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Probing Mechanical Properties
of Brain in a Tuberous Sclerosis
Model of Autism

Causes of autism spectrum disorders (ASD) are understood poorly, making diagnosis and
treatment challenging. While many studies have investigated the biochemical and genetic
aspects of ASD, whether and how mechanical characteristics of the autistic brain can
modulate neuronal connectivity and cognition in ASD are unknown. Previously, it has
been shown that ASD brains are characterized by abnormal white matter and disorgan-
ized neuronal connectivity; we hypothesized that these significant cellular-level structural
changes may translate to changes in the mechanical properties of the autistic brain or
regions therein. Here, we focused on tuberous sclerosis complex (TSC), a genetic disor-
der with a high penetrance of ASD. We investigated mechanical differences between
murine brains obtained from control and TSC cohorts at various deformation length- and
time-scales. At the microscale, we conducted creep-compliance and stress relaxation
experiments using atomic force microscope(AFM)-enabled indentation. At the mesoscale,
we conducted impact indentation using a pendulum-based instrumented indenter to
extract mechanical energy dissipation metrics. At the macroscale, we used oscillatory
shear rheology to quantify the frequency-dependent shear moduli. Despite significant
changes in the cellular organization of TSC brain tissue, we found no corresponding
changes in the quantified mechanical properties at every length- and time-scale explored.
This investigation of the mechanical characteristics of the brain has broadened our
understanding of causes and markers of TSCIASD, while raising questions about whether
any mechanical differences can be detected in other animal models of ASD or other dis-
ease models that also feature abnormal brain structure. [DOI: 10.1115/1.4040945]
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1 Introduction

Tuberous sclerosis complex (TSC) is a multisystem disease that
includes multiple neurological symptoms. Approximately 50% of
TSC patients also present autism spectrum disorders (ASD) [1,2].
Because of this co-occurrence, mice with TSC are used as animal
models for autism studies [3]. TSC is caused by mutations in the
TSC1 and TSC2 genes and the resulting loss of function of the
encoded proteins, hamartin (TSC1), and tuberin (TSC2), which
play critical roles in protein synthesis and cell growth control [1].
Using Tsc1/2 gene-deficient mouse models, researchers have iden-
tified defects in axonal formation, guidance, and myelination.
Specifically, they have shown that loss of TSC function leads to
neurons with abnormal axon morphology, hypomyelination, and
hyperactivation of the mTOR pathway resulting in increased pro-
tein synthesis and cell growth [4-7]. Hypomyelination, character-
ized by reduced amounts of myelin ensheathing neuronal axons, is
especially apparent in the corpus callosum and the radiating fibers
extending into the cerebral cortex [4]. Similar defects in axonal
organization and hypomyelination have also been found in TSC
patients using diffusion tensor imaging [8—10]. While previous
work has focused on the genetic and biochemical parameters con-
tributing to the neurological symptoms in TSC/ASD patients, the
physical factors that may affect brain pathology have not yet been
investigated thoroughly, and represent an appealing new area of
exploration for therapeutic and diagnostic applications in TSC/
ASD and other neurological disorders affecting brain structure.
Here, we investigate the relationship between the structural
changes in TSC and the mechanical properties of the murine brain
tissue at multiple length and time scales of deformation.

Structurally, brain tissue architecture is complex and hierarchi-
cal, with interlinked gray and white matter regions that differ in
function and in cellular organization. Mechanically, brain is
exceptionally compliant compared to other biological tissues,
with elastic moduli £ on the order of hundreds of Pascals [11],
and can exhibit nonlinear and time-dependent viscoelastic defor-
mation in response to applied deformations or loads. In other areas
of the body, tissue structure and mechanical properties are altered
in diseases including cancer, atherosclerosis, and asthma [12].
Recently, several groups have shown changes in brain mechanical
properties during pathological conditions, such as Alzheimer’s
[13], multiple sclerosis [14], and encephalomyelitis [15]. Because
of the major structural changes observed in TSC brains, we
hypothesized the potential for corresponding changes in mechani-
cal properties. Better understanding of the mechanical characteris-
tics of the brain during pathology may suggest new treatment
targets or diagnostic markers.

To consider such mechanical differences, we characterized the
mechanical properties of TSC brain tissue with three different
methods used to probe the brain at the micro-, meso-, and macro-
length scales. At the microscale, we conducted atomic force
microscope (AFM)-enabled indentation experiments to quantify
the stiffness of the tissue, and subsequently of isolated neurons.
While AFM-enabled indentation is typically used to estimate the
elastic modulus of a sample [16-18], it is also effective at meas-
uring time- or rate-dependent viscoelastic properties, including
creep compliance and relaxation moduli [19-24]. At the meso-
scale, we conducted impact indentation experiments using a
pendulum-based instrumented nanoindenter to quantify relative
energy dissipation metrics. From the damped harmonic oscillatory
motion of a probe impacted into the tissue, we determined the
mechanical energy dissipation capacity. Finally, at the macro-
scale, we employed parallel plate rheometry to quantify the
frequency-dependent shear storage and loss moduli of the tissue.
While we note and discuss that each of these methods includes
assumptions, advantages, and challenges to mechanical character-
ization of murine brain tissue at different length scales and defor-
mation rates, our goal was to identify any detectable differences
between TSC brain tissue and wild-type cohorts in an established
mouse model of ASD. There remain important distinctions and
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outstanding questions for such analyses in human brain tissue, and
for other studies that seek to maximize the accuracy of any meas-
ured mechanical property of brain tissue rather than to identify
robust relative mechanical comparisons between cohorts that are
known to exhibit distinct structural or functional differences.

2 Materials and Methods

2.1 Tissue Sourcing. As described previously [4], mouse
experiments were conducted in a mixed strain background
(129S4/SvJae, C57BL/6, and CBA) but have been maintained as
an inbred population in our colony for >7 years. Mice exhibiting
the Synl-cre allele were a generous gift from Dr. Jamey Marth
(University of California, San Diego, La Jolla, CA) [25]. The
mice used in this study were generated through breeding between
Tscl females and either Tscl" Synl-cret or TscI™ Synl-cre™™
males or between Tsc/“ males and Tscl"Synl-cre* females. The
symbols ¢, w, and - denote the conditional (floxed), wild-type,
and null alleles of Tsc/, respectively. The ¢ allele is referred to
formally as Tsc1™'P/* Mice were anesthetized at postnatal day 21
using ketamine (AnaSed Injections). Whole brains were removed,
sliced if necessary, and immediately stored in round-bottomed
tubes with Hibernate®-A media on ice. Tissue samples from 29
control and 22 TSC mice were used for subsequent mechanical
characterization. All mechanical measurements were performed
within 48h postmortem. All procedures were performed in
accordance with the Guide for the Humane Use and Care of Labo-
ratory Animals, and the Animal Care and Use Committee of Bos-
ton Children’s Hospital approved this study (IACUC approval 15-
06-2955R).

2.2 Atomic Force Microscope-Enabled Indentation. All
AFM-enabled indentation measurements were performed on an
MFP-3D atomic force microscope (Asylum Research, Oxford
Instruments, Abingdon, UK) using a silicon-nitride cantilever
with a nominal spring constant of 0.03 N/m and an attached 20
um diameter borosilicate bead (Novascan; lowest cantilever stiff-
ness available for that probe geometry). The brain tissue was sec-
tioned into coronal slices of 350 um thickness, and mounted in a
polystyrene dish using Cell-Tak (Corning). The corpus callosum
of the tissue was probed in order to measure the mechanical prop-
erties of white matter. While axonal tracts in the white matter are
aligned such that the tissue structure is anisotropic, and thus the
elastic properties are also expected reasonably to vary with orien-
tation or texture [26,27], we assumed elastic isotropy as a first
approximation. Structural anisotropy can affect indentation
response, though generally plastic anisotropy is more pronounced
than elastic isotropy [28]. We also maintained the relative orienta-
tion of the brain slices with respect to the indentation direction for
the control and TSC cohorts, facilitating comparisons between
these two sample groups. Measurements were conducted on tissue
fully immersed in Hibernate®-A media, and temperature was
maintained at 37 °C.

Young's elastic modulus. For each tissue sample, force versus
depth responses (F—¢) was obtained. Samples were indented nom-
inally to a depth of 4 um at an indentation velocity of 4 um/s,
which were maximum depths and velocities similar to those in
previous AFM mechanical studies on brain tissue [29,30]. From
the F—0 response, the contact point was determined using an algo-
rithm described by Lin et al. [31]. Elastic modulus £ was calcu-
lated according to the model derived by Oliver and Pharr for an
incompressible material indented with a spherical probe of radius
R =10 pm [32,33]. Herbert et al. previously detailed the applica-
tion of the Oliver—Pharr model for a spherical indenter [33]. While
these conditions and depths were comparable to other reports that
adopted a linear elastic deformation assumption [29], we note that
the maximum effective strains we applied (~12%, estimated as
0.2a/R where a is the contact radius at the maximum indentation
depth) exceeded the approximate strains of ~1% beyond which
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this linear elastic assumption is well supported. Nevertheless, our
use of this idealization facilitated comparison between cohorts.
This model, which analyzes the unloading response, was chosen
over the more frequently used Hertz model to account for inelastic
deformation of the sample, as demonstrated by the hysteresis
between the approach and the retract curves from the force versus
depth responses. A power law function was fit to the portion of the
unloading curve from 10 to 95% of the peak or maximum force.
The slope of the unloading curve was then calculated as the deriva-
tive of the fitted power law function at 95% of the peak force. Tis-
sue slices from 12 control and ten TSC mice were examined by at
least ten indentations, each at different locations, per animal.

Creep compliance. The tissue was indented to a set force, and
deformation was measured over time as it increased. Indentation
depth versus time responses (J—¢) were obtained in the corpus cal-
losum. Idealizing the tissue as incompressible, creep compliance
Jc(f) was calculated from the solution derived by Lee and Radok
[34]

_ 16\/1?53/2

Je(1) 3F,

(1) (€]

The maximum applied force F, was nominally 5 nN, though the
exact applied force was determined by the product of the calcu-
lated cantilever stiffness and deflection. The time required to
ramp to this set force was approximately 0.5s. Jo(#) was fit to a
standard linear solid (SLS) spring-dashpot model (spring in paral-
lel with a Maxwell element) to obtain the long-term equilibrium
shear modulus G, short-term instantaneous shear modulus Gy,
and creep relaxation time 7.

1 [Go—Ga\
J ) = —— _ Tc 2
cl)=5- ( GoG )e @

Stress relaxation. The tissue was indented to a specified cantilever
base displacement corresponding to a maximum measured inden-
tation depth, and force was measured as it decreased or relaxed
over time. Force versus time responses (F—f) were obtained in the
corpus callosum, with a nominal indentation depth dp=3 um.
The time needed to reach this set displacement was approximately
0.2s. Shear relaxation modulus Gg(f) was calculated using the
solution derived by Lee and Radok [34]

3
Gr(t) = ——=5F(t 3
o) = o @)

Gg(t) was also fit to the standard linear solid model to obtain
viscoelastic moduli and the relaxation time t,

Gr(t) = Goo + (Go = Gc)e ™™ @)
The creep relaxation time 7. can be related to the relaxation time 7, by

T = %T(r (5)

Converting G to E. By only assuming that the material is linear
viscoelastic and isotropic, Lakes et al. have demonstrated that the
shear relaxation function G(f) and Young’s relaxation function
E(t) may be related in the frequency domain by

E(s) = 2G(s)(1 + sp(s)) 6)

where E(s), G(s), and 7(s) are the Laplace transformed Young’s
relaxation function, shear relaxation function, and Poisson’s ratio,
respectively; s is complex frequency [35]. If T'(s) is assumed to be
constant and incompressible (v = 0.5), as is assumed frequently
for hydrated biological soft tissues [36—38], Eq. (6) may be rewrit-
ten in the time domain as
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E(1) =2G(6)(1 +v) =3G(r) 7

We adopted those same simplifications and assumptions for brain
tissue deformation, to enable comparison between control and
TSC cohorts. It follows that the equilibrium Young’s modulus £,
and instantaneous Young’s modulus E are

E =3G ®)

Ey = 3Gy (C))

Statistical analysis. To determine whether the mechanical proper-
ties of control brain tissue differed statistically from that of TSC
brain tissue, a series of Mann—Whitney U-tests were conducted
for each measured parameter. The Mann—Whitney U-test is a non-
parametric test applied to independent samples and does not
require the assumption of normal distributions. Our criterion for
significance was p < 0.01, which was a conservative threshold
also adopted by previous comparative studies on brain tissue
mechanical properties that identified a statistically significant dif-
ference between cohorts [39-42].

2.3 Impact Indentation. Impact indentation experiments
were conducted on all brain tissues at 25 °C via a pendulum-based
instrumented nanoindenter (Micro Materials Ltd. NanoTest Van-
tage, Wrexham, UK). Unlike AFM-enabled indentation, the impact
indentation setup did not enable testing in fluids at physiological
temperature. As described in our previous work [43,44], this tech-
nique monitors the probe displacement over time as the pendulum
swings into the sample at the desired impact velocity. Impact veloc-
ity is a parameter that is controlled in open-loop format, as the driv-
ing force to hold the pendulum stationary prior to release and
impact is the parameter that is controlled in closed-loop feedback.
Thus, the applied impact velocity can be affected by various other
factors related to the calibration procedure. Since the brain tissue
samples were collected periodically over an extended period of
time, the experimental setup was reconfigured and recalibrated sev-
eral times, which led to slightly different impact velocities for the
same requested driving force. The displacement profile was ana-
lyzed using customized MATLAB scripts to compute the maximum
penetration depth, energy dissipation capacity, and energy dissipa-
tion rate. Here, a stainless steel cylindrical flat punch with a radius
of 1 mm was used to probe each sample. Whole mouse brains were
sliced into sections of 6 mm thickness along the sagittal direction
and adhered to the sample post using a thin layer of low-viscosity
cyanoacrylate adhesive (Loctite® 4013). As the probe diameter was
relatively large compared to the dimensions of the brain sample
(Fig. S1, which is available as Supplemental Material on the
ASME Digital Collection), we selected measurement positions near
the center of the sample to both standardize and minimize artifacts
of the finite sample dimensions (edge effects); these measurement
positions were within 1-2mm from the tissue perimeter. This dis-
tance was similar to the probe contact radius such that it was con-
ceivable that the free surface or edges affected the accuracy of
inferred impact response properties. However, the sample dimen-
sions were maintained constant between the control and TSC brain
tissues such that comparisons between the two groups remained
sound. Similarly, potential artifacts attributable to finite sample
thickness and the potential for mechanical contributions from the
underlying substrate [36,45] existed and were recognized, but
were also maintained similar among samples and between cohorts.
Brain tissues were immersed fully in Hibernate®-A media during
mechanical characterization under impact loading, as described
originally for fluid-immersed samples [46]. Applied impact veloc-
ities ranged from 2 to 5 mm/s, corresponding to strain energy den-
sities on the order of 1kJ/m3. A total of six control and four TSC
brains were characterized, and at least three impact measurements
were obtained for each brain.
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2.4 Oscillatory Shear Rheology. Rheological experiments
were conducted using a parallel plate rheometer (MCR 501,
Anton-Paar, Graz, Austria) at 25°C with a plate diameter of
10mm and a torque limit of 0.5 uN m. Measurements were con-
ducted on coronal brain slices of 1 mm thickness. A total of seven
control and five TSC brains were characterized. Sandpaper (320
grit, McMaster Carr) was adhered to the top and bottom rheometer
plates to minimize slip between the plates and brain tissue. Con-
tact between the top measurement plate and brain tissue was
determined to have occurred when the force transducer main-
tained a normal force of 0.01 N after a relaxation period of 5 min.
After contact, the tissue was hydrated using Hibernate®-A media,
and a hood was placed over the sample to minimize evaporation.
Amplitude sweeps were conducted at 1 and 10rad/s, and the linear
viscoelastic limit was measured to be approximately 1-3% shear
strain. Frequency sweeps were performed at 1% shear strain in the
frequency range of 0.1-40rad/s. Shear storage moduli G’ and loss
moduli G” were calculated as a function of frequency via software
within the Anton-Paar instrument using the radius of the plate R,
height of the sample L, amplitude of the applied angular displace-
ment ¢, measured torque T, and phase lag ¢

2L Ty
r_
= W%COSQ{) (10)
2L T,
" — = Y 11
& g, W

The measured G’ and G” at different frequencies can be converted
to a Prony series

N Gl
G'(0) = Ga L 12
() + ; g (12)
N
Gior;
¢"©) =2 T e =
J=1 J

where o is the frequency, N is the number of Maxwell elements,
and G; and t; are the elastic components and relaxation times
associated with the Maxwell elements, such that

N
Go =G+ Y G (14)
j=1

A constrained nonlinear least-squares optimization scheme in MAT-
LAB was used to determine the number of Maxwell elements
needed to produce a good fit to the rheological data. G, and Gy
can be converted to £, and E, as mentioned previously.

2.5 Immunohistochemical Fluorescent Staining. Mouse
brains were sectioned into coronal slices. Next, these coronal brain
sections were fixed using paraformaldehyde and mounted onto
glass slides. After washing in 150mM NaCl phosphate-buffered
saline (PBS), slides containing the fixed brain sections were incu-
bated in blocking buffer (0.5% Triton™ X-100 and 10% goat
serum in PBS) for 30 min. Image-iT® FX signal enhancer was used
to cover the slices for 30 min to mitigate nonspecific fluorescence.
Sections were incubated with a rabbit polyclonal antibody to fibro-
nectin (Millipore, AB2033) diluted 1:100 in blocking buffer over-
night at 4 °C. After washing in PBS, sections were incubated with
secondary antibody (Alexa Fluor® 594-conjugated goat anti-rabbit)
diluted 1:500 and with Hoescht® 33,342 diluted 1:10,000 in PBS
for 2h. Sections were washed again in PBS and after drying, and
slides were mounted and visualized with a fluorescent microscope
(Olympus IX51 equipped with Haramatsu Orca ER CCD camera).
Using ImageJ, the entire area within each brain slice was selected
as the region of interest for quantification of fibronectin expression.
For each slice, the mean fluorescence intensity was calculated by

031001-4 / Vol. 141, MARCH 2019

first dividing the integrated density value by the area of the region
of interest and then subtracting the mean intensity of background
readings. We note that these tissue slices used for immunohisto-
chemical analysis were not the same slices that were characterized
mechanically. Detaching these fragile samples after adhesion to
rigid supports for mechanical tests compromises structural integrity.
Additionally, the same tissue slices could not be stained and imaged
prior to mechanical testing because chemical fixation of the sam-
ples would affect the mechanical properties.

3 Results

3.1 Microscale Mechanical Properties. Using AFM-enabled
indentation, we probed microscale volumes comparable to cell
sizes, and characterized the mechanical properties of brain tissues
from healthy control mice and TSC mice as shown in Fig. 1. AFM
provided high spatial resolution to enable local measurements of
white matter-rich regions, such as the corpus callosum (Fig. 1(a)).
We were interested primarily in the corpus callosum because this
region contains the highest concentration of myelinated axons.

Since we sought to identify any mechanical changes caused by
the TSC mutation, we first idealized brain tissue as a linear elastic
material, and used the Oliver—Pharr analysis to quantify the
Young’s elastic moduli £ for each tissue sample. Examples of typ-
ical force—displacement responses for both control and TSC
groups are shown in Fig. S2, which is available as Supplemental
Material on the ASME Digital Collection. Although this assump-
tion of brain tissue deforming linear elastically is an idealization
and imperfect assumption for the strains applied in this study (see
Sec. 2 and [47,48]), this enabling simplification facilitated com-
parison between the effective E of the control and TSC cohorts,
and specifically the identification of any detectable and statisti-
cally significant differences between those cohorts. We measured
the mean £ to be 381 Pa for control white matter and 348 Pa for
TSC white matter (Fig. 1(b)). However, we identified no statisti-
cally significant differences between the elastic moduli of control
and TSC brain tissue.

Next, we treated brain tissue as a linear viscoelastic material to
explore for potential differences in time-dependent behavior. To
characterize the microscale viscoelastic properties, we conducted
both creep compliance and stress relaxation experiments. From
the creep and stress relaxation response, we calculated the equilib-
rium modulus E., (Fig. 1(c)), instantaneous modulus Eq
(Fig. 1(d)), and relaxation time 7, (Fig. 1(e)) by assuming a stand-
ard linear solid model (see Sec. 2 and Egs. (1)—(4)). The fits
matched well to our creep compliance and stress relaxation
response (Fig. S3, which is available as Supplemental Material on
the ASME Digital Collection), with R? values exceeding 0.93 and
0.85, respectively. We note that the measured values of E, and
Tg are not as robust as the values of E., because ideal instantane-
ous steps of applied load or displacement cannot be achieved
experimentally, and thus short timescale information is lost during
the ramp period. Nonetheless, we can still compare the relative
values of these properties between the two cohorts since the load-
ing conditions were maintained the same. We did not observe stat-
istically significant differences in any of these viscoelastic
properties between control and TSC brain tissue. Comparing the
creep compliance results to the stress relaxation results, we found
E., and E, were similar in magnitudes for each sample group.
However, the relaxation time constants measured via stress relax-
ation were higher than those measured via creep likely because
the ramp time to achieve a “step” was longer in creep than in
stress relaxation. A longer ramp time provides the material more
time to relax.

3.2 Mesoscale Mechanical Properties. At the mesoscale or
intermediate deformation length scales, we conducted impact
indentation using a 1 mm radius cylindrical flat punch probe,
quantifying the tissue’s energy dissipation response to loading
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representative of some traumatic injuries [43]. The measured
maximum penetration depth x,,,, (Fig. 2(a)), unitless energy dissi-
pation capacity K (Fig. 2(b)), and unitless dissipation quality fac-
tor Q (Fig. 2(c)) are shown as a function of impact velocity,
allowing investigation of these deformation rate-dependent prop-
erties of brain tissue. A larger magnitude of x,., K, and Q corre-
sponds to a lower resistance to deformation, a greater extent of
impact energy dissipation during the first impact cycle, and a
lower energy dissipation rate, respectively. All three parameters
depended on impact velocity: x,x and K increased, while Q
decreased with increasing impact velocity. These trends are con-
sistent with those reported previously by impact loading studies

on other soft tissues obtained from heart and liver [43,49]. When
comparing the control and TSC brains, we observed no statisti-
cally significant differences for each of the impact response
parameters considered, within the ranges of loading conditions
studied here. For example, at the lowest impact velocity, control
brain tissue exhibited x,, of 0.428 £ 0.035 (mean * standard
deviation), K of 0.640 £0.101, and Q of 1.443 £0.202, while
TSC brain tissue exhibited an x,,,, of 0.378 £ 0.072 (mean =+ stan-
dard deviation), K of 0.701 £ 0.137, and Q of 1.571 = 0.160.

3.3 Macroscale Mechanical Properties. At the macroscale
or deformation of entire brain tissue sections, we used oscillatory

(a) (b) 1000
+
corpus callosum = i
w [
q'o
- '
Lo -
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White White
()  800f
I Control White = TSC White
__ 600}
g
\; 400t
w T
200f T
| ] =
Cree Stress Relaxation
(d) 800 P
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©
%O 400t T I
w
200t J_
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2 .50
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Fig. 1 Mechanical properties at the micrometer length scale measured using AFM-enabled indenta-
tion in the white matter of healthy control and TSC mice: (a) schematic of a coronal section of mouse
brain indicating the location of the corpus callosum, (b) the Young’s elastic modulus E of TSC brain
tissue is not significantly different than that of control tissue, (c) equilibrium modulus E.., (d) instan-
taneous modulus E,, and (e) relaxation time z, obtained from fitting creep (left) and stress relaxation
(right) data with a SLS model. These experiments also show no significant differences in any visco-
elastic property between the control and TSC brains. Data are represented as mean =+ standard devia-
tion (n>10 measurements per animal; each data point in Fig. 1(b) represents an animal; in Figs.
1(c)-1(e), four control and three TSC animals were characterized for creep and stress relaxation

experiments).
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Impact energy dissipation response metrics of control and TSC mouse brain tissue. (a)

maximum penetration depth x.,.x, (b) energy dissipation capacity K, and (c) dissipation quality fac-
tor Q obtained at different impact velocities show no statistical difference between control and
TSC brain tissue. Data are represented as mean * standard deviation (n>3 measurements per ani-
mal; six control and four TSC animals were characterized).

shear rheology to quantify the frequency-dependent shear storage
modulus G’ and loss modulus G” of the tissue. Figure 3 shows G’
and G” for frequencies ranging from 0.1rad/s to 40rad/s. We
measured the mean G’ to range from 141Pa (at 0.1rad/s) to
576 Pa (at 40rad/s), and mean G” to range from 27 Pa (at 0.1 rad/s)
to 109 Pa (at 40rad/s) for the control tissues. For the TSC tissues,
we found the mean G’ to range from 132 Pa (at 0.1 rad/s) to 530 Pa
(at 40rad/s) and mean G” to range from 28Pa (at 0.1rad/s) to
118 Pa (at 40rad/s). The magnitudes of G’ and G” of all brain tis-
sues increased monotonically with increasing oscillation frequency
within the ranges studied herein. While the magnitude and trend of
G’ and G” agree well with previous studies in healthy murine and
porcine brain tissue that examined a similar frequency range
[47,50,51], we identified no significant differences in these macro-
scale, dynamic shear moduli as a function of disease state (i.e., con-
trol versus TSC). These findings are consistent with our results at
the micro- and mesolength scales.

3.4 Fibronectin Matrix Comparison. Given that we identi-
fied no statistically significant differences in tissue mechanical
properties between healthy control and TSC brain, we sought to
explore whether the extracellular matrix (ECM) was also similar
in these tissues. Using fluorescent immunohistochemistry, we
stained brain tissues for fibronectin, a component of the ECM,
because increased fibronectin expression in the brain has been

1000
e Control

e TSC G'

G, G" (Pa)
)
=

Frequency (rad/s)

Fig. 3 Storage G' moduli (filled symbols) and loss G’ moduli
(open symbols) of control and TSC brain tissue at a range of
frequencies. Both G' and G’ show no statistical difference
between control and TSC brain tissue for all frequencies meas-
ured here. Data are represented as mean = standard deviation
(n=7 control and 5 TSC mouse brains).
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associated with demyelination diseases and changes in tissue stiff-
ness [52-54]. Additionally, changes in fibronectin expression by
cultured fibroblasts from skin lesions of patients with TSC have
been observed previously [55]. Figures 4(a) and 4(b) show repre-
sentative images of the fibronectin stain for control and TSC brain
slices, respectively. The expression level of fibronectin was rela-
tively low for brain tissue, as expected from previous immunohis-
tochemical reports, and thus we rendered the images (increased
brightness and contrast) in Figs. 4(a) and 4(b) equally for visual-
ization purposes [52]. Figure 4(c) quantifies the intensity of the
red fluorescence in the original images for every stained tissue

- Control 100 pm

L) 180

150

120

90

30r

Mean Fluorescence Intensity (signal/pixel)

TSC

Control

Fig. 4 Representative images of (a) control and (b) TSC coro-
nal brain slices analyzed for the expression of fibronectin pro-
tein (Fn) using fluorescent immunohistochemistry. (c) Mean
fluorescence intensity quantified in the original images shows
no statistical difference between control and TSC slices. Data
are represented as mean =+ standard deviation (n=4 control
and five TSC slices).
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slice and compares the two cohorts. We observed no significant
difference in signal intensity between control and TSC slices, but
noted higher standard deviation of the intensity for the TSC group.
The similar degree of fibronectin expression between the two
groups is consistent with our statistically indistinguishable
mechanical characterization results between these two cohorts of
control and TSC mice.

4 Discussion

4.1 Effects of Brain Structure on Tissue Mechanical
Properties. The goal of this study was to identify any detectable
and statistically significant differences in mechanical response
between control and TSC brain tissue—under the simplifying
assumptions and limitations of several methods distinguished by
different deformation length and time scales—given that the TSC/
ASD condition is associated with optically detectable changes in
tissue structural features such as demyelination that have been
correlated with changes in animal functional behavior. The most
striking evidence for demyelination altering properties correlated
with tissue mechanics is from a recent study by Schregel et al.
These authors showed that chemically induced demyelination in
mouse brain was associated with a reduction in signals generally
correlated with mouse brain tissue stiffness as measured by mag-
netic resonance elastography (MRE) [54]. Moreover, they showed
that the mechanical changes were reversible, as remyelination led
to a restoration of MRE signals correlated with stiffness. How-
ever, the copper-chelator cuprizone that was used to induce demy-
elination in that study also resulted in a number of other changes
in brain physiology. These induced changes included degradation
of ECM density and homogeneity, upregulation of glycosamino-
glycans and fibronectin, increased glial cell populations, and
increased beta-amyloid precursor protein in axons. It is unclear
which of those parameters contributed to the decrease in the com-
plex shear modulus inferred from MRE. Thus, although chemi-
cally induced demyelination led to detectable changes in a
mechanical parameter, that study did not intend to show or claim
that a different demyelinating condition such as TSC would result
in similar structural or mechanical changes. Even more recently,
Weickenmeier et al. used nanoindentation experiments in combi-
nation with histological staining to examine the relationship
between brain stiffness and myelin content in prenatal and post-
natal bovine brains. Those authors found that white matter stiff-
ness and myelin content exhibited a strong Pearson correlation
coefficient above 0.90, as both significantly increased upon tissue
maturation in the brains that they studied [41,56].

In the present study, we explored whether a similar relationship
between tissue stiffness and tissue structure could be identified in
our genetic mouse model of TSC/ASD. We characterized the
mechanical properties over a range of length scales, spanning the
microscale via AFM-enabled indentation, mesoscale via impact
indentation, and macroscale via oscillatory shear rheology. Table 1
summarizes our key results, providing a comprehensive list of

moduli as determined by the various approaches we employed.
The magnitudes of these measured moduli were dependent on the
technique used and the corresponding assumptions. Indeed, each
approach included assumptions regarding material constitutive
laws and contact mechanics that relate to the accuracy of a
reported mechanical property, but these practical constraints were
maintained constant between the control and TSC cohorts to ena-
ble comparisons. A series of Mann—Whitney tests were conducted
for each parameter to compare the two tissue groups (significance
at p <0.01). We note that this significance threshold was also
used by previous studies of similar sample size and methods,
which detected differences in mechanical properties as a function
of age, species, and/or region within the brain tissue [39—42].
Together, the results in Table 1 demonstrate that despite exploring
multiple length and time scales, we found no statistically signifi-
cant differences when comparing healthy control and TSC brain
tissue. Ultimately, the lack of detectable differences over a broad
array of methods and scales suggests that the structural changes
associated with this genetic defect do not correspond to significant
changes in the brain mechanical properties quantified herein.

One of the most notable differences in TSC brain structure is
the significant reduction of myelinated axons. Since white matter
contains the highest concentration of axons, we hypothesized that
the corpus callosum would exhibit the most pronounced differen-
ces in mechanical properties. Murine brain contains only roughly
10% white matter such that the corpus callosum constitutes a very
low percentage of the total sample volume [57]. Thus, AFM-
enabled indentation was the only technique of those considered
herein that could distinguish reliably between white and gray mat-
ter and measure to detect potential differences in local elastic and
viscoelastic properties. However, as shown in Fig. 1, we found
that the Young’s elastic modulus and the viscoelastic mechanical
properties (E., Eo, and t,) of white matter in TSC brain tissue did
not differ significantly from that of white matter in our healthy
control group. In this study, we considered only coronal brain sec-
tions using AFM-enabled indentation; other section orientations
(in particular sagittal) require future exploration as they may
exhibit different mechanical properties due to the structure and
alignment of white matter tracts [58—61]. We also note that the
age of these mice was 21 days, and it is possible that the mechani-
cal properties of white matter in TSC and control brains will vary
differently with developmental age. However, as is observed with
this mouse model, the TSC cohort did not survive consistently
beyond 21 days so we could not consider differences at later
developmental stages.

Additionally, we did not discount the possibility that mechani-
cal differences could be identified at larger length scales, because
there is also pronounced demyelination in the murine TSC cortex
[4] and potentially other structural differences associated with cel-
lular and ECM organization. Therefore, we conducted spatially
concentrated impact loading (impact indentation) and oscillatory
shear rheology experiments on whole brain slices. For impact
indentation, we observed no detectable differences in maximum
penetration depth, energy dissipation capacity, and energy

Table 1 Moduli of healthy control and TSC brain tissue calculated using various techniques and assumptions. Data are repre-
sented as mean = standard deviation (n>30 measurements for AFM-related experiments; n>5 measurements for shear rheology
experiments). For each property, p value corresponds to Mann-Whitney comparisons between control and TSC cohorts, with sta-

tistical significance threshold of p<0.01.

Moduli Characterization method Control brain tissue TSC brain tissue p value
Young’s modulus E (Pa); elastic assumption AFM-enabled indentation 381 = 166 348 = 148 0.125
Equilibrium modulus E, (Pa); viscoelastic assumption Creep via AFM 116 £48 150 =56 0.083
Stress relaxation via AFM 125 +43 210 =98 0.058
Oscillatory shear rheology 339 = 100 306 =77 0.551
Instantaneous modulus E, (Pa); viscoelastic assumption Creep via AFM 211 £71 353 £ 170 0.036
Stress relaxation via AFM 265+ 85 410 £ 175 0.074
Oscillatory shear rheology 1064 = 265 1057 =320 0.967
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dissipation rate for all impact velocities examined here. Similarly,
for rheology, we found no measurable differences in the magni-
tude and trend of dynamic shear moduli as a function of fre-
quency, suggesting that both stiffness and viscous energy
dissipation are similar between TSC and healthy brain tissue.
Together, these results suggest that the differences in TSC axon
structure, connectivity, and degree of myelination are not suffi-
cient to elicit detectable changes in these mechanical properties.

To further understand how brain structure may affect mechani-
cal properties, we also examined the ECM of our healthy control
and TSC brain tissue. Although we were aware of the differences
in axon structure and myelination levels, it was not established
whether the composition and organization of the ECM were also
detectably altered in this TSC model. Because brain tissue lacks
the typical proportion of fibrillar collagen present in other tissues,
it is generally believed that the mechanical properties and organi-
zation of neurons and glia are the key parameters responsible for
the mechanical compliance of brain tissue [62]. The ECM is
thought chiefly to provide topographical and biochemical cues to
regulate cell behavior [54,62—65]. However, to our knowledge,
there has been no direct experimental evidence to support such
claims. In our study, we quantified the expression levels of fibro-
nectin and found no significant alterations in TSC compared to
control (Fig. 4). The similar amount of fibronectin expression is
consistent with the hypothesis that the ECM in TSC brain remains
similar to that of healthy cohorts, but future work is needed to
quantify the levels and organization of other ECM constituents,
including laminin, collagen IV, and various chondroitin sulfate
proteoglycans. If the ECM is the same in TSC compared to con-
trol brain tissue, this structural similarity of the matrix can poten-
tially explain the lack of differences in the tissue mechanical
properties that we measured.

While there were no detectable differences between TSC and
healthy brain tissue mechanics by the above analyses, our
mechanical measurements on mouse brain tissue generally agree
well with existing data for healthy brain tissue. Due to the difficul-
ties associated with characterizing compliant materials and brain
tissue’s complex mechanical behavior caused by its nonlinear,
viscoelastic, poroelastic, and anisotropic properties, previously
reported measurements of linear viscoelastic moduli and elastic
moduli have varied by orders of magnitude [66]. Our findings
for the elastic moduli of mouse brain are consistent with previ-
ous work that have reported E to be on the order of hundreds
of Pascals [67,68]. Furthermore, our shear rheology data exhibit
similar magnitudes and trends compared to many previous stud-
ies reported for various animals, including mice, with weak
power laws in G’ and G” as a function of frequency and a shear
relaxation modulus on the order of hundreds of Pascals
[51,59,66].

4.2 Cell-Level Mechanics of Individual Neurites. Addition-
ally, we considered whether the mechanical stiffness of individual
neurites could differ for TSC cohorts. Detectable differences in
axon stiffness, for example, could serve as a mechanical cue to
the oligodendrocytes that engage and myelinate the axons, as
those glial progenitor cells have been shown to exhibit mechano-
sensitive migration and differentiation in vitro [69]. To consider
this possibility, we transfected neurons with the TSC vector and
its empty vector control, and measured the elastic moduli of neu-
rites from each cohort (see Supplementary Material on the ASME
Digital Collection). We first used optical microscopy to carefully
select the neurite that appeared the most elongated per cell body.
These neurites were assumed to be axons and were mechanically
characterized via AFM-enabled indentation.

The data in Fig. S4, which is available as Supplemental Mate-
rial for this paper on the ASME Digital Collection are presented
as stiffness normalized by the mean of the unmodified control
cohort because the pm-scale diameter of the neurons conflated
accurate measurement of the axon stiffness. However, qualitative
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comparison among these three groups of cells is sound, as the
axon diameter was imaged and measured for each measurement
and the relative deformation was maintained comparable among
groups. While the T'sc/ knockout axons were observed to be more
compliant than the control or unmodified axons, there were no
statistically significant differences between the stiffness of the
Tscl knockout axons and the stiffness of the axons from cells
transfected with only the empty vector control. Thus, we cannot
conclude that the control axons are stiffer, as the detectable
changes in mechanical properties may also or instead be attribut-
able to the transfection procedures. Future studies may consider
other means to obtain and compare cell-level stiffness, including
other means to transfect cells with appropriate control measure-
ments or other approaches to isolate and maintain viable neurons
from TSC cohorts.

4.3 Limitations of Mechanical Characterization Methods.
Each mechanical characterization technique utilized herein con-
fers unique limitations and advantages, especially if probing
highly compliant, anisotropic, nonlinear, and viscoelastic materi-
als such as brain tissue. Strictly, each method includes assump-
tions of the material constitutive behavior (e.g., linear elastic or
elastically isotropic), sample geometry (e.g., semi-infinite half-
plane), and material microstructure (e.g., homogeneous). Addi-
tionally, each method employs instrumentation that varies in the
instrument control loops for closed feedback control of applied
load, applied displacement, or neither. Nevertheless, although the
magnitude of mechanical properties reported herein includes the
potential for inaccuracies due to limitations of each characteriza-
tion technique, we emphasize that this study aimed to compare
TSC to control brain tissue. Thus, experimental conditions were
maintained constant when testing different tissue samples with a
given method, to enable sound comparison between these two
cohorts.

For AFM-enabled indentation, measurement accuracy in calcu-
lated elastic modulus is facilitated by choice of cantilever stiffness
that is comparable to sample stiffness (if known) [70]; this is diffi-
cult to achieve for samples as compliant as brain tissue and for
cantilevers of specific probe geometry such as pm-scale spheres.
Additionally, when measuring the effective Young’s elastic mod-
ulus with AFM-enabled indentation, time-dependent behaviors
such as creep can occur during the unloading process, and will
influence the measured force versus depth response. Thus, the
stiffness quantified by the Oliver and Pharr method of indentation
data analysis can be overestimated. Further, as outlined in Sec. 2,
that analysis assumes a linear elastic constitutive response—an
idealization that is more reasonably assumed at low applied
strains and is an oversimplification at these indentation strains that
we adopted to facilitate comparison between sample cohorts. We
note that our AFM-indentation experiments were conducted to
depths and at cantilever velocities comparable to that of other
studies employing this method for brain tissue [29]. Additionally,
the approximate strain rates (~0.5/s) in our present experiments
were comparable to the strain rates that we calculated from others’
AFM-based experiments (~0.5/s in Moeendarbary et al. [29]) and
instrumented indenter-based experiments (~0.001/s—0.2/s in Bud-
day et al. [42]) on brain tissue. Those studies also extracted the
Young’s elastic modulus by assuming a linear elastic response,
and reported similar magnitudes as those in Fig. 1 and Table 1.
Budday et al. also noted that the effective Young’s elastic modu-
lus of brain tissue increased with increased indentation velocity
[42]. On the other hand, when we do consider the viscoelastic
properties of brain tissue and conduct creep compliance or stress
relaxation experiments, the experimentally applied force or inden-
tation depth is not an ideal step function. Instead, the force or
indentation depth is ramped to the desired value over short time-
scales. Since information at short time scales (i.e., time scales
comparable to the ramp duration) will be lost during the ramp
period, the measured values of instantaneous modulus and
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relaxation time are not as accurate as the values of equilibrium
modulus [22]. Nonetheless, we can still compare the relative val-
ues of these properties between the two cohorts since the loading
conditions were maintained the same.

At the mesoscale, impact indentation requires accurate detec-
tion of contact between the probe and tissue surface. As the sam-
ple approaches the probe, contact is detected when the pendulum
is pushed back by the sample. However, for sufficiently compliant
materials, the stationary probe can first deform the sample before
enough force is applied to detectably deflect the pendulum. Thus,
before the pendulum is ready to swing forward and impact the tis-
sue, it is important to allow enough time for the tissue to restore
and relax to its initial condition. Additionally, as mentioned in
Sec. 2, the current impact indentation experimental design is lim-
ited to room temperature (25 °C). Future work can include modifi-
cations to the instrument to add temperature control capabilities
that will enable characterization in fluid at constant, elevated tem-
peratures of 37°C. Finally, at the macroscale, accurate contact
detection is also an important consideration for shear rheology
experiments. Compressive axial strain can be appreciable even
with small changes in height due to the mm-scale thickness of
compliant tissue samples, and this prestrain/prestress has been
shown to considerably increase the measured shear moduli of
brain tissue [51]. Shear rheology is also limited by a maximum
measurable frequency due to instrument limitations such as frame
inertia upon reversal of shearing displacement. Moreover, the rhe-
ology models used to analyze the brain tissue response assume the
material to be homogenous and isotropic material properties, a
simplifying idealization that does not hold strictly for brain tissue
(or most biological soft tissues).

For each deformation length scale and method, we recognized
these limitations and simplifications that would affect the accu-
racy of the magnitude of extracted mechanical properties, and
thus designed our experiments to enable systematic comparisons
of a given property between two sample groups: brain tissue
obtained from control and TSC cohorts. In fact, Table 1 illustrates
that the magnitude of a given property can vary with measurement
approach; such differences are attributed reasonably to each meth-
od’s deviation from all assumptions employed in data analysis
and potentially to actual differences at different length scales and
deformation rates. However, we emphasize that our goal herein
was to consider detectable and significant differences in any one
property, measured in the same way and under the same condi-
tions, between murine brain tissue with and without this TSC
genetic mutation associated with ASD.

The various limitations for each characterization technique,
along with the inherent interregional and sample-to-sample varia-
tion of brain tissue, can contribute to the standard deviation of
properties reported in Figs. 1-3, as one consideration of measure-
ment precision. This variation can potentially obfuscate resolution
of any differences in mechanical properties between control and
TSC brain tissue. However, the number of replicate measure-
ments, replicate samples, and independent experiments for each
approach provides confidence that these mechanical properties do
not differ among mouse brain tissue obtained from the control and
TSC cohorts. While this finding is clear for this animal model, our
findings neither demonstrate nor do we suggest that brain tissue of
humans exhibiting autism spectrum disorder are mechanically
indistinguishable from brain tissue of those who do not exhibit
such characteristics. One key feature of human brain, not shared
by murine brain, is that it undergoes gyrification. Previous studies
have associated abnormalities in brain folding with autism
[71-73], and thus that distinction remains a topic of important
future consideration that can draw on the approaches and findings
discussed herein.

5 Conclusion

Despite structural changes of the cellular components in our
TSC/ASD mouse brain model, such as hypomyelination and

Journal of Biomechanical Engineering

disorganization of axons, we found that tissue mechanical proper-
ties were unaffected at every length- and time-scale explored.
Stiffness of neuronal axons transfected with Tsc/ knockout was
also unaffected in ways that could be correlated with this muta-
tion. We found the expression levels of fibronectin in TSC and
control brain tissue to be similar, which is consistent with the lack
of mechanical differences observed. Our results indicate that cell-
level changes in myelination and neuronal organization do not
manifest in detectable mechanical changes for this particular
murine model of ASD. Future work can leverage these methods to
determine whether other genetic or animal models that are related
to autism spectrum disorder result in mechanical changes that
may serve as cues to promote or sustain the cell-level responses
associated with ASD.
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