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ABSTRACT Head injury simulations predict the occurrence of traumatic brain injury by placing a threshold on the calculated
strains for axon tracts within the brain. However, a current roadblock to accurate injury prediction is the selection of an appro-
priate axon damage threshold. While several computational studies have used models of the axon cytoskeleton to investigate
damage initiation, these models all employ an idealized, homogeneous axonal geometry. This homogeneous geometry with
regularly spaced microtubules, evenly distributed throughout the model, overestimates axon strength because, in reality, the
axon cytoskeleton is heterogeneous. In the heterogeneous cytoskeleton, the weakest cross section determines the initiation
of failure, but these weak spots are not present in a homogeneous model. Addressing one source of heterogeneity in the
axon cytoskeleton, we present a new semiautomated image analysis pipeline for using serial-section transmission electron mi-
crographs to reconstruct the microtubule geometry of an axon. The image analysis procedure locates microtubules within the
images, traces them throughout the image stack, and reconstructs the microtubule structure as a finite element mesh. We
demonstrate the image analysis approach using a C. elegans touch receptor neuron due to the availability of high-quality se-
rial-section transmission electron micrograph data sets. The results of the analysis highlight the heterogeneity of the microtubule
structure in the spatial variation of both microtubule number and length. Simulations comparing this image-based geometry with
homogeneous geometries show that structural heterogeneity in the image-based model creates significant spatial variation in
deformation. The homogeneous geometries, on the other hand, deform more uniformly. Since no single homogeneous model
can replicate the mechanical behavior of the image-based model, our results argue that heterogeneity in axon microtubule
geometry should be considered in determining accurate axon failure thresholds.
SIGNIFICANCE As one of the most common pathological features of traumatic brain injury, diffuse axonal injury leads to
loss of consciousness and cognitive impairment. Scientists employ computational modeling in concert with experimental
approaches to study the initiation of damage within the axon cytoskeleton and to determine critical failure thresholds.
However, past computational studies have all assumed an idealized, homogeneous geometry for the microtubules within
the cytoskeleton. This approach overestimates axon strength because the axon cytoskeleton is heterogeneous, and the
weakest cross section governs the initiation of damage. Our image-based approach to generating microtubule geometry
naturally incorporates the structural heterogeneity of the microtubules in the axon cytoskeleton and highlights the need to
consider structural heterogeneity in studies of axon damage.
INTRODUCTION

Every year, an estimated 69 million people suffer from trau-
matic brain injuries worldwide (1). In the United States
alone, over one million occur each year, resulting in over
50,000 deaths (2). Individuals who have sustained a trau-
matic brain injury experience a wide range of cognitive,
emotional, and behavioral disabilities including impaired
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attention and memory, personality change, and mood disor-
ders (3). Studies have identified that a key cause of functional
impairment in traumatic brain injury is axon damage (4).
Axons are long extensions of neurons that conduct electrical
impulses and distribute information throughout the brain.
They are a frequent lesion site in injury, and axon damage
has been linked to coma (5), cognitive impairment, and
the development of neurodegenerative diseases such as
Alzheimer’s disease (6).

Since standard medical imaging techniques cannot easily
spot axon damage, scientists have turned to computational
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models to aid the study of traumatic brain injury. Finite
element simulations link measured impact forces and
head accelerations to the deformation of the skull and brain
(7–9). To predict brain injury, various injury criteria
are applied to simulation results. Several injury criteria
including principal strains and stresses have been evaluated,
but axon strain has shown the highest correlation with the
occurrence of diffuse axonal injury (9).

The use of finite element models of the head to predict
injury depends on the specification of an axon damage
threshold (10). Several in vitro studies have investigated
axon stretch at various magnitudes and rates to find this
threshold and to gain insight into damage within the axon
(11–13). Neurons in these studies are cultured on compliant
substrates that are stretched to damage the axons. These
in vitro studies have discovered evidence of damage to
both the plasma membrane (13) and the microtubules within
the cytoskeleton (12) as a result of stretch. The damaging ef-
fects of mechanical stretch on the actin cortex, however,
have yet to be studied in vitro despite the mechanoprotective
role of the actin cortex in axons (14,15).

The axonal cytoskeleton has a varied and complex struc-
ture (16). The major components of the cytoskeleton include
loosely bundled microtubules (17), a network of neurofila-
ments (18), and the cortical actin-spectrin sleeve located
just below the plasma membrane (19,20). The structure of
the cytoskeleton varies both among different neuron types
and among different species (16). Studies have reported
microtubule lengths of 9–23 and 6 mm in C. elegans mecha-
nosensory and motorneurons, respectively (21,22). Mean-
while, microtubule lengths in the hundreds of microns
have been estimated from transmission electron micrograph
(TEM) analyses of vertebrate neurons (16,23,24). Similarly,
reported values for the number of microtubules per axon
cross section range from 22–49 for C. elegans mechanosen-
sory neurons to the hundreds for vertebrates and hundreds of
thousands for arthropods (16,21,25,26). Furthermore, the
presence or absence of neurofilaments interspersed between
microtubules leads to differences in microtubule spacing
between vertebrates and other organisms (16).

Each major component of the axonal cytoskeleton plays a
role in the mechanical behavior of the axon as a whole
(15,27). Microtubules and actin filaments have been shown
to contribute to the stiffness of the axon in both atomic force
microscopy indentation tests (27) and under tensile stretch
(15). Furthermore, spectrin has been shown to play a mecha-
noprotective role in C. elegans neurons (14). Cytoskeletal
mechanisms in both the microtubule bundle and actin cortex
have also been proposed to contribute to the rate-dependent,
viscoelastic behavior of the axon (15,28).

In concert with experimental studies, computational
modeling is an important tool for evaluating potential modes
of failure in the axonal cytoskeleton under mechanical
loading (28–31). Modeling axon damage presents a formi-
dable challenge due to the complex, dynamic structure of
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the cytoskeleton (16), as well as the lack of specific knowl-
edge of parameters such as the mechanical strength of cross-
links between cytoskeletal components (32). To build
tractable models, therefore, it is necessary to make strategic
assumptions and simplifications while also considering their
implications on simulation results.

One such simplification made in past computational
studies is the homogeneity of the cytoskeleton. Previous
computational models have all used a homogeneous struc-
ture for the microtubules and actin cortex within the model
(28,29,31). Microtubules in these homogeneous models
are densely packed and regularly spaced in a hexagonal
lattice, and their number per cross section remains constant
throughout the entire model. Furthermore, some models
assume that microtubules within the axon model are iden-
tical in length (28,31). The microtubule lengths assumed
in these computational studies range from 4 (31) to 10 mm
(28). The actin cortex, when included, is represented as a
homogeneous cylinder (31). In determining axon failure
thresholds, using a homogeneous geometry will overesti-
mate axon strength because failure is determined by the
weakest cross section in the cytoskeleton. A homogeneous
geometry ignores the potential existence of a weak spot
that might be more susceptible to injury.

In reality, the axonal cytoskeleton is heterogeneous.
Studies of the microtubule architecture in axons have shown
that the number of microtubules per cross section can vary
significantly along the axon and that microtubules exhibit
a range of different lengths (16,21–23). A study of axon
stretch has also found that strain is heterogeneous within
the axon (33). Based on imaging docked mitochondria
as fiducial markers, global axonal stretch evokes spatial
variation in local strains (33).

While other cytoskeletal components such as the actin
cortex contribute significantly to the mechanical behavior
of the axon (15), we choose here to focus solely on the
microtubule bundle. Deformation of the microtubule bundle
will likely not exactly mirror that of the whole axon as this
would require rigid attachment to the plasma membrane and
possibly dynamic rearrangement of microtubule cross-links
to accommodate large deformations (28). However, this
simplified structure facilitates our investigation of the
importance of heterogeneity because of the availability of
serial-section TEMs (ssTEMs) to inform the microtubule
geometry of our axon model (34).

To investigate the significance of heterogeneity in the
microtubule architecture on axonal mechanics, we present a
new image analysis pipeline using ssTEM data to determine
the microtubule geometry of an axon, and we compare its
mechanical responsewith that of a homogeneous microtubule
geometry. We use the touch receptor neurons (TRNs) of
C. elegans as a model system. While C. elegans TRNs
exhibit structural differences from vertebrate neurons in
microtubule number, length, and spacing (16), we chose
these neurons as amodel systembecauseof their exceptionally



TABLE 1 Model parameters used in tensile simulations

Value Unit Reference

Axon length 15 mm –

Microtubule stiffness 1.2 GPa Gittes et al. (36)

Microtubule area 400 nm2 Suresh et al. (37)

Cross-link stiffness 10 MPa Mallik et al. (38)

Cross-link area 1 nm2 De Rooij et al. (39)

Cytosol dashpot coefficient 1e � 8 N , s/m –

Image-based axon model
well-characterized bundle of microtubules, the availability of
high-quality ssTEM data sets (34), and experimental studies
linking this microtubule bundle to neuronal mechanoprotec-
tion (14). Our image-based model inherently incorporates
the structural heterogeneity of the axon microtubules and
facilitates the study of regional variations in deformation
under stretch. Our results emphasize heterogeneity as a new
parameter that needs to be considered in future simulations
of axon damage.
MATERIALS AND METHODS

Axon finite element model

Each of our axon models consists of a 15-mm-long bundle of microtubules

crosslinked by tau-like proteins. For the image-based model, the microtu-

bule geometry comes from the analysis of ssTEM images (34,35). For

the homogeneous models, the microtubules are regularly spaced within

the cross section (28,29,31). Randomly generated cross-links bind microtu-

bules together in both the image-based and homogeneous models. The

following sections provide more detail on these processes for generating

model geometry.

In all of the models, we discretize microtubules using linear Bernoulli

beam elements and cross-links using linear truss elements. We model

both the microtubules and cross-links as linear elastic with Young’s moduli

of 1.2 GPa and 10 MPa, respectively. Table 1 summarizes the model param-

eters. In all simulations of tensile loading, we fix the nodes at the proximal

end of the model and apply a 250-nm displacement to the nodes at the distal

end using displacement control. Rotational degrees of freedom are held

fixed for all nodes, and we represent the influence of the cytoplasm viscos-

ity by attaching dashpot elements in the lateral directions at all nodes. All

simulations are performed in Abaqus/Standard.
Image analysis for generation of image-based
geometry

We analyzed a set of 300 ssTEM images collected from a wild-type

C. elegans posterior lateral microtubule (PLM) neuron (34,35). Because

the contrast in these images was optimized for the visualization of gold-

labeled antibodies, the resulting images have lower contrast than typical

samples optimized to visualize microtubules. Each image within the data

set corresponds to a cross section of 50-nm thickness, covering 15 mm in

length along the axon. To retrieve the microtubule architecture from the im-

ages, we developed a semiautomated image analysis procedure outlined in

Fig. 1. We first apply a template matching algorithm (40) to locate micro-

tubules in each of the 300 ssTEM images. This algorithm compares a tem-

plate with the ssTEM image and locates regions in the ssTEM image that

resemble the template. The algorithm accomplishes this by calculating a

normed correlation coefficient between the pixels of the template image

and the pixels of a region in the analyzed image. A higher value for the cor-

relation coefficient indicates a higher likelihood of a match between the

template and the analyzed image at that location. The algorithm repeats
this analysis until all possible regions in the image have been compared

with the template. It then outputs an image whose pixel values equal the

correlation coefficients for the corresponding locations in the original

ssTEM image. We locate microtubules by thresholding this output image

and performing non-max suppression to identify the pixel at the center of

each microtubule. For this study, we cropped 24 representative microtu-

bules from the ssTEM image set to use as templates. We merged the results

from the comparison with all 24 templates to create the complete list of

microtubule locations.

As the ssTEM images include other structures outside of the axon, false

positives commonly appear in the template matching. To address this, we

take advantage of the observation that the microtubules within the axon

are clustered closely together. The false positives, on the other hand, are

more sparsely distributed. Occasionally, we detected a single microtubule

in another neuron, indicating that this approach can identify microtubules

generally and not only the large-diameter microtubules present in the

TRNs. We apply density-based spatial clustering of applications with noise

(41), a clustering algorithm used in data mining, to identify the largest clus-

ter of match locations in each image. We assume that the match locations

excluded from the largest cluster are indeed false positives and discard these

points. Fig. 2 shows the results of this analysis on a representative image

from the analyzed ssTEM data set. To conclude the identification of micro-

tubules in each individual image, we review the automated results and, if

necessary, make final manual adjustments.

After locating the microtubules in each image, we determine how they

are connected from image to image. To trace the microtubules throughout

the stack of images, we apply an affine registration algorithm (42) to

consecutive images to identify which point pairs belong to the same micro-

tubule. After completing this analysis for all images, we transform the final

microtubule location and connectivity data into a finite element mesh.

The code developed for the semiautomated image analysis can be found

in the following GitHub repository: https://github.com/LivingMatterLab/

ssTEM-Image-Analysis.git.
Homogeneous microtubule geometry

For comparison with the ssTEM-derived geometry, we created homoge-

neous geometries based on previous axon damage models (28,29,31).

The microtubules in the homogeneous geometries are densely packed in

a hexagonal lattice with 45-nm spacing (Fig. 3). The parameter, nring, spec-

ifies the number of rings surrounding the central microtubule and, therefore,

the number of microtubules per cross section. Fig. 3 illustrates a homoge-

neous structure with two rings, nring ¼ 2. The parameter, LMT , specifies the

microtubule length. In building the homogeneous geometry, the initial mi-

crotubules at the proximal end of the model are assigned a random length

less than or equal to LMT to stagger the discontinuities in each row of mi-

crotubules. After the initial microtubules, the rest of the model is built by

alternating between 50-nm gaps and microtubules of the full specified

length, LMT . The microtubules at the distal end of the model are truncated

so that the total model length equals 15 mm to match the ssTEM-based

model.
Cross-link density calibration

Since the ssTEM images do not provide a clear view of all the cross-links

between the microtubules, we randomly generate cross-links in both the

image-based and homogeneous models. The cross-links are evenly spaced,

on average, over the length and cross section of the axon, and the number

of cross-links is determined by the prescribed cross-link density. To select

a value for the cross-link density, we performed simulations of tensile

loading on the ssTEM-based model with cross-link densities ranging

from 10 to 50 cross-links per mm of microtubule length. We then

compared the resulting force-elongation curves with experimental mea-

surements (43).
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FIGURE 1 Overview of the semiautomated image analysis procedure. Template matching identifies microtubules in the serial-section transmission elec-

tron micrographs. Density-based spatial clustering of applications with noise removes false positives, and affine registration traces microtubules throughout

the image stack. The final microtubule location and connectivity information is transformed into a finite element mesh. To see this figure in color, go

online.

Wang et al.
Comparison of image-based and homogeneous
geometries

To evaluate the ability of a homogeneous model to replicate the mechanical

behavior of the image-based model, we simulated tensile loading on both

the image-based model and a collection of 20 homogeneous models with

different nring and LMT values. The values for nring ranged from 1 to 5,

and the corresponding numbers of microtubules per cross section ranged

from 7 to 91, spanning the minimum and maximum values seen in the

ssTEM analysis. The values for LMT spanned from 2 to 8 mm and were

within the range of lengths measured in the image analysis. We did not

explore microtubule lengths greater than 8 mm because at these lengths,
FIGURE 2 Representative images illustrating the results of the semiautomat

graph (ssTEM) input image (left); markers indicating template match locations

clustering of applications with noise successfully eliminates false positives that

inate false positives in close proximity to the neuron (arrowheads). Note that th

(asterisk). Scale bars: 0.2 mm. To see this figure in color, go online.
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the microtubules are more than half the length of the full axon model. As

a result, a large proportion of the microtubules are held fixed, and the defor-

mation of the model is greatly affected by the boundary conditions.
Statistical analysis

Spearman’s rank correlation was used to analyze the association between

microtubule number, the presence of mitochondria, and axon diameter.

Spearman’s rank correlation was chosen because the analysis does not as-

sume a normal distribution for the data and allows for the analysis of

ordinal data. Statistical analysis was performed using the SciPy 1.9.1
ed analysis procedure. Original serial-section transmission electron micro-

show false positives outside the neuron (center); and density-based spatial

are farther away from the neuron (right). Manual edits are required to elim-

e microtubule bundle shifts to accommodate the presence of mitochondria



FIGURE 3 Parameters in the homogeneous axon model. The microtu-

bules in the homogeneous models are densely packed into a hexagonal lat-

tice. The number of rings surrounding the central microtubules is

designated by nring. LMT designates the length of the microtubules. The ma-

jority of the microtubules in the homogeneous model have this length, but

the microtubules at either end of the model are shorter to stagger the discon-

tinuities. To see this figure in color, go online.
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Python library (44). Axon diameter measurements were obtained using

ImageJ (45).
RESULTS AND DISCUSSION

Microtubule arrangement

To obtain the microtubule geometry for our image-based
axon model, we analyzed a series of 300 ssTEM images
collected from one C. elegans PLM neuron. Each image cor-
responds to a 50-nm section, resulting in a total segment
length of 15 mm. Video S1 shows the full 3D reconstruction
of the microtubules in the ssTEM data set, and Video S2
shows the aligned ssTEM image data set used to build the
reconstruction. As a result of the ssTEM image analysis,
we found that the number of microtubules per cross section
varies along the analyzed segment of axon. The minimum
and maximum values are 14 and 92, respectively, and the
average number of microtubules per cross section is 61.
We observed a distribution of microtubule lengths reaching
as long as 12 mm but skewed toward shorter lengths with a
measured average of 3.8 mm. However, this measured value
underestimates the actual microtubule length because
microtubules are artificially truncated at both ends of the
analyzed image series. To estimate the actual average
microtubule length for comparison with past measurements,
we used the formula 2Na=T (46), where N is the average
number of microtubules per cross section, a is the length
of the analyzed image series, and T is the number of micro-
tubule terminations observed in the series. Using this
formula, we estimated an average microtubule length of
8.5 mm.

A previous study of the C. elegans posterior lateral micro-
tubule neuron found average values of 22, 46, and 49 micro-
tubules per cross section in three separate image series (21).
While these values differ from our measured average, they
fall within the range of values we observed in our image se-
ries. The discrepancy between the averages could be due to
the variation in microtubule number along the axon and the
short length of the analyzed image series compared with the
length of the full axon. In other organisms, a wider range of
microtubule numbers has been documented, including
counts in the hundreds for vertebrates and hundreds of thou-
sands for arthropods (16,25,26).

Studies have also reported a wide range of estimates for
microtubule length in neurons. Average lengths of 4.02 and
430 mm have been found in rat hippocampal (47) and frog
olfactory nerve (24) neurons, respectively. In C. elegans,
estimates range from 4.3 mm in DA9 motor neurons (22) to
20 mm in TRNs (14,48,49). Our estimate of 8.5 mm for the
average microtubule length agrees with the range of 6.1–
14.6 mm reported for the C. elegans PLM (21). This large
range of reported microtubule lengths highlights the hetero-
geneity of axon structure not only within a single axon but
among different neurons as well.

Here, we use the PLM, a C. elegans TRN, as a model of
microtubule bundles found in many axons. Each TRN ex-
tends a long (up to 0.5 mm), slender (200–300 nm), and
straight axon. These morphological characteristics enable
ssTEM studies of the architecture of the microtubule bundle
not only in cross section but also longitudinally
(21,34,48,49). Specifically, these prior studies have used
ssTEM data sets to analyze microtubule diameter, length,
and intermicrotubule spacing. With an average diameter of
25 nm (48,49) and an edge-to-edge distance of 9.7 nm
(34), the PLM microtubules are wider and more closely
spaced than reported in other axons (16). For this current
study, we sought to 1) establish an image-analysis pipeline
that could support the generation of axon models with het-
erogeneous, image-based microtubule geometry and 2)
compare heterogeneous and homogeneous geometries to
improve understanding of axon damage. We prototyped
this pipeline for a C. elegans PLM neuron as a proof of
concept, but future computational studies of axon damage
should consider the microtubule structures found in other
neurons, which differ from the C. elegans PLM structure
in microtubule number, length, and spacing (16).

Within the analyzed images, we identified two mitochon-
dria present in the ssTEM data set. Fig. 2 shows an image
containing the cross section of a mitochondrion marked
with an asterisk. Despite the variation in the number of mi-
crotubules detected along the reconstructed axon, there was
no clear correlation (r ¼ 0.17, p ¼ 0.003) between microtu-
bule number and mitochondria position (stars, Fig. 4). The
first mitochondrion is located in a region with microtubule
numbers ranging from 24 to 31, while the second spans a
region with 76–92 microtubules per cross section. The
microtubule bundle does appear to shift to accommodate
mitochondria, however. Future modeling studies could
consider the mechanical implications of the presence of
Biophysical Journal 122, 9–19, January 3, 2023 13



FIGURE 4 (A) Comparison of the number of mi-

crotubules per cross section and the microtubule

length distribution between image-based and homo-

geneous axon geometries (nring ¼ 4;LMT ¼ 4 mm).

The number of microtubules per cross section varies

between the extreme values of 14 and 92 in the

ssTEM data set but is relatively constant in the ho-

mogeneous axon, fluctuating between 61 and 60

(top). Two mitochondria were present in the ssTEM

data set (locations indicated by stars). The image-

based geometry exhibits a wider distribution of

microtubule lengths compared with the homoge-

neous geometry, in which the majority of microtu-

bules have the same length, as illustrated by the

single high bar in the lower plot (bottom). See Video

S1 for the full 3D reconstruction of the microtubule

geometry in the ssTEM data set (inset). (B) Example

ssTEM images showing regions of high (top) and

low (bottom) microtubule numbers. See Video S2

for a compilation of the full ssTEM data set used

in the analysis. Scale bars: 0.2 mm. To see this figure

in color, go online.
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mitochondria and their linkages to both microtubules
and the plasma membrane. Microtubule number does
show some correlation with axon diameter (r ¼ 0.68,
p < 0.001), and the presence of mitochondria shows some
association with axon diameter as well (r ¼ 0.40,
p < 0.001). While the presence of mitochondria does not
provide an explanation for the variation in microtubule num-
ber along the axon, another possible explanation could be
differences in mechanical loading experienced by different
regions of the axon. Studies of C. elegans TRNs have
observed that microtubule length and number differ among
different neurons (14,20). Similarly, neurons are subjected
to different mechanical stresses depending on their locations
(14,20). It is possible that microtubule structure varies to
accommodate differences in mechanical demands both be-
tween different neurons and between different regions of a
single neuron.

For comparison with the heterogeneous, image-based ge-
ometry, we generated a family of homogeneous microtubule
bundles to mimic existing models (28,29,31). In contrast to
the ssTEM-derived geometry, the homogeneous geometries
exhibit an almost constant number of microtubules per cross
section with small fluctuations due to the presence of gaps be-
tween adjacentmicrotubules. The average number ofmicrotu-
bules per cross section in the homogeneousmodels depends on
the prescribed value for the parameter nring.Most of themicro-
tubule lengths in the homogeneous geometries are equal to the
prescribed value forLMT, as illustrated by the single high bar in
the lower plot of Fig. 4. Some shorter microtubule lengths are
present because microtubules are truncated at both ends of the
model to achieve a 15-mm total axon length. Fig. 4 compares
the microtubule number and length distributions for the
ssTEM data and a sample homogeneous geometry with pa-
14 Biophysical Journal 122, 9–19, January 3, 2023
rameters set to nring ¼ 4 and LMT ¼ 4 mm. The ssTEM
data show more variation in microtubule length and number
compared with the homogeneous geometry.
Cross-link density

To select a cross-link density value, we performed simula-
tions of tensile loading on the image-based geometry with
densities ranging from 10 to 50 cross-links per mm of micro-
tubule length. Fig. 5 shows the resulting force-elongation
curves compared with experimental data collected from
Drosophila embryos (43). Of the five simulations, only the
force-elongation curve corresponding to a density of 20
cross-links per mm remains within the range of the experi-
mental data over the entire stretch history. For a density of
30 cross-links per mm, the force-elongation curve starts
slightly outside of the experimental data at lower stretches
but then curves into the range of the experimental measure-
ments. Since the curve for a density of 30 cross-links per mm
stays more toward the center of the experimental data, we
selected this as the cross-link density value.

It is possible that this approach to selecting the cross-link
density overestimates the density because the experimental
measurements were taken on intact axons rather than solely
a network of crosslinked microtubules. Other structures in
the axon such as the actin-spectrin membrane periodic
skeleton have been shown to contribute tensile strength
(14,15,19,20). However, using the same cross-link density
for both the image-based and homogeneous models facili-
tates the comparison of their mechanical behaviors despite
uncertainty in selecting the cross-link density.

While tau has been shown to influence microtubule
spacing in C. elegans sensory neurons, indicating a potential



FIGURE 5 Cross-link density calibration. We

calculated the force-elongation curves for tensile

simulations using cross-link densities varying from

10 to 50 cross-links per mm of microtubule length.

We selected a density of 30 cross-links per mm based

on comparison to experimental data (43). To see this

figure in color, go online.
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crosslinking role (14), the role and extent of microtubule
crosslinking in the neurons of other organisms is not as
clear. Future studies of axon damage should consider the
more loosely bundled microtubule structure found in other
organisms (16).
Comparison of cross-link stretches

In comparing the deformation of the image-based and ho-
mogeneous geometries, we focused on the change in length
of the cross-links within the models. For this purpose, we
used the longitudinal stretch, defined as the ratio of the
deformed length to the original undeformed length. In this
study, we consider cross-link stretch as an indicator to iden-
tify regions of high deformation where the initiation of dam-
age is likely to occur. However, it is also feasible that the
cross-links may rupture or detach from the microtubules
(28), and these failure modes should be considered in future
studies of axon damage. Fig. 6 shows that in both the image-
based and homogeneous models, the cross-links experience
large stretches, while the microtubules undergo little defor-
mation. This agrees with results in other computational
studies using elastic material properties (28,29). The differ-
ence between the image-based and homogeneous geome-
tries appears in the spatial distribution of cross-link
stretches. The image-based model exhibits heterogeneity
in cross-link stretches with high stretches concentrated
near the region with the smallest cross section. The homoge-
neous models exhibit a more uniform distribution of cross-
link stretch along the entire length of the model.

Fig. 7 a plots the cross-link stretches for the image-based
geometry compared with a homogeneous geometry with
nring ¼ 4; LMT ¼ 4 mm, corresponding to the average
values of the image-based geometry. The stretches in the im-
age-based geometry exhibit marked heterogeneity with
stretches exceeding 3 in the first 5 mm but remaining below
1.5 along the remaining length. The homogeneous geome-
try, however, shows a more uniform distribution with
stretches above 2 found along the majority of the model.
The stretches decrease toward both ends of the model, likely
FIGURE 6 Simulation results show differences in

stretch distribution between image-based and homo-

geneous (nring ¼ 4;LMT ¼ 4 mm) models. The re-

sults are shown both with and without the

microtubules to showcase the cross-links more

clearly. The image-based geometry exhibits a local-

ized region of high cross-link stretches, while the

homogeneous model exhibits a more uniform distri-

bution. To see this figure in color, go online.
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due to the influence of the boundary conditions, which hold
the microtubules at a prescribed displacement. In the homo-
geneous model, the deformation is distributed more evenly
among the cross-links, and the peak stretch is lower than
that of the image-based model.

The distribution of cross-link stretch in the image-based
model agrees with experimental observations of heteroge-
neous strain in an axon subjected to tensile loading (33).
Though other factors such as spatial differences in cytoskel-
etal contractility (50) could also contribute to the heteroge-
neity in axon strain, and while it is unlikely the deformation
of the microtubule bundle exactly mirrors that of the entire
axon, the simulations presented here suggest that heteroge-
neity in microtubule structure could also explain some of the
heterogeneity observed in axon strain.

Fig. 7 b illustrates that not only the average homogeneous
model with nring ¼ 4; LMT ¼ 4 mm but also models with
other values for nring and LMT exhibit similar cross-link
stretch distributions. Changing the number of rings nring
does not alter the shape of the stretch distribution, but the
density of points in the stretch plots increases due to the
increase in the number of cross-links in the model. As
LMT increases, the stretch distribution assumes more of a
triangular shape with higher peak stretches exceeding that
of the image-based model. It is possible that this is due to
the influence of the boundary conditions at both ends of
the model. At a microtubule length of 8 mm, the microtubule
length is longer than half of the full model length. The ma-
jority of the microtubules in the model are therefore held by
the boundary conditions at either end. This leaves fewer re-
FIGURE 7 (A) Comparison of cross-link stretch distribution between image-b

model has both a region of high peak cross-link stretch and a region that experi

distribution remains relatively constant throughout the model. (B) Cross-link stre

Changing nring does not affect the shape of the cross-link stretch distribution but
stretches. To see this figure in color, go online.
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gions in the model where microtubules can slide relative to
each other, resulting in higher stretches in the regions where
motion is possible.
Comparison of force-elongation curves

Looking at the force-elongation curves for the image-based
and homogeneous models (Fig. 8), changing the values of
nring and LMT changes the stiffness of the homogeneous geom-
etry, but no single homogeneous model fully matches the me-
chanical behavior of the image-based geometry. While the
image-based model closely matches the behavior of some
homogeneous models at some portions of the stretch history,
the curves never match over the entire range of stretches.
For example, for the lowest values of stretch, the image-based
model closely matches the homogeneous model with LMT ¼
4 mm and nring ¼ 4. This combination of parameters corre-
sponds to the average microtubule length and average number
of microtubules per cross section in the image-based model
(3.8 mm and 61). As the stretch increases, the curve corre-
sponding to the image-based model bends away from the
curve of the homogeneous model. At intermediate stretch
values, the behavior of the image-based model matches a
different homogeneous model with LMT ¼ 4 mm and
nring ¼ 2. This corresponds to a homogeneous model with
19 microtubules per cross section, which is comparable to
14, the minimum value in the image-based geometry.

The wavy shape of the force-elongation curve corre-
sponding to the image-based model could result from the in-
ward collapse of microtubules since lateral motion is not
ased and homogeneous models (nring ¼ 4;LMT ¼ 4 mm). The image-based

ences little deformation. In the homogeneous model, the cross-link stretch

tch distributions of homogeneous models with various LMT and nring values.

increasing LMT leads to a more triangular shape with higher peak cross-link



FIGURE 8 Force-elongation curves for image-based and homogeneous

geometries. While the stiffness of the homogeneous model can be tuned

by changing nring and LMT, no single combination of parameters creates

a homogeneous model that replicates the behavior of the image-based

model across all stretch magnitudes. To see this figure in color, go online.

FIGURE 9 A simple spring analogy compares a heterogeneous model of

springs in series to a homogeneous model. Analysis of these simple systems

provides an explanation for higher local stretches in a heterogeneous system

compared with a homogeneous system when subjected to the same global

stretch. To see this figure in color, go online.

Image-based axon model
constrained in the simulation. It is likely that this does not
occur in the axon cytoskeleton due to the presence of other
cytoskeletal components such as neurofilaments, which may
limit the lateral translation of microtubules (18).
Spring analogy

To understand the difference between the image-based
and homogeneous geometries, we consider an analogy of
springs in series in Fig. 9. The image-based, heterogeneous
geometry is represented by n springs of stiffness k in series
with one spring of stiffness a� k, and a< 1 so that one of
the springs is less stiff than all others. This corresponds to
the weakest cross section in the axon cytoskeleton. In
contrast, we represent the homogeneous geometry by nþ
1 springs all of stiffness b� k. The parameter b determines
the stiffness of the homogeneous geometry relative to that of
the heterogeneous geometry. Setting b ¼ 1 makes the stiff-
ness of the homogeneous model equal to the stiffest portion
of the heterogeneous model. Alternatively, setting b ¼ a
makes the stiffness of the homogeneous model equal to
the most compliant portion of the heterogeneous model.

The effective stiffnesses of the heterogeneous model, kheteff ,
and homogeneous model, khomeff , are

kheteff ¼ ak

anþ 1
and khomeff ¼ bk

nþ 1
: (1)

Using these expressions, we derive the following equa-
tion for the change in length, xheti , of the most compliant
spring in the heterogeneous model,

Fhet ¼ kheteff Dxtot ¼ akDxheti ; (2)

where Fhet is the force pulling on the axon, Dxtot is the total
change in length, and Dxheti is the change in the length of the
compliant spring. All of the springs in the homogeneous
model undergo the same change in length,

Fhom ¼ khomeff Dxtot ¼ bkDxhomi ; (3)

where Fhom is the pulling force, Dxtot is the total change in
length as before, and Dxhomi is the change in length of a sin-
gle spring in the homogeneous model. For the same global
change in length, Dxtot, the ratio of the change in length of
the heterogeneous model spring to that of the homogeneous
model is

Dxheti

Dxhomi

¼ b

a

kheteff

khomeff

¼ nþ 1

anþ 1
: (4)

The final expression for the ratio does not depend on b,
and since a< 1, Dxheti is greater than Dxhomi for any value
of b. The change in length of the springs is analogous to
local stretches in the axon simulations. Therefore, this
spring model analogy confirms that the peak local stretch
in a heterogeneous axon model will always be higher than
the peak local stretch in a homogeneous model when sub-
jected to the same global stretch.
Model limitations

While our model focuses on microtubules and crosslinking
proteins, other components of the axon cytoskeleton also
contribute to the mechanical behavior of the axon. For
instance, recent studies have shown that the cortical corset
acts as a stiffening element in parallel with microtubules
(15,51). Furthermore, our model does not consider neurofi-
laments found in many, but not all, axons (16). We plan to
study the effects of these additional cytoskeletal compo-
nents in our future studies. However, for the present study,
the importance of using heterogeneous, rather than homoge-
neous, geometries can be seen already in considering just
the microtubules in their bundled state.

In this study, we use elastic material properties for both
the microtubules and cross-links in the models. With these
material properties, it is possible to compare heterogeneous
and homogeneous geometries in response to static or quasi-
static loading. However, the study of different loading rates
will require the incorporation of time-dependent properties.
Biophysical Journal 122, 9–19, January 3, 2023 17
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This could be done by including viscoelastic material pa-
rameters (52) or by incorporating dynamic attachment and
detachment of cross-links (30,32).

The current model does not account for plausible dy-
namic molecular mechanisms affecting the axon’s response
to mechanical stimulation, including the attachment and
detachment of crosslinking proteins. We currently model
cross-links as fixed in their position along the microtubules,
but dynamic attachment and detachment could affect the re-
sulting deformation of the microtubule bundle (14,32). In
prior work, we developed computational tools to address
these factors in the context of a homogeneous geometry
(32). Future studies merging both approaches will enhance
understanding of the mechanisms that make axons suscepti-
ble or resistant to mechanical damage.

In our model, we constrain the motion of the microtubules
by fixing the rotational degrees of freedom. A previous
study found that simplifying the kinematics of the microtu-
bule bundle aids the convergence of damage simulations but
decreases the strains seen in the microtubules (31). Howev-
er, the strains in the constrained simulations remain propor-
tional to the strains in the unconstrained simulations, so the
unconstrained results can be approximated by applying a
correction factor to the constrained results. Since we use
the same constraints for both the heterogeneous and homo-
geneous geometries, we expect that both models will be
affected similarly by the boundary conditions, allowing
direct comparison of the simulation results. However, in
future axon damage threshold studies with heterogeneous
geometries, the effect of these constraints should be taken
into account.

Finally, the C. elegans PLM we used in this study to
demonstrate the image-based model generation procedure
exhibits a tightly bundled microtubule architecture that dif-
fers from the organization of microtubules in other neurons
and other organisms (14,16). Microtubules among different
neurons and organisms differ in number, length, and spacing
(16). Future simulations of axon damage thresholds should
take into consideration the varied microtubule architectures
found in other neurons.
CONCLUSIONS

The use of computational models to predict head injury
depends on the selection of an accurate axon damage
threshold. While homogeneous models overestimate axon
strength, our image-based approach to generating microtu-
bule geometry takes into account the heterogeneity of the
axonal cytoskeleton and includes the presence of weaker
cross sections that are more susceptible to damage. Simula-
tions of tensile loading on the image-based microtubule ge-
ometry result in a heterogeneous distribution of cross-link
stretches with the highest stretches occurring near the weak-
est cross sections, indicating spatial variation in susceptibil-
ity to damage. In contrast, the homogeneous models exhibit
18 Biophysical Journal 122, 9–19, January 3, 2023
a more uniform distribution of cross-link stretches. Our
results demonstrate that heterogeneity plays a key role gov-
erning the initiation of failure in axon damage simulations.
This emphasizes the need to consider structural heterogene-
ity as an important parameter in future models studying
axon damage thresholds.

Beyond determining failure thresholds, the image-based
model generation procedure we present here could be
applied to investigate the microtubule structure in damaged
axons and to compare the microtubule structures of different
neuron populations. Simulations of mechanical loading on
the resulting models could shed light on differences in sus-
ceptibility to injury. Furthermore, the image analysis pipe-
line could be easily adapted to analyze different structures
in serial-section data sets by using different template images
in the template matching step. This has the potential to
speed up analysis in any study involving serial-section im-
age sets.
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