokota et al,, 2009; Baek et al., 2018; Blaschke et al,
2019). However, little is known about the role of cyclic
strain as a cue for NSCs fate. We previously showed that
such pulsating movements could be mimicked in vitro by
cultivating cells on top of a stretchable elastomer (Faust
et al, 2011; Noethel et al., 2018; Abraham et al., 2019).
Using this system, cyclically stretched neurons exhibited
neuronal outgrowth in a perpendicular direction to the uniaxial
strain (Abraham et al, 2019). Such cellular reorientation
is a characteristic response of most mammalian cells upon
a stretch. This way, actin cytoskeleton’s reorientation
perpendicular to the strain direction is consecutively
followed by the other cytoskeletal systems and by cell shape
reorientation (Faust et al., 2011; Zielinski et al., 2018; Springer
et al., 2019). Notably, cyclic stretch induced outgrowth of
neuronal branches, suggesting a positive mechanical strain
involvement in developmental processes (Abraham et al,
2019).

We here explore the effect of cyclic uniaxial strain on primary
rat NSCs and their young progeny.

MATERIAL AND METHODS

Primary Neural Stem Cell Culture

For NSC cultivation, cell culture dishes were pre-coated with a
15% L-poly-ornithine (Sigma Aldrich, St. Louis, USA) solution
overnight. Due to the toxicity of soluble poly-L-ornithine, plates
were washed three times with PBS. Bovine fibronectin (R&D
Systems, Minneapolis, MN) solution in PBS (2.5 mmol/L) was
added to the plates and incubated for 2 h. NSCs were isolated
from pregnant Wistar rats at 13.5 days of gestation (animal
testing license: 81-02.04.2018.A90, LANUV NRW, Germany)
following previously published protocols (Rueger et al., 2010;
Blaschke et al., 2019). In brief, after decapitation, the embryo
chain was removed and isolated from its placenta. The meningeal
layer was removed, and hippocampal tissue was detached.
The cortices were pipetted up and down in fresh media to
mechanically dissect the cells from the tissue. After dissipation,
the remaining tissue clumps of the two hemispheres were allowed
to settle for 1 min. Only the upper supernatant, containing
dissipated NSCs, was transferred to a pre-coated cell culture
dish in DMEM/F12 medium (Life Technologies, Darmstadt,
Germany) plus 1% N2 supplement (Gibco, Karlsruhe, Germany),
1% penicillin/streptomycin, 0.6 mM L-glutamine, and 1%
sodium pyruvate. Fibroblast growth factor (FGF, 10 ng/ml,
Invitrogen, Karlsruhe, Germany) was added to ensure that cells
remain their stemness throughout experiments unless stated
otherwise. NSC culture dishes were supplied with the mitogen
FGF every day. Media was changed every second day. A
continuous FGF supply was pivotal to repress differentiation and
maintain a homogenous population of rapidly dividing cells. For
stretch experiments, NSCs were used from the second till the
fifth passage. When cultivated on elastomer chambers, a density
of 23,000 cells/cm? was plated for experiments with NSCs. A
number of 40,000 cells/cm? were plated for experiments during
cell differentiation.

Primary Cortical Neuron Isolation

CO,-anesthetized pregnant rats (Wistar, Charles River, Sulzfeld)
at 18-19 days of gestation were decapitated. Primary cortical
cell isolation was performed as previously published (Abraham
et al., 2019). In brief, the uterus with the embryo chain was
removed from the mother rat, the placenta opened, and embryos
were sacrificed via cervical dislocation. After cortical isolation,
the tissue was placed in an ice-cold 0.05% trypsin-EDTA
solution (Thermo Fisher Scientific, Waltham, USA) followed by
incubation for 15 min at 37 °C. The trypsinized tissue was further
transferred to a pre-warmed neurobasal cell culture medium
(Thermo Fisher Scientific, Waltham, USA) supplemented with
B27 (Thermo Fisher Scientific, Waltham, USA), Gentamicin
(Sigma, Taufkirchen, Germany), and GlutaMAX (Thermo Fisher
Scientific, Waltham, USA). Cortices were washed to remove
residual trypsin and dispersed by pipetting up and down.
The chambers were precoated over night with an avidin
solution in water (1 mg/ml, Thermo Fisher Scientific, Waltham,
USA). For cocultures with astrocytes 20,000 cells/cm? were
plated on PDMS stretching chambers whereas 30,000 cells/cm?
were used for pure cultures. Cells were allowed to attach to

Frontiers in Cellular Neuroscience | www.frontiersin.org

September 2021 | Volume 15 | Article 706585


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Abraham et al.

NSCs Under Strain

the elastomer substrates at least for 4 h before the stretch
experiments.

Postnatal Astrocyte Cell Culture

Astrocytes were isolated from cortices of neonatal Wistar rats
(P1 to P3). After decapitation cortical tissue was removed,
hackled by a blade and then trypsinized at 37°C and
5% CO, for 15 min (1% trypsin, 0.02% EDTA). After
trypsinization, cells were transferred to pre-warmed astrocyte
culture media containing DMEM (Thermo Fisher Scientific,
Waltham, USA), supplemented with L-glutamine (2 mM,
PAN-Biotech, Aidenbach, Germany), 1% penicillin-streptavidin
(PAN-Biotech, Aidenbach, Germany), and 10% fetal bovine
serum. After washing the tissue with culture media, the tissue
was dissociated by pipetting up and down and centrifuged at
250 g for 2 min. Medium was exchanged 2 days after isolation.
The cell culture contained astrocytes but also microglia. To
get a cell culture of pure astrocytes, 7-10 days after isolation,
microglia were gently removed by shaking the cell culture flask
for 3 h at 250 rpm. Astrocytes were trypsinized for 10 min and
subsequently centrifuged for 5 min at 250 g. To guarantee cell
attachment, elastomer chambers were pre-coated with 1 mg/ml
avidin and rested for 3 days before stretch experiments or
adding primary cortical cells for coculture experiments. For
stretch experiments with only postnatal astrocytes, a number
of 30,000 cells/cm? was plated on the chambers. Cocultures
contained different numbers of astrocytes, while the number of
neurons was kept constant with 20,000 cells/cm?.

Elastomer Chamber Fabrication

A two-component polydimethylsiloxane (PDMS) based
formulation (Sylgard 184, Dow Corning, Wiesbaden, Germany),
was used to fabricate soft elastomer chambers as described
elsewhere in detail (Faust et al.,, 2011; Abraham et al., 2019).
Cross-linker and base polymer were mixed at a ratio of 1:40 (by
weight) for 10 min and then degassed in a desiccator to remove
air bubbles. The mixture was cast in molds and cured at 60°C for
16 h, resulting in elastomer substrates with a stiffness of 50 kPa.
These chambers were square-shaped and exhibited a cell culture
area of 4 cm? and a media volume capacity of 550 jL1. Elasticity
measurements were performed as described before (Ulbricht
et al, 2013). Before chamber coating (see above) and cell
seeding, chambers were washed with isopropanol and mounted
in chamber holders. The chamber holder with the mounted
elastomer chamber was kept at 37°C for at least 6 h under sterile
conditions to ensure full evaporation of isopropanol.

Chambers with a stiffer substrate used for the rotation
experiments were fabricated by using a different PDMS
based system (Sorta clear, Smooth-On, Macungie, USA). Here
chambers were fabricated as described above with an exception
of the curation step which was performed in room temperature
for 16 h. The Sorta clear chambers had a stiffness of 330 kPa and
were coated with a 50 kPa Sylgard 184 PDMS layer to achieve
comparable culture conditions.

Cyclic Stretch Experiments
For stretch experiments, elastomeric chambers were mounted
with chamber holders in an in-house developed stretcher

apparatus. The stretcher apparatus had a motorized stage and
is controlled by an in-house developed software that allows
setting various strain parameters. The chambers were stretched
uniaxially with an amplitude of 15% and a frequency of
300 mHz (trapezoidal approximation of sine wave). This stretch
protocol has been shown to induce a clear mechanoresponse of
cortical neurons (Abraham et al,, 2019). All stretch experiments
were performed under sterile conditions. After stretching, cells
were fixed with 4% paraformaldehyde (Electron Microscopy
Sciences; Hatfield, PA, United States) in PBS. As a control,
cells were cultivated in elastomer chambers without mechanical
deformation. NSCs were allowed to adhere to the elastomer
substrates for at least 4 h before stretch experiments started
for indicated times. For lineage commitment experiments, cells
were allowed to adhere for 24 h with FGF supplemented media.
Afterwards, media were changed to FGF free media to induce
differentiation. Cyclic stretch was initiated immediately after the
media change for 5 days of continuously applied stretch. Media
change was performed every day.

Switching Strain Direction With

Differentiating Astrocytes

Differentiating astrocytes were cultivated for 5 days with and
without stretch. After 3 days of cyclic stretch, half of the stretched
chambers were removed from the chamber holders, turned by
90 degrees, and mounted back to the holder. Subsequently, media
was changed, and cells were stretched for additional 2 days
before fixation. To avoid any mechanical damage during the
handling of the elastomer chambers we used a different PDMS
based system (Sorta clear, Smooth-On, Macungie, USA) that
results in stiffer elastomer substrates. This system is less sensitive
to small movements, but can still be stretched with the same
stretch parameter as mentioned above. Sorta clear chambers had
a stiffness of 330 kPa. The elastomer chambers were coated with
a 50 kPa Sylgard 184 PDMS layer to achieve comparable culture
conditions with the previously used elastomers.

Immunocytochemistry
After cell fixation, cells were stained with Hoechst 33342
(1:500 Sigma-Aldrich, Louis, US) and primary antibodies against
vimentin (1:500 mouse mAB ab92547 Abcam, Cambridge,
UK), nestin (1:500 mouse MAB353, Sigma Aldrich, Louis,
US), tubulin (1:500 rat MAB1864, Millipore, Germany), actin
(1:500 Phalloidin Atto 488), Tuj-1 (mouse MAB1864, Millipore,
Germany), GFAP (rabbit G9269, Sigma Aldrich, Louis, US), and
Sox2 (1:200 goat AD2018, R&D Systems).

Before staining for BrdU, cells were incubated in 2 N HCl for
30 min for antigen retrieval. For visualization, fluorescein-labeled
anti-mouse immunoglobin (goat anti-mouse IgG, Alexa Fluor
TM 488, Thermo Fisher Scientific, Waltham, USA), anti-rabbit
IgG (goat anti-rabbit IgG, Alexa Fluor TM 568, Thermo Fisher
Scientific, Waltham, USA), anti-goat (donkey anti-goat IgG,
Alexa Fluor TM 568, Thermo Fisher Scientific, Waltham, USA)
were used. Cells were counted randomized and manually using
ten pictures per trial taken with a Keyence BZ-9000 inverted
fluorescence microscope (Keyence Osaka, Japan). Images were
taken with a confocal laser scanning microscope (LSM880,
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Carl Zeiss, Germany) to investigate stress fibers. Imaging by
confocal microscopy was also performed to image samples
in three dimensions (Z-stack). For 3D reconstruction, Imaris
software (Bitplane, Belfast, UK) was used.

Cell Viability Assay

To assess whether mechanical strain influences the vitality
of NSCs, dead cells were stained with propidium iodide
(Life Technologies, Darmstadt, Germany) and counterstained,
irrespective of viability, with Hoechst 33342 (Sigma Aldrich;
St. Louis, USA) after 24 h of cyclic stretch or cultivated as
a control. Images were taken with an upright microscope
(Axiovert M2 imager, Carl Zeiss, Germany). Cells were counted
randomized.

RhoA Activation

NSCs were stretched for 24 h. Precisely 40 min before fixations,
half of the stretched and control chambers were incubated
with 30 pM lysophosphatidic acid (LPA, Santa Cruz, Texas,
US). For cortical neurons and mixed cultures of neurons with
astrocytes, cells were first grown as described above. Cells were
then stretched for 24 h in the presence of LPA for the whole
time of the last 40 min of stretching. Subsequently, cells were
fixed as described above and labeled with Phalloidin Atto 488 and
anti-tubulin antibody as described above.

Bromodeoxyuridine Assay

NSCs were cultivated on elastomers for 24 h and exposed
continuously to cyclic strain or cultivated on elastomers as
a control. To assess the ratio of proliferating cells, 10 pM
bromodeoxyuridine (BrdU; Sigma Aldrich; St. Louis, USA)
was added to the cells 6 h before fixation to assess the
ratio of proliferating cells. After immunocytochemical staining,
fluorescence microscopy was performed as described above. A
ratio of BrdU positive proliferating cells to all cells stained
by Hoechst was assessed to compare proliferating cells across
conditions. Ten random images per sample were taken,
randomized, and counted manually.

Live-Cell Imaging

Live-cell microscopy was performed with an upright microscope
(Axiovert M2 imager, Zeiss, Germany). Cells were imaged using
a dip-in objective (N-Achroplan 20x (NA 0.5), Zeiss, Germany)
from above the chamber to avoid imaging through the relatively
thick chamber bottom. Cells were observed while the elastomer
chamber was stretched in steps of an amplitude of 4% and
0.5 mm/s velocity. After reaching 28%, the stretch was released
from the system, and cells were again observed in the prestretch
position. For analysis, cell branches were marked with the Image]J
software, and their lengths were calculated. For cell body analysis,
the cell soma was marked with the Image] freehand drawing tool.

Data Analysis

Images were analyzed using an in-house developed program
(implemented in Python 3.7). Cytoskeletal filament orientation
was determined at every single pixel. First, to analyze the
orientation in the red and green channels, a binary mask
for these channels was calculated. Thus, the image (red and

green separately) was binarized using a local mean filter of
55 x 55 pixels (pixel size 0.27 pum) as a threshold. All gray
values above this local threshold were defined as a signal, all
others as background. A morphological opening was performed
on this binary image using a disk structuring element with a
radius of 2 pixels. Additionally, the same procedure was carried
out using a local median filter (again 55 x 55 pixels). These
two binary images were then combined into one mask. All
nuclei were detected and removed from the mask to analyze
structures outside of the cell nucleus only. For nuclei detection,
the blue channel was used. Therefore, the mean gray value
of the blue channel was calculated and multiplied by 2. This
value was used as a threshold to separate the nuclei from the
background. In the next step, the orientation was calculated
for the red and green channels separately. First, the image was
smoothed using a gaussian filter (filter size: sigma = 3 pixels).
Each pixel’s orientation was then calculated using the structure
tensor approach (Faust et al., 2011). Afterward, the orientation
was further analyzed at the previously defined mask positions.
Plots were obtained by considering the frequencies of pixel
orientations, while the mean orientation was indicated as dashed
lines. Only images taken from one experiment (with the same
staining solutions) were used for the semi-quantitative analysis
of cytoskeletal staining intensity. For this purpose gray values in
arbitrary units were also extracted at all positions of the defined
mask and averaged.

Statistical Analyses

To analyze if the data were normally distributed, a one-sided
Kolmogorov-Smirnov (KS) test was used. For not normally
distributed data sets, a two-sided Mann-Whitney U test was
performed. A one-sample t-test was used to test data sets against a
hypothetical value of 100% when data were normalized for each
experiment to the control. P-values are indicated with * for p-
values < 0.05, ** for p-values < 0.01, and *** for p-values < 0.001.
The number of independent experiments is indicated in the
tigure legends.

RESULTS

Neural Stem Cells Are Deformed but Vital
Under Cyclic Strain

During migration, cytoskeletal structures have to continuously
assemble, stabilize, and disassemble (Fletcher and Mullins, 2010).
Due to the high cellular dynamics of migrating cells such as
NSCs, we questioned the extent to which cyclic substrate strain
will deform NSCs that are growing on top of the elastomers.
To examine the immediate response to cyclic strain, NSCs
were subjected to mechanical deformation while being observed
via live-cell microscopy. The amplitude was increased stepwise
by 4% until 28% of strain and imaged again in the release
position (Figure 1A). Both cell soma and NSCs’ protrusions
were deformed by substrate strain. Here, cell processes that
aligned in the stretch direction followed substrate stretch (p-
value < 0.01, Figure 1B), while a significant elongation of cell
processes perpendicular to the stretch did not occur. On the
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FIGURE 1 | NSCs follow substrate deformation and are unaffected by cyclic strain. NSCs were stretched statically and observed via DIC live-cell microscopy to
assess cell morphology changes caused by substrate (A). Mechanical strain was increased stepwise by an amplitude of 4% and at a velocity of 0.5 mm/s. After
reaching 28%, the stretch was released from the system. The black arrow indicates the strain direction. Deformation of NSC branches (B). Deformation of NSC cell
bodies (C). The plots in (B) and (C) represent n = 5 chambers per parameter with at least 40 analyzed cells for each experiment. NSC branches that point in stretch
or perpendicular direction were analyzed separately (p-value of parallel branches 0% vs. 16%: 0.008; 0% vs. 28% 0.008; p-value of cell bodies: 0% vs. 16%: 0.008;
0% vs. 28%: 0.008). Live/Dead assay of NSCs subjected to substrate strain compared to control (D). Dead cells were stained with propidium iodide (red) and
counted relative to the number of all cells stained with Hoechst (blue). The values are represented as box plots (E), the black line shows the median, and the cross
indicates the mean (n = 7 chambers from four different passages, ns = non-significant). Scale bars = 20 wm. *define significant differences (see “Material and
Methods” section).
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same note, NSCs revealed stretched cell bodies by 25.5% after an
applied substrate strain of 28% (Figure 1C).

NSCs were not negatively affected by substrate deformations
as they did not retract and remained viable as assessed by
propidium iodide (Figures 1D,E).

Cyclically Stretched NSCs Remain More
Quiescent without Altering Lineage
Specification

We next investigated the influence of cyclic mechanical
strain on characteristic functions of NSCs, i.e., proliferation,
differentiation, and lineage commitment, respectively. Cyclic
stretch for 24 h in the presence of the mitogen FGF significantly
reduced the proliferation rate of NSC compared to unstretched
controls (17.7% =+ 7.8% BrdU positive cells for stretch vs.
29.8% + 7.6% for control cells, mean + SD, p-value <0.05,
Figure 2A).

However, lineage commitment 5 days after mitogen
withdrawal to initiate differentiation was not altered by
cyclic mechanical stretch that was applied over the entire time
(Figure 2B). Furthermore, staining with the stemness marker
Sox2 proved that the percentage of still undifferentiated NSCs
was not affected by cyclic stretch 5 days after mitogen withdrawal
(Figure 2C), suggesting that this mechanical stimulus did neither
affect speed nor fate of NSC differentiation.

Cyclically Stretched NSCs Align Parallel to
Cyclic Strain

While most mammalian cells align roughly perpendicular to
uniaxial cyclic strain to reduce their mechanical stress, we here
show for the first time that NSCs aligned parallel to stretch
direction (Figures 3A-C). The cytoskeletal filaments of NSCs
were differentially spatially distributed within the cell, resulting
in a distinct reorientation pattern towards strain (Figure 3B).
Here the most significant parallel alignment, with the smallest
angle, was observed when cells were stretched and stained
against nestin with a mean value of 39.5° for stretched cells vs.
44.6° (p-value = 0.016) for unstretched control cells. Nestin was
spanning throughout the NSC cell shape as a thin filamentous
system, while vimentin and tubulin were more distributed
throughout the cell body. However, actin was more localized
in peripheral parts and present in cell protrusions, with only
a modest realignment (stretch 44.1° vs. 45.13° for controls, p-
value = 0.041).

Interestingly, we did not observe any stress fiber formation,
and actin cytoskeletal distribution was similar in the stretched
and control group. In total, cytoskeletal labeling showed a
reorientation parallel to strain while exposed to cyclic stretch for
24 h (Figure 3C).

As a semiquantitative approach, we investigated the intensity
of cytoskeletal staining on immunofluorescence samples that
were stained in parallel and equally illuminated. This way,
we identified an increase in image intensity in tubulin and
nestin staining in stretched NSC, which indicates a stretch-
induced cytoskeletal reinforcement in both cytoskeletal systems
(Figure 3D).

Cyclic Strain During Neural Stem Cell
Differentiation Redirects Astrocytes in
Stretch Direction While Mechanoresponse

Is Lacking in Neuronal Phenotypes

Since NSCs reoriented in stretch direction, we next asked
how NSCs would respond to strain during differentiation
induced by mitogen withdrawal. Similar to the observation in
undifferentiated NSC, NSC-derived young astrocytes aligned
parallel to cyclic strain (Figure 4A). Quantitative analyses of
astrocytes stretched during differentiation revealed a clear shift
in GFAP alignment toward strain (mean angle 34.8 £ 7°)
compared to a random distribution for unstretched control
cells (454 £ 5° p-value <0.01, Figure 4C). In contrast,
NSC-derived young neurons did not show any reorientation
but a steady random filament orientation. Analysis by confocal
microscopy and 3D reconstruction revealed that young neurons
in these mixed differentiation cultures grew on top of astrocytes
(Figure 4B).

To investigate if the reorientation behavior was an active,
persisting process of differentiating astrocytes, the direction
of uniaxial strain was rotated by 90° after 3 days of stretch,
a timepoint when directional outgrowth was already visible.
Rotation artificially forced astrocytes into the direction away
from the stretch. However, ongoing cyclic stretch for additional
2 days restored the astrocytes’ parallel orientation (Figure 4D),
highlighting that alignment in strain direction characterized a
stable and active mechanoresponse of young astrocytes to cyclic
strain.

RhoA Activation in Orientation Towards
Cyclic Strain in NSCs

A parallel alignment of cells to strain has previously been
described as dependent on the activation of the GTPase RhoA,
and associated with a lack of stress fibers in endothelial and
osteosarcoma cells (Lee et al., 2010; Tondon and Kaunas, 2014).
As we observed a lack of central stress fibers in NSCs (cf.
Figure 3A), we hypothesized that a lack of contractility within
NSCs might be responsible for aligning these cells in the
direction of maximal mechanical loads. To test this hypothesis,
we increased NSCs contractility by activation of RhoA with
lysophosphatidic acid (LPA) and observed a clear formation of
central stress fibers in NSCs independent of strain (Figure 5A).
Furthermore, upon stretch application, stress fiber induction
significantly reduced NSCs reorientation behavior in direction
of maximal mechanical load, therefore decreasing the previously
found mechanoresponse of NSCs (Figure 5B). These results were
corroborated by missing stress fibers in differentiating young
astrocytes, which instead display a random distribution of a thin
actin meshwork (Figure 5E).

In contrast, stress fibers were present in postnatal
astrocytes. Here, a slight reorientation in perpendicular
direction upon stretch could be detected (Figures 5C,D,
mean angle 46.6 + 1.6) compared to unstretched cells
(44.8 £ 1, p-value = 0.038). Notably, the GFAP cytoskeleton of
astrocytes was unaffected by cyclic stretch. It did not show any
preferred direction after 24 h of stretch, leading to randomly
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FIGURE 2 | Effect of cyclic substrate deformation to stem cell characteristics of NSCs. Proliferation analysis after 24 h of cyclic strain (A). The values are
represented as box plots, the black line shows the median, and the cross indicates the mean (p-value = 0.021, n = 7 chambers per parameter from four different
passages). Lineage commitment of NSCs when subjected to cyclic substrate deformation for 5 days during mitogen withdrawal (B). Neuronal cells labeled against
Tuj-1 were counted and compared relative to the number of astrocytes (GFAP labeled), n = 13 chambers per parameter from four isolations. The speed of
differentiation was analyzed by counting the number of Sox2 positive cells in the stretched and control cultures after mitogen withdrawal for 5 days, n = 3 chambers
per parameter from different passages (C). Scale bars in (A) and (B) = 50 um, scale bar in (C) = 20 wm. *define significant differences (see “Material and Methods”
section). ns = non-significant.

distributed long cell shapes of postnatal astrocytes that reacted
to cyclic deformations only with their actin cytoskeleton
(Figure 5D).

Mechanoprotective Role of Postnatal

Astrocytes
To further elucidate the differences observed between
astrocytes and neurons as well as across differentiation

stages, we additionally assessed the response to cyclic
strain in an astrocyte/neuron coculture with varying, yet
predefined, cell ratios (Figures 6A,B). While isolated
neurons aligned in perpendicular direction to strain
(Figures 6B,C), realignment of neurons in coculture was
dependent on the proportion of astrocytes (Figure 6B).
With increasing numbers of astrocytes, alignment of
neurons continuously decreased leading to a random
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FIGURE 3 | Reorientation of NSCs under strain and cytoskeletal redistribution. NSCs were stretched for 24 h or grown on elastomer chambers as a control. Cells
were fixed and cytoskeletal filaments were labeled (A). The black arrow indicates the strain direction. Cyclic stretch induced a reorientation towards smaller angles
and direction of strain (A-C). Different cytoskeletal labeling resulted in different mean values of NSC orientation (B), values represent at least n = 3 independent
experiments with at least n = 5 chambers from two different passages. The orientation plot shows the frequency of pixels against nestin and their control relative to
their orientation towards strain. The dashed lines show the mean angles (C). Statistical significance was tested by comparing the mean angles of stretch and control
(p-value = 0.016; 39.5° vs. 44.6°). Relative protein intensity after cyclic stretch (D). Statistics show a one-sample t-test; the hypothetical value of 100% is indicated
with a dotted red line. Actin showed a significant reduction under cyclic strain compared to control cells by 14% (p-value = 0.0443).The intensity of tubulin increased
by 50% (p-value = 0.019 and nestin increased when stretched cyclically by 49% (p-value = 0.007). Scale bars = 20 wm. *define significant differences (see “Material
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orientation of neuronal cells when astrocytes were
plated with the same cell number (1:1). However, when
fewer astrocytes were in the coculture (4:1), neuronal

microcopy and subsequent 3D reconstruction revealed that
cortical neurons grew on postnatal astrocytes in mixed
cultures (Figure 6D). These data do not only confirm

cells kept their mechanoresponse with an alignment cooperative cell growth as shown before for differentiating
in perpendicular direction relative to strain. Confocal astrocytes and neurons (Figure 4B), but also argue for a
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FIGURE 4 | Orientation of NSC-derived young neurons and -astrocytes. Upon mitogen withdrawal, differentiating NSCs were stretched for 5 days or grown on
elastomer chambers as a control. After 5 days, cells were fixed and stained against GFAP (astrocytes) and Tuj-1 (neurons) (A). Images were taken with an LSM

880 and processed with the Imaris software (B). Orientation plots are representative plots obtained from pixels stained with GFAP or Tuj-1 and their control (C) (mean
orientation of stretched young astrocytes vs. control p-value = 0.005, n = 8 independent experiments from different passages indicated as the dashed line; mean
orientations of young neurons in the control and stretch are overlapping). (D) After 3 days of stretch, differentiating young astrocyte cultures were removed from their
chamber holders and rotated by 90 degrees. The dashed arrow indicates the stretch direction of the first 3 days; the black arrow indicates the stretch direction of the
last 2 days. The orientation plot shows the shift of orientation towards smaller angles with significant mean orientations indicated as dotted lines (p-value control vs.
rotated = 0.0003; p-value control vs. stretch = 0.0002, n > 8 independent experiments from different passages). Scale bars = 20 pm. *define significant differences
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mechanoprotective function of astrocytes for differentiated
neurons.

We further analyzed this hypothesis in stretch experiments on
neurons and cocultures of neurons and astrocytes in the presence
of LPA. These data confirm the reorientation of pure neurons in
perpendicular direction relative to stretch. Interestingly, presence
of astrocytes in a 1-1 ratio preserves their mechanoprotective
effect on neurons as shown above even with activated RhoA. This
effect remained stable independent if RhoA was activated during

the whole stretching time of 24 h or just for the last 40 min of
stretching (Supplementary Figure 1).

DISCUSSION

Mechanical cues such as tissue strain in particular, have an
important, yet often neglected impact on brain cells (Tavazoie
et al., 2008; for review see: Gangatharan et al., 2018). In the
mice’s stem cell niche, blood vessel pulsation might lead to
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tissue displacement of up to 30% (Tavazoie et al., 2008; Drew  early development, e.g., radial glia cells projecting their axons
et al,, 2011). As most studies on the physical microenvironment  from the ventricular zone to the cortical plate, and thereby
focus on stiffness alterations and topographical cues, the effects  supplying topographical support and guidance for migrating
of this pulsatile strain remain to be delineated. We here  neural precursor cells. In adulthood, such radial glia cells develop
investigated the effect of mechanical strain on cells within into stellate astrocytes and neurons (Leavitt et al., 1999).
the NSC niche. We observed that NSCs were affected by Despite biochemical signals, mechanical cues such as
mechanical strain at the morphological level and concerning  pressure, stiffness, stretch, or topography can tune cell behavior
their proliferative activity. Interestingly, NSC and their young  during embryogenesis (Keller et al, 2003). Stiffness and
astrocytic progeny actively oriented in strain direction, sheltering  topography are crucial regulators of stem cell characteristics,
the surrounding (young) neurons from mechanical impact. e.g., lineage commitment and proliferation (Baek et al., 2018;
These novel findings highlight that both NSCs and their young  Blaschke et al., 2019). Here, we report the intriguing finding that
astrocytic progeny respond fundamentally differently to cyclic =~ NSCs apparently do not only sense pulsatile strain—indicated
strain than other mammalian cells (Faust et al., 2011), including by their active re-orientation—but also align towards this strain,
neurons (Abraham et al, 2019), which preferentially orient unlike other known mammalian cells. It is yet unknown why
perpendicular to the strain direction, as to actively escape the  NSCs chose to potentiate this mechanical stress by orienting in
mechanical stress. stretch direction, but we speculate that it might be one of the
Mechanical forces are present during brain development.  factors to keep them in a quiescent state within the NSC niche.
Thus, we propose that a distinct response to mechanical cues In a previous study, we had reported that soft tissue culture
based on their differentiation and developmental status is of  substrates mimicking the brain’s elasticity promote quiescence
pivotal importance during developmental processes of the brain.  in NSCs (Blaschke et al., 2019). Corroborating those results,
Notably, directional cellular organizations are formed during  we here report a significantly decreased NSC proliferation rate,
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without signs of cell impairment, suggesting induction of cell
quiescence in response to cyclic strain. Quiescence is a vital
characteristic of NSCs as it provides a mechanism to exist in
an undifferentiated state, preserving the progenitor pool. Still,
quiescent cells remain responsive to external stimuli, e.g., during
damage or degeneration (Wang et al., 2011). This way, we suggest
an alternative or additive mode of preservation of NSC stemness
within the niche, besides a reported direct cell-cell interaction
with endothelial cells (Ottone et al., 2014). Supporting our
hypothesis, a study by Paul and colleagues also observed a
reduced proliferation rate when they cyclically stretched human
adipose-derived stem cells (Paul et al., 2018). Their study’s
reduced proliferation rate was related to G2/M phase cell cycle
arrest and linked to a decreased extracellular signal-regulated
kinase (ERK) 1/2 and histone H3 phosphorylation.

Previous reports suggested lineage commitment of
differentiating NSCs to be affected by mechanical stimuli,
i.e., elasticity (Blaschke et al., 2019) or static stretch (Arulmoli
et al., 2015). On elastomers with different substrate stiffness,
we previously reported an altered NSCs lineage commitment
by promoting neurogenesis on brain-like elasticities (Blaschke
et al, 2019). Likewise, Arulmoli et al. reported a reduction
in oligodendrogenesis by application of 10% static stretch
on mice NSCs (Arulmoli et al., 2015). Interestingly, in our
study, mechanical strain did not influence lineage choice
between astrocytes and neuronal cells when exposed to cyclic
stretch over 5 days. Such an unaffected behavior would fit
well with a continuously present mechanical signal to allow
regulation of differentiation by higher-level mechanisms in vivo,
as e.g., transcription factor regulation (Pataskar et al., 2016),
cell-cell communication (Tsai and Mckay, 2000), and soluble
differentiation factors (Dumont et al., 2017).

Alterations on different elasticities are associated with a
different cytoskeletal reorganization, altered F-actin structures,
and altered focal adhesion formation (Baek et al., 2018). In
this study, we did not observe a different cytoskeletal actin
reorganization induced by stretching that might explain the
observed independence of NSCs lineage commitment from a
cyclic strain. Still an independence of NSC lineage commitment
from mechanical signals was not expected as NSCs indeed
respond to mechanical disturbances such as stiffness (Blaschke
et al., 2019).

Notably, we observed a cytoskeletal reinforcement. However,
the overall cytoskeletal architecture remained unaffected
between the stretched and control cells. Thus, we assumed
that substrate stiffness as a mechanical cue may influence
the NSC cytoskeletal architecture more than mechanical
strain. Moreover, NSCs grown on 50 kPa elastomers were
subjected to a higher mechanical stiffness as found in
their natural physical microenvironment (Engler et al,
2006), thus cells may be already affected by an unnatural,
stiffer microenvironment.

Generally, when mammalian cells are exposed to cyclic
strain, they align in perpendicular directions relative to the
strain (Faust et al, 2011). Among cytoskeletal filaments,
the actin cytoskeleton is the first to orient, followed by
microtubule and intermediate filaments and the overall cell

shape (Zielinski et al., 2018; Springer et al, 2019). In this
study, actin filament’s cytoskeletal distribution of actin filaments
in stretched NSCs did not differ from cells grown on
elastomer chambers without stretch. Moreover, with NSCs and
differentiating astrocytes, we observed contrary reorientation
behavior compared to other cell types, with cyclically stretched
NSCs aligning in the direction of maximal mechanical loading,
parallel to stretch. Furthermore, we witnessed a likewise
behavior in young astrocytes during their differentiation.
Most interestingly, the alignment of astrocytes dynamically
changed when the stretch direction was rotated orthogonally.
A lack of stress fiber formation was observed in both cell
types that aligned parallel to stretch- in NSCs and young
astrocytes.

An orientation parallel to stretch was described for quasi-
static or static strain (Eastwood et al., 1998; Collinsworth et al.,
2000; De and Safran, 2008; Morioka et al.,, 2011; Xu et al.,
2018). Interestingly, also RhoA inhibition induced stress fiber
formation in parallel orientation after uniaxial cyclic stretching
in another study by Kaunas and colleagues (Kaunas et al., 2005).
Furthermore, another study confirmed such data (Lee et al,
2010), mediated by its interference with central stress fiber
formation and parallel orientation of remaining stress fibers that
were located in the cell’s periphery. In line with these reports,
NSCs here did not reveal any stress fibers, while actin bundles
were only observed in the cell periphery and mostly within
cell protrusions. A reduced formation of stress fibers was also
observed in Tondon and colleagues’ study, which observed a
parallel alignment of human osteosarcoma cells when stretched
on very soft structures (Tondon and Kaunas, 2014). Thus, the
mechanism for parallel alignment may be similar across cell
types. The authors argue that the driving force may be an optimal
cellular tension that drives the cell to orient parallel to strain.
However, the exact mechanism of parallel alignment during a
cyclic stretch remain unclear. One critical GTPase that links
the absence of stress fibers and impeded reorientation is RhoA,
which was described as an essential player in the reorientation
process to cyclic strain (Goldyn et al., 2009). Furthermore it is
also known as important regulator for dendritic arborization,
spine morphogenesis, growth cone development, and axon
guidance upon activation in neurons (Stankiewicz and Linseman,
2014). In agreement with this, when LPA induced RhoA activity,
we found a de novo stress fiber formation and a simultaneous
loss of NSCs reorientation behavior in stretch direction. Based on
critical strain thresholds in the range of 3-4% in the presence of
actin bundles (Kirchenbuchler et al., 2010; Faust et al., 2011), we
suggest that low RhoA activity in NSCs might be responsible for
the absence of stress fibers and cell alignment—however, further
research is warranted to elucidate this matter.

Upon mitogen withdrawal, NSCs differentiate into a coculture
of young neurons and glia. Interestingly, we observed differences
in the mechanoresponses to a cyclic stretch of those cell types.
While astrocytes exhibited a distinct reorientation parallel to the
strain, stretched neuronal cells remained randomly distributed.
Furthermore, a 3D analysis revealed that neuronal cells grow
on top of differentiating astrocytes. Thus, we hypothesize that
neuronal cells avoid mechanical stress and might be protected
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from mechanical strain by underlying astrocytes. We could
show that this effect seems to be preserved even when RhoA is
activated.

Thus, due the soft nature of astrocytes (Lu et al., 2006;
Moeendarbary et al., 2017) and also the increased spatial distance
of neurons to the deforming elastomer substrate, the mechanical
impact on neuronal cells is likely diminished. In line with this,
we showed that the ratio of astrocytes and neurons essentially
determined the degree of neuronal alignment. For optimal
comparison, we used the same experimental setup as in our
previous study, where we analyzed how cortical neurons respond
to mechanical strain in detail (Abraham et al., 2019).

Conjointly, these findings might highlight the astrocytes’
vital role in scavenging the mechanical impact on neuronal
phenotypes and their proposed mechanoprotective function.
Such a mechanoprotection fits well with the astrocytes’ role
of supporting, guiding, and enhancing neuronal growth (East
et al., 2010). Likewise, a close interaction of neuronal cells
and astrocytes influences astrocytic metabolism and gene
transcription (Hasel et al., 2017). Furthermore, astrocytes closely
interact with blood vessels and thereby even regulate the blood
flow and vascular diameter (Sofroniew and Vinters, 2010),
thus possibly also buffering the mechanical load of the brain
vasculature.

Altogether, our findings emphasize the importance of
universal mechanical forces on fundamental brain cell properties
both in developmental and adult stages and give insight into
the complex yet unknown mechanisms of NSCs behavior in the
neurogenic niche.
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