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Editorial on the Research Topic

Extracellular matrix dynamics in biology, bioengineering, and

pathology—Volume II

Introduction

The current volume of articles focused on extracellular matrix (ECM) presents some

recent developments in biology, bioengineering, and pathology that reiterate the central

theme of our previous volume. Collectively, these articles provide multidisciplinary

evidence that the ECM operates as a highly dynamic functional framework in

physiology and pathology. Furthermore, they underscore the opportunities available

for future explorations that can help develop more robust models of ECM structure and

function for human health and disease.

Biology

Petzold and Gentleman offer a comprehensive review of mechanical cues and their

impact on stem cells and embryogenesis. Their article contrasts the effects of

mechanotransduction from intrinsic cues vs. extrinsic cues for cell differentiation.

ECM mechanical properties and topography take the central stage in their discussion

of cellular response to mechanotransduction. The authors also provide a coherent
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summary of the bidirectional structural changes that occur in

the cell and the ECM mediated by a robust cytoskeletal

signaling network. Furthermore, their discussion extends to

the mechanoregulation of embryogenesis and the novel

methods that have emerged in this field for the

measurement of embryonic stiffness.

Few models of tendon developmental biology are available.

Moreover, models of tendon development that allow

investigation of craniofacial muscles have yet to be

explored. Korntner et al. test the capacity of chick embryos

to offer a system for the study of craniofacial tendon

development. Using the jaw-closing tendon of the musculus

adductor mandibulate externus and the jaw-opening tendon of

the musculus depressor mandibulae, they characterize the

developmental trajectory of cell and ECM morphology.

They discover that several markers implicated in limb

tendon formation are also present in embryonic jaw

tendon. Their morphological and molecular biological

characterizations of the developmental program directing

chick jaw muscle tendon assembly provide a basis for

future modeling of the developmental program shaping

human masticatory tendons.

The study by López-Mengual et al. illustrates the critical

role played by mechanical cues in the developing nervous

system. Using the mouse embryonic explant system for the

study of slices of developing brain in Matrigel preparations,

the authors complement the methods of classical

developmental biology with atomic force microscopy and

traction force microscopy measurements to demonstrate

differential tissue stiffness of the developing brain and its

immediate effects on Cajal-Retzius cell migration and

ultimate effect on neocortical development.

Bioengineering

Bioengineering researchers have long provided an ever-

expanding toolkit of methods to investigate cell and ECM

mechanobiology. In that tradition, Scholp et al. present their

design of a custom force-bioreactor that uses fibroblast-seeded

fibrin gels to allow microscopy-based documentation of force

generation in response to drug treatment. Lu et al.

describe their findings on the use of pulmonary visceral

pleura (PVP) as a potential biomaterial for tissue repair

and reconstruction. They test PVP processed from both

swine and bovine lungs to determine its structural

characteristics, mechanical properties, cytotoxicity, and

biocompatibility for rat sciatic nerve and skin repair.

ECM structural organization has long remained a fertile

ground for investigations from diverse scientific fields. An

application of methods from condensed matter physics to

detect changes in collagen fiber organization in colorectal

cancer is tested by Despotović and Ćosić. Their work shows

that the collagen fiber straightness quantified using theoretical

methods as a measure of ECM remodeling can be a useful

indicator of the early stages in the development of colorectal

cancer.

Pathology

Knutsen et al. report on the therapeutic effects of

KATP channel opener Minoxidil for the treatment

of individuals with William-Beuren Syndrome (WBS),

which occurs as a result of loss of one copy of the elastin

gene ultimately causing large artery vasculopathy. After

confirming the similarities in pathophysiological features of

elastin heterozygous null mice with those of children with

WBS they demonstrate partial remedy of cardiovascular

features in mice. Their results provide the necessary

evidence to suggest consideration of Minoxidil therapy

under strict cardiac size monitoring as an adjunct to

surgical intervention for humans with WBS cardiovascular

pathology.

In addition to gene loss targeting the ECM architecture,

defects of the cardiovascular system are also caused by the effects

of aging on the ECM morphology. In their mini-review,

Mammoto et al. describe the ECM changes that occur in

aging aorta with a particular focus on the fragmentation of

elastic fibers and excessive deposition and crosslinking of

collagens as major drivers of aging-induced aortic dysfunction.

Cardiac pathology is the focus of yet another investigation

published in this Research Topic. Studying a rodent model of

heart hypoplasia induced by congenital diaphragmatic hernia,

Watson et al. suggest that changes in environmental cues such as

ECM stiffness and mechanical force may underlie the

pathological progression of heart hypoplasia by affecting the

balance between cardiomyocyte cell proliferation and

maturation.

From experiments showing the unexpected effects

of prophylactically administered drugs on ECM functional

organization in a rat model of elbow injury and

in vitro collagen gel assay, David et al. report that simvastatin

may be a suitable prophylactic drug therapy for preventing or

mitigating post-traumatic joint contracture.

In their study on the effects of ECM on nerve injury

and regeneration, Bauch et al., using a cerebellar

slice culture model of demyelination/remyelination,

provide evidence for the inhibitory effects of tenascin-C

and tenascin-R on remyelination. Collectively, their

results show the relevance of oligodendrocyte

physiology and ECM dynamics for gaining a better

understanding of debilitating pathologies, e.g., multiple

sclerosis.
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Summary

As co-editors of this Research Topic, we

thoroughly enjoyed learning about the aforementioned

recent developments in ECM dynamics. We hope

the readers of this Research Topic would also feel the

same way.
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Intrinsic Mechanical Cues and Their
Impact on Stem Cells and
Embryogenesis
Jonna Petzold and Eileen Gentleman*

Centre for Craniofacial and Regenerative Biology, King’s College London, London, United Kingdom

Although understanding how soluble cues direct cellular processes revolutionised the
study of cell biology in the second half of the 20th century, over the last two decades,
new insights into how mechanical cues similarly impact cell fate decisions has gained
momentum. During development, extrinsic cues such as fluid flow, shear stress and
compressive forces are essential for normal embryogenesis to proceed. Indeed, both
adult and embryonic stem cells can respond to applied forces, but they can also
detect intrinsic mechanical cues from their surrounding environment, such as the
stiffness of the extracellular matrix, which impacts differentiation and morphogenesis.
Cells can detect changes in their mechanical environment using cell surface receptors
such as integrins and focal adhesions. Moreover, dynamic rearrangements of the
cytoskeleton have been identified as a key means by which forces are transmitted
from the extracellular matrix to the cell and vice versa. Although we have some
understanding of the downstream mechanisms whereby mechanical cues are translated
into changes in cell behaviour, many of the signalling pathways remain to be defined.
This review discusses the importance of intrinsic mechanical cues on adult cell fate
decisions, the emerging roles of cell surface mechano-sensors and the cytoskeleton
in enabling cells to sense its microenvironment, and the role of intracellular signalling
in translating mechanical cues into transcriptional outputs. In addition, the contribution
of mechanical cues to fundamental processes during embryogenesis such as apical
constriction and convergent extension is discussed. The continued development of
tools to measure the biomechanical properties of soft tissues in vivo is likely to uncover
currently underestimated contributions of these cues to adult stem cell fate decisions
and embryogenesis, and may inform on regenerative strategies for tissue repair.

Keywords: mechanotransduction, stem cell, embryogenesis, stiffness, development

INTRODUCTION

Over a century ago, tissue formation was often described in terms of mechanical cues. For
example, the German surgeon Julius Wolff noted that bone adapts its inner structure in response
to mechanical loading (Wolff, 1892). Later observational studies from scientists such as Eben
Carey and Alfred Glücksmann concluded that the convex and concave aspects of developing
bone are exposed to varying mechanical stresses, which impacted cartilage and bone formation
(Carey, 1922a; Glucksmann, 1942). However, in the subsequent decades of the 20th century,
much emphasis was put on understanding how highly intricate soluble biochemical cues,
molecule-receptor binding interactions and their downstream transcriptional outputs control
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tissue formation, which together now govern much of our
understanding of biology. It could be said that as a consequence,
the importance of the less specific physical cues in the cellular
microenvironment was somewhat overlooked.

Yet, despite these insights, it is now recognised that growth
factor, chemotactic and cytokine signals alone are insufficient to
explain many biological phenomena. Indeed, a cell’s mechanical
landscape plays a vital role in regulating functions such as
proliferation, differentiation and migration, in some cases
even overriding the contribution of biochemical cues. The
mechanisms whereby cells translate mechanical information
from their environment into signals that alter their behaviour
is termed “mechanotransduction” (Discher, 2005; DuFort et al.,
2011; Walters and Gentleman, 2015). In comparison to many
well characterised biochemical signals that govern cell behaviour
and function, our understanding of the impact of mechanical
cues on cells remains in its infancy. Despite this, the significance
of tissue mechanics, and in particular matrix stiffness, in health
and disease is now widely recognised (Janmey and Miller, 2011;
Astudillo, 2020).

This commentary discusses the importance of intrinsic
mechanical cues on adult cell fate decisions, with a focus on
mesenchymal stem cells (MSC). Although externally applied
extrinsic cues also play important roles in MSC differentiation,
these are only briefly referred to here, but have been reviewed
previously (Steward and Kelly, 2015; Vining and Mooney, 2017).
Specifically, we discuss the following important questions: How
do cell surface receptors such as integrins enable a cell to
sense mechanical cues from its microenvironment? What is
the importance of the cytoskeleton in the cellular response
to mechanical cues? How do intracellular signalling pathways
enable the translation of biomechanical cues into transcriptional
outputs, and what is the contribution of the nucleus itself? Lastly,
to put the importance of intrinsic mechanical cues into an in vivo
biological context, a brief historical view of mechanotransduction
in embryogenesis and the impact of intrinsic cues on embryonic
development is outlined.

THE ROLE OF MECHANICAL CUES IN
DRIVING CELL FATE

A growing body of evidence suggests that cells are able to interact
with and respond to physical changes in their microenvironment
(Vollrath et al., 2007; D’Angelo et al., 2011; Wisdom et al., 2018).
Both extrinsic and intrinsic mechanical signals are known to
regulate cell differentiation (Figure 1A). For simplicity, in this
review extrinsic cues are categorised as externally applied forces
that include fluid flow, compression, hydrostatic pressure and
tension, whilst cell shape, density, extracellular matrix (ECM)
stiffness and topography are given as examples of intrinsic
cues. Importantly the mechanical landscape within organisms is
highly complex and extrinsic and intrinsic cues often interrelate
and cannot be decoupled from one another. Cells perceive
mechanical signals in their surroundings via integrins and other
cell surface molecules (Sun et al., 2016). This prompts the cellular
cytoskeleton to respond by increasing or decreasing contractility

to counter-balance the forces acting on the cell. Changes in
cytoskeletal tension can activate downstream signalling pathways
which lead to transcriptional changes that direct cell behaviour,
including cell fate decisions. Direct interactions between the
cytoskeleton and the nucleus also play an important role in
mechanotransduction. For example, the nuclear protein lamin
A accumulates in cells on stiff ECM, protecting against DNA
damage (Swift and Discher, 2014; Cho et al., 2019). However, this
protective effect is inhibited when the cytoskeleton is disrupted.
Thus, mechanotransduction does not function as a “one-way
street” and signals from the nucleus can be transferred back to
the cytoskeleton to alter the way a cell perceives mechanical cues,
creating a transcriptional feedback loop (Figure 1B; Swift et al.,
2013; Mason et al., 2019).

Many studies in mechanobiology use bone marrow or adipose
tissue-derived MSC as a model (Gomez-Salazar et al., 2020).
It is important to note that despite their name, MSC do not
completely fulfil the criteria of bona fide stem cells. Thus,
MSC have also been referred to as “mesenchymal progenitor
cells,” “multipotent adult stem cells” and “multipotent stromal
cells” (Jiang et al., 2002; Zimmermann et al., 2003; Beltrami
et al., 2007; Gomez-Salazar et al., 2020). MSC are reported to
able to differentiate into several cell types such as osteoblasts,
myoblasts, adipocytes and chondrocytes (Pittenger et al., 1999;
McBeath et al., 2004; Deng et al., 2006; Engler et al., 2006). Their
multipotency makes MSC a particularly attractive candidate
for the rapidly advancing field of regenerative medicine and
is the driving factor behind much of the research into this
cell population.

Cell Shape and Cell Density
The direct effect of shape on cell behaviour was observed over
40 years ago by Folkman and Moscona (1978) who developed
polymer-based culture systems to alter cell shape in vitro.
Endothelial cells cultured on thin and highly adhesive polymer
layers were more spread and synthesised DNA at a faster rate
compared to rounder cells cultured on thicker polymer layers
(Folkman and Moscona, 1978). The development of patterned
PDMS stamps, which force cells to adopt a certain morphology,
identified that shape also regulates cell growth (Singhvi et al.,
1994). Individual hepatocytes cultured on small adhesive islands
have a round morphology, proliferate slowly and undergo
apoptosis, whilst culture on larger islands promotes cell spreading
and proliferation. Indeed, only 3% of hepatocytes on the smallest
islands (<1,600 µm2) entered S phase (Singhvi et al., 1994).

More recent studies have used micropatterned substrates, in
which cell shape can be tightly controlled at the micro- and
nano-meter scale in vitro (Chen et al., 1997; Engler A. J. et al.,
2004; Kumar et al., 2006). The impact of shape on cell fate
was demonstrated when examining the adipogenic-osteogenic
differentiation potential of MSC (McBeath et al., 2004; Engler
et al., 2006; Dupont et al., 2011; Halder et al., 2012). Culture
of MSC on small ECM-coated islands promotes a round cell
shape and adipogenic differentiation, whilst cells spread and
activate osteogenic differentiation programmes on larger islands
(McBeath et al., 2004). Geometrically driven cell fate change
was later confirmed by Kilian et al. (2010), who plated MSC
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FIGURE 1 | Extrinsic and intrinsic cues in mechanotransduction. (A) Cell differentiation has been shown to be affected by mechanical forces external to the cell
(extrinsic) such as shear stress from fluid flow and more local mechanical cues (intrinsic) such as cell density, shape and elasticity of the surrounding extracellular
matrix (ECM). (B) As a general concept, mechano-transduction involves the transfer of mechanical cues from the cell surface to the nucleus via the cytoskeleton.
This activates downstream cell signalling cascades, which can influence cell fate decisions. In addition, a transcriptional feedback loop allows cells to maintain a
cytoskeletal equilibrium that is responsive to changes in their mechano-environment. This is particularly important for processes like cell migration, in which continual
cytoskeletal remodelling is required for persistent cell motility.

on micropatterned surface shapes with varying cell area. Here,
lipid droplets were observed in smaller, rounder cells, whilst
alkaline phosphatase (ALP) expression was increased in spread
cells on larger islands (Kilian et al., 2010). Importantly, the
shape of these cells reflects their specialised functions in vivo;
the round morphology of adipocytes enhances their lipid storage
capabilities in adipose tissue, whereas spreading of osteoblasts
maximises deposition of matrix (Parfitt, 1984; McBeath et al.,
2004). In addition, cells’ aspect ratio is an important determinant
of fate. Specifically, the rate of osteogenesis is ∼20% higher
in MSC cultured on rectangular micro-patterns with a 4:1
aspect ratio compared to a 1:1 aspect ratio, despite the cell
area remaining constant (Kilian et al., 2010). In addition, a
high degree of curvature at the cell edge (flower-shaped micro-
patterns) promotes adipogenesis, whilst straight cell edges (star-
shaped micro-patterns) stimulates osteogenic differentiation
(Kilian et al., 2010).

Cell shape and density are closely intertwined. Cells cultured at
a low density have space to spread, whereas high density cultures
are compact, promoting a rounded cell morphology (McBride
and Knothe Tate, 2008; Wada et al., 2011). Changes in cell density
directly impact on cell fate. MSC cultured at low density tend
to express the osteogenic marker alkaline phosphatase (ALP),
whilst high density culture promotes adipogenesis (McBeath
et al., 2004). Importantly, initial plating density was found to
drive lineage commitment independently of later densities; a 4-
day high-density culture of MSC showed suppressed osteogenesis

after re-plating at a lower density (McBeath et al., 2004). Cell
density also controls morphogenesis and cell proliferation in
sheets of epithelial and endothelial cells cultured in vitro (Nelson
et al., 2005; Halder et al., 2012). Increased density at the centre
of cell monolayers cultured on round FN-coated islands prevents
proliferation, whilst sparsely spaced cells at island edges undergo
rapid cell proliferation (Nelson et al., 2005). This difference in
cell-cycle progression was attributed to a gradient of traction
forces generated by cells according to their location, whereby
those at the edge of the islands applied more force than cells in the
centre (Nelson et al., 2005). Taken together, these studies outline
the impact that cell area, aspect-ratio and density can have in
determining fate.

Effects of Extracellular Matrix Elasticity
The ECM provides both chemical and physical signals which
impact on cell behaviour and fate (Eroshenko et al., 2013).
Specifically, both the viscoelasticity (discussed in Section
“Summary and Outlook”) and elasticity of the cellular
microenvironment are known to modulate various cellular
characteristics, such as shape, proliferation, differentiation and
migration (Lo et al., 2000; Engler et al., 2008; Winer et al.,
2008; Evans et al., 2009; Dupont et al., 2011; Kumar et al., 2017;
Chaudhuri et al., 2020). “Stiffness” describes the ability of an
elastic material to resist deformation when force is applied (Evans
and Gentleman, 2014). In effect, this constitutes the resistance
felt by a cell when it deforms its surrounding matrix (Engler et al.,
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2006). Stiffness is often quantified by measuring the Young’s
modulus (units: pascal; Pa) of a material (Evans and Gentleman,
2014). Importantly, the Young’s modulus is a fundamental
property of a material and remains the same even when the size
of a material changes. Here, the terms “stiffness,” “elasticity”
and “compliance” are used interchangeably to describe the same
concept (Norman et al., 2021).

To better understand the effect of ECM stiffness on cell
behaviour, several studies have attempted to recapitulate relevant
in vivo stiffnesses in vitro by using 2D tunable polymer matrices
(Engler et al., 2006; Dupont et al., 2011; Zhang et al., 2017;
Zhou et al., 2017; Sun et al., 2018). A common strategy
is to use polyacrylamide (PAA) hydrogels, in which varying
concentrations of acrylamide and bis-acrylamide are combined
to generate hydrogel matrices of varying stiffness (Pelham and
Wang, 1997; Flanagan et al., 2002; Chin et al., 2020). The first
well-characterised study using PAA hydrogels identified that
fibroblasts and epithelial cells were less spread, irregularly shaped
and lacked focal adhesions (FA) on more compliant matrices
(Pelham and Wang, 1997). This finding provided early evidence
that cells elicit a compliance-specific response, and provided the
basis for studies that later showed stem cells to differentiate
most readily on surfaces with stiffnesses that were physiologically
relevant for the particular cell type (McBeath et al., 2004; Kumar
et al., 2006; Venugopal et al., 2018).

The compliance of a cell’s environment modulates its
morphology. In general, stiffer matrices promote cell spreading
and softer matrices induce rounded cell phenotypes (Figure 1;
Engler et al., 2006; McBride et al., 2008; El-Mohri et al., 2017).
Cells residing in more compliant environments can easily deform
their surrounding matrix and do not need to generate a large
amount of force to counter-balance their matrix, thus they remain
round (Knothe Tate et al., 2008). Less compliant environments
resist cellular forces and are not easily deformed. Therefore, cells
generate tension and respond by spreading over their matrix
(McBride et al., 2008). Cell proliferation is also coupled to
substrate compliance and many cells proliferate at a slower rate
on softer matrices (Engler et al., 2006; Ghosh et al., 2007; Winer
et al., 2008; Dupont et al., 2011; Provenzano and Keely, 2011;
Wood et al., 2011). Winer et al. showed that MSC cultured on
collagen I-coated PAA gels recapitulating the stiffness of bovine
bone marrow (250 Pa) underwent cell cycle arrest and a reduction
in DNA synthesis (Winer et al., 2008). This phenomenon has
biological relevance, as this may be a mechanism by which MSC
retain their stemness within the bone marrow microenvironment
(Winer et al., 2008).

Stem cell differentiation and/or self-renewal has also been
shown to be dependent on matrix elasticity and can be promoted
on substrates with tissue-specific compliance (Engler A. et al.,
2004; Georges and Janmey, 2005; Venugopal et al., 2018).
For example, MSC preferentially express skeletal muscle-like
myosin striations on micro-patterned substrates with a matrix
compliance 8–11 kPa (Engler A. et al., 2004). This is in keeping
with Atomic Force Microscopy (AFM) force spectroscopy
measurements performed ex vivo on digitorum longus muscles
in mice that identified a Young’s modulus of ∼12 kPa. Moreover,
Gilbert and colleagues were able to show that the self-renewal

of muscle stem cells could be enhanced on 12 kPa substrates
that matched the stiffness of the native tissue (Gilbert et al.,
2010). Thus, by recapitulating the mechanical compliance of
the in vivo cellular matrix in vitro, a specific cellular response
could be promoted.

Along similar lines, neuronal or adipogenic differentiation of
MSC was found to be enhanced on softer matrices, whilst stiffer
ECM promoted myocyte and osteoblast differentiation (McBeath
et al., 2004; Engler et al., 2006; Dupont et al., 2011). Specifically,
substrate compliances between 0.1 and 1 kPa (in vivo elasticity of
brain tissue) promoted branched morphologies and B3 tubulin
expression typical of neurons (Flanagan et al., 2002; McBeath
et al., 2004), 8–17 kPa promoted striated muscle morphologies
and expression of the myogenic transcription factor myogenic
differentiation 1 (MYOD1) (Engler A. et al., 2004), and 25–40 kPa
promoted osteogenic morphologies and expression of the early
osteogenic transcription factor RUNX2 (Engler et al., 2006). In
fact, if MSC are pre-incubated on neurogenic matrices (0.1–
1 kPa) for three weeks before switching to myogenic or osteogenic
media, inductive signals from the media are over-ridden and
MSC maintain a neurogenic fate (Engler et al., 2006; Halder
et al., 2012). Taken together ECM elasticity and the associated cell
shape changes are sufficient to drive MSC fate independently of
soluble factors, although addition of induction media can further
enhance this response.

“Micropillars” of varying heights have also been developed
to modulate the cell’s perceived stiffness of its substrate, whilst
directly controlling the number of cell-ECM contacts in vitro
(Figure 2; Andersson et al., 2003; Nikkhah et al., 2012; Lee et al.,
2013). In general, the behaviour of cells on short pillars mirrors
that on stiff PAA gels, whilst cells cultured on tall, bendable pillars
behave as they would on soft ECM (Nikkhah et al., 2012). Fu
et al. showed that much like on stiff surfaces, short rigid micro-
posts promote MSC spreading, actin stress fibre assembly and
the formation of large FA. In contrast, cells maintain a rounded
phenotype and disorganised actin structure on longer micro-
posts (Fu et al., 2010). Here, micropillar-induced specification
did not occur in normal differentiation medium, but when
supplemented with adipo-osteogenic differentiation factors, rigid
pillars promoted osteogenic and soft pillars enhanced adipogenic
differentiation.

It is important to note that cellular responses to ECM stiffness
are not universal. Although for many cell types, differentiation
is enhanced on tissue-specific ECM stiffnesses, this is not always
the case. For instance, it has been reported that the expansion of
undifferentiated embryonic fibroblasts occurs independently of
substrate stiffness (Ali et al., 2015). In addition, human blood cells
such as neutrophils appear to be insensitive to the compliance
of their environment and spread equally on a range of matrix
stiffnesses from 180 Pa to 2.8 kPa (Discher, 2005; Yeung et al.,
2005). Lastly, the differentiation state of cells may play a role
in how responsive they are to mechanical cues (Eroshenko
et al., 2013). Although mature fibroblasts and endothelial cells
alter their shape when exposed to different ECM stiffnesses,
this is not the case in undifferentiated ESC. Here, no change
in undifferentiated ESC shape was observed within 12 h of
culture on matrices with varying compliance (Eroshenko et al.,
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FIGURE 2 | Summary of cell responses to ECM elasticity, topography and
micropillars. (A) Fluorescence microscopy images show typical cell response
on soft (0.5 kPa) and stiff (40 kPa) substrates. In general, cells (in this case
embryonic neural crest cells) on soft (0.5 kPa) substrates remain rounded,
whilst those on stiff (40 kPa) ECM spread and have organised F-actin fibres,
as seen by the phalloidin staining (PHAL, green). (B) Typically, MSC cultured
on long flexible micropillars respond similarly as they would on soft ECM and
have a rounded morphology, whilst those on short inflexible micropillars
behave as they would on stiff ECM and spread. (C) In general, MSC cultured
on wider microgrooves show enhanced adipogenesis, whilst those on stiff
substrates have an elongated morphology which promotes osteogenesis (Fu
et al., 2010; Nikkhah et al., 2012; Abagnale et al., 2015). Scale bar 100 µm.

2013). Taken together, cell responses to ECM elasticity appear
to be fundamentally different depending on the cell type, so
conclusions one cannot necessarily be extrapolated to other
cell populations.

Extracellular Matrix Topography
In addition to ECM stiffness and geometry, topographic changes
to the cellular environment impact on cell behaviour and fate
(Chen et al., 2012; Eroshenko et al., 2013; Abagnale et al.,
2017, 2015). Thus far, we have discussed cellular responses
to the mechanical properties of flat 2D surfaces; however,
during embryogenesis and adult homeostasis, cells are likely to
encounter a varying topographic landscape (Abagnale et al., 2017;
Murakami et al., 2017). Micro-and nano-printing techniques
using microgrooves, ridges and thin polymer fibres, have
helped to delineate the impact of surface topography on cell
differentiation (Chen et al., 2012; Chen and Zhu, 2013). In
general, the presence of grooves and ridges increases cell
attachment, proliferation and alignment in comparison with flat
controls (Peerani et al., 2007; Yim et al., 2007; Chen et al.,
2012; Goetzke et al., 2018). For example, using microgrooved
polyimide substrates, Abagnale et al. report that MSC cultured
on wider grooves (15 µm) undergo adipogenesis, whilst those on
thinner grooves (2 µm) differentiate into osteoblasts (Figure 2;
Abagnale et al., 2015). Notably, altering ridge width was not
sufficient to induce terminal differentiation in MSC per se, but

directed differentiation toward a particular lineage. In this case,
soluble growth factors were required to fully induce adipogenic
or osteogenic fate (Abagnale et al., 2015).

Notably, defined and straight microgrooves are unlikely to
replicate the complexity of the in vivo environment, a problem
partly overcome by the development of nanorough surfaces.
Here, reactive ion etching is used to generate nanorough surfaces,
with a surface roughness between 1 and 150 nm (Chen et al.,
2012). In one study, 7-day culture on nanorough surfaces
stimulated ESC differentiation, as indicated by a reduction in the
number of Oct3/4 positive cells from 93% on smooth glass to 37%
on 150 nm nanorough glass (Chen et al., 2012). Not only is cell
morphology and differentiation sensitive to surface topography,
the release of cytokines to fight bacterial infection is also affected.
Epithelial cells seeded onto microgrooves or nanopillars released
fewer proinflammatory cytokines and chemokines in comparison
to flat controls, despite identical surface chemistry between
conditions (Andersson et al., 2003). This highlights the far-
reaching impact of the topographical environment. As with
cell shape and ECM stiffness, cell responses to topological cues
appears to be cell-type dependent, thus conclusions from one cell
type cannot be extrapolated to another.

MECHANISMS OF
MECHANOTRANSDUCTION –
MECHANOSENSORS

Section 3 described the behavioural responses of cells to intrinsic
mechanical cues. However, the intracellular mechanisms by
which mechanical cues are translated into transcriptional outputs
are less well understood. In general, mechanical signals are
initially perceived by membrane-embedded proteins acting as
“stiffness-sensors” such as integrins, FA, G-protein coupled
receptors (GPCR), cadherins and ion channels (Aragona et al.,
2013; Dasgupta and McCollum, 2019). This activates Rho-ROCK,
FAK and integrin-mediated signalling pathways. Subsequently,
the cytoskeleton responds by changing its structure to increase
or decrease cellular contractility. Ultimately, these cytoskeletal
changes activate downstream signalling pathways, such as
YAP/TAZ and MRTF-SRF signalling, leading to changes in
cell behaviour and fate. Figure 3 provides an overview of
some of the most important mechano-transduction pathways
identified to date.

Integrin and Focal Adhesion Signalling
Integrins are transmembrane receptors that consist of non-
covalently bonded α and ß subunits at the cell membrane, which
directly tether the cytoskeleton to the ECM. Many changes to
the mechanical properties of the ECM will be perceived by
these transmembrane receptors. For instance, if the rigidity of
the ECM is increased, this is felt via integrin receptors on the
cell surface. These integrin receptors are associated with the
actin cytoskeleton via the “integrin adhesome,” which consists of
several proteins (Winograd-Katz et al., 2014). Thus, the integrin
adhesome enables changes in the cellular microenvironment to
be transmitted to the cytoskeleton and vice versa (Ingber, 2006;
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FIGURE 3 | Schematic representation of mechanotransduction pathways. Mechanical stimuli are perceived by mechano-sensors at the cellular-ECM interface, such
as integrin-FA complexes, GPCR, AJ and stretch-activated ion channels. This activates several cellular signalling pathways involving kinases or transcription factors
(MAPK, ERK, JNK, PKC, AP-1), as well as Rho small GTPases (RhoA). RhoA-GTP regulates actin structure by (1) activating mDia to promote actin polymerisation (2)
activating ROCK, which enhances actin contractility by activating NMM II phosphorylation, and (3) preventing actin disassembly by inhibiting the actin-severing
protein COF. The remodelling of F-actin and increased cytoskeletal tension also regulates YAP/TAZ, which translocate to the nucleus in response to mechanical
strain. At AJ, cadherin-actomyosin connections form via α-cat and ß-cat. An increase in tension at cell-cell contacts induces unfolding of α-cat, which promotes
recruitment of AJ-stabilisation proteins such as vinculin. In response to a loss of cell-cell adhesion or mechanical stimulation, ß-cat can translocate to the nucleus, to
activate mechanosensitive genes. Nuclear mechano-transduction occurs via the LINC complex, which directly couples the nuclear envelope to the cytoskeleton.
NES 1/2 form a link between actin and SUN 1/2 proteins in the perinuclear space, which interact with the nuclear lamina via EM and lamin A. Nesprin proteins also
connect the nuclear lamina with intermediate filaments and microtubules (not depicted here). JNK, c-Jun N-terminal kinase; PKC, protein kinase C; AP-1, activator
protein 1; FAC, focal adhesion complex; GCPR, G-protein coupled receptor; IC, ion channel; ECM, extracellular matrix; AJ, adherens junction; α-cat, alpha-catenin;
ß-cat, beta-catenin; YAP, yes associated protein; TAZ, WW domain-containing transcription regulator protein 1 NES 1/2, nesprin-1/2; SUN 1/2, sun-domain
containing protein 1/2; EM, emerin; AP-1, activator protein 1; ERK, extracellular-receptor kinase; ROCK, rho-associated protein kinase; RhoA, ras homolog family
member A; COF, cofillin; NMM II, non-muscle myosin II. Created using BioRender.com.

Kumar et al., 2006). In stiff microenvironments, the cell responds
by re-arranging its actin cytoskeleton and strengthening its stress
fibres to balance out the forces exerted by the ECM (Ingber,
2006). This maintains a tensional equilibrium between the
cell and its surrounding microenvironment, whereby stiffness-
induced changes in cytoskeletal tension are transmitted back to
the ECM via FA and integrin receptors, enabling cells to remodel
their surrounding matrix (Ingber, 2006).

FA are the main site of interaction between ECM-bound
integrins and the actin cytoskeleton, providing a form of
molecular bridge between the ECM and the cell (Matthews et al.,
2004; Martino et al., 2018). This enables integrins and FA to
mediate several processes such as cell adhesion, migration, cell-
ECM force transmission, cytoskeletal re-arrangements and signal
transduction (Kanchanawong et al., 2010; Bays and DeMali,
2017; Martino et al., 2018). To date, over 50 proteins have been
associated with FA sites; some of the most well-characterised
components of FA complexes include the non-receptor tyrosine
kinase focal adhesion kinase (FAK), the adaptor proteins paxillin,
talin, vinculin, zyxin, vasodilator–stimulated phosphoprotein
(VASP) and the microfilament protein α-actinin (Bays and

DeMali, 2017; Burridge, 2017). Using 3D super-resolution
fluorescence microscopy, Kanchanawong et al. identified three
vertical FA layers; the uppermost “integrin signalling layer,”
the central “force transduction layer,” and the innermost “actin
regulatory layer,” each composed of different interacting proteins
(Figure 4; Kanchanawong et al., 2010). This “integrin adhesome”
spans 20 nm across the plasma membrane and provides a
“snapshot” view of the position of FA proteins (Kanchanawong
et al., 2010). Later evidence shows that when activated, some
proteins such as vinculin and zyxin are mobilised from their
position in one layer (in this case the signalling layer) to another
(in this case actin regulatory layer). This active redistribution
of proteins helps to propagate mechanical signals from the
ECM to the cytoskeleton (Yoshigi et al., 2005; Case et al., 2015;
Sun et al., 2016).

FA proteins are highly sensitive to the cellular
microenvironment, and are readily recruited and assembled
at the integrin binding site in response to an increase in ECM
stiffness (Smith et al., 2013). This stabilises the strain site and
reinforces the cytoskeleton (Smith et al., 2013). Seong et al.
visualised FAK activity using a FAK-FRET biosensor in various
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FIGURE 4 | Schematic representation of focal adhesion kinase signalling. FA signalling: FAK is recruited to integrin clusters at the cell-ECM boundary in response to
changes to ECM stiffness, or other physical cues. This initiates formation of the FA complex by recruitment of various proteins such as TLN and VCL and CAS, which
transduce mechanical stimuli from the ECM to the cellular cytoskeleton. VASP, Zyx and α-actinin directly regulate actin assembly. Three general FA layers are
depicted, including the integrin signalling layer, force transduction layer and actin regulatory layer. FA, focal adhesion; ECM, extracellular matrix; ITα;ITß, integrin
subunit α and ß; FAK, focal adhesion kinase; TLN, talin; VCL, vinculin; Zyz, zyxin; NMM II, non-muscle myosin II; VASP, vasodilator-stimulated phosphoprotein.

tumour cell lines cultured on surfaces with varying stiffnesses
and concluded that FAK activity is directly proportional to
increasing substrate stiffness (Seong et al., 2013). This was
correlated with increased cell traction, confirming that cells
in stiffer environments exert a higher traction to interact with
their less compliant surroundings (Seong et al., 2013). The
recruitment of the adaptor protein paxillin to FA sites is also
known to be tension sensitive; a lack of tension reduces paxillin
at FA and prevents actin polymerisation, leading to a lack of
stress fibre repair and stress fibre breaks (Smith et al., 2013;
Martino et al., 2018). Thus, effective recruitment of FA proteins
is essential for the reinforcement of the cytoskeleton in response
to mechanical cues.

In addition to recruitment of FA adaptor proteins, application
of force can induce conformational changes to promote their
interaction. Indeed, vinculin forms a link between talin and
actin, which is essential for cells to strengthen their FA and
generate traction forces (Atherton et al., 2015; Martino et al.,
2018). The adhesion protein talin has several vinculin binding

sites, but these remain unavailable to vinculin in the absence
of force (Rahikainen et al., 2017). However, by computationally
inducing changes to the stability of talin, Rahikainen et al.
showed that mechanical forces are transmitted through talin as
the FA site matures, which promotes unfolding of the protein.
As a result, binding sites for vinculin are made available and
subsequent vinculin accumulation strengthens the adhesion
complex (Rahikainen et al., 2017).

FA and their associated adaptor proteins play an important
role in creating the ECM–cytoskeleton–nuclear signalling axis.
As mentioned, several FA proteins, such as zyxin, VASP and
vinculin can be redistributed to actin stress fibres within the cell
when mechanical force is applied (Yoshigi et al., 2005; Case et al.,
2015). Some reports show that zyxin and paxillin can detach
from FA sites and translocate directly to the nucleus to initiate
specific gene expression changes (Cattaruzza et al., 2004; Zhou
et al., 2017). For instance, in vascular smooth muscle cells, zyxin
dissociates and shuttles to the nucleus when cyclic stretch is
applied to cells in vitro, modulating mechano-responsive genes
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such as those for endothelin B and tenascin-C (Cattaruzza
et al., 2004). In addition, nuclear transport of paxillin is known
to promote DNA synthesis and cell proliferation in cervical
cancer cells (Dong et al., 2009). Taken together, these studies
demonstrate the important role integrins and FA play in the
transmission of mechanical cues and their translation into
biochemical responses.

The Cytoskeleton
The cytoskeleton is a dynamic structure composed of F-actin
stress fibres, microtubules and intermediate filaments, which
control cell movement, shape and homeostasis (Fletcher et al.,
2010; Hoffman et al., 2011; Martino et al., 2018). Contraction
of the cytoskeleton is mediated by F-actin fibres and NMM II
contractile units, which form direct links with integrins and
FA at the cell membrane to transmit forces from the ECM
to the cell and vice versa (Engler et al., 2006; Naumanen
et al., 2008; Kilian et al., 2010). The cytoskeleton exerts tension
in a similar way to which muscles contract; as NMM II
contracts, actomyosin filaments slide over one-another and
contract (Steward and Kelly, 2015). As such, the cytoskeleton
can “feel” and counterbalance extracellular forces applied to
the cell by generating intracellular tension. Subsequently, this
increases or decreases the traction forces applied by the cell to
its surrounding matrix, a phenomenon described as “mechano-
sensing” (Evans and Gentleman, 2014).

Changes in ECM stiffness have a striking effect on F-actin
structure and assembly. Cells on stiff ECM cannot deform their
matrix and generate highly organised linear arrays of F-actin
fibres, whilst cells on soft ECM deform their surrounding
matrix and do not exhibit pronounced cytoskeletal F-actin fibres
(Georges and Janmey, 2005; Engler et al., 2006; Ghosh et al., 2007;
Seong et al., 2013; Evans and Gentleman, 2014). For instance,
human dermal fibroblasts cultured on stiff PAA gels (∼5 kPa)
have highly organised F-actin fibres, whilst F-actin filaments are
irregular in cells cultured on soft matrices (550 Pa) (Ghosh et al.,
2007). This study also characterised the traction forces generated
by fibroblasts on their ECM by dissociating fibroblasts from PAA
hydrogels and measuring the subsequent displacement of 40 nm
fluorescent beads embedded within the substrates. The traction
forces exerted by the fibroblasts on their matrix as well as the
stiffness of the cells themselves increased as the matrix became
less compliant (Ghosh et al., 2007). Changes to ECM topography
also impact on F-actin assembly (Halder et al., 2012). This is
particularly noticeable in cells cultured on micro-patterned linear
grooves where F-actin fibres arrange themselves parallel to the
grooves (Engler A. et al., 2004; Halder et al., 2012). Notably,
F-actin stress fibre size, strength, and curvature are directly linked
to the number and spatial distribution of cell-ECM adhesion sites
(Théry et al., 2006). This matrix-specific cytoskeletal response
allows cells to appropriately interact with and deform their
surrounding matrix.

Small molecule cytoskeletal inhibitors have helped to elucidate
the role of the cytoskeleton in propagating mechanical signals
in vitro. Common inhibitors include blebbistatin (inhibits NMM
II), Y-27632 (inhibits Rho kinase; ROCK) and Latrunculin A
(inhibits actin polymerisation). These inhibitors have helped

identify the role of cytoskeletal tension in cell lineage specification
(Engler A. et al., 2004; Engler et al., 2006; Kumar et al., 2006).
For instance, treatment with blebbistatin prevents the stiffness-
induced differentiation of MSC, which demonstrates the integral
role of the cytoskeleton in mediating the mechano-sensory
response of MSC (Engler et al., 2006). As mentioned previously,
MSC cultured on flower- or star-shaped patterns promote
adipogenic (72%) or osteogenic (67%) cell fates, respectively
(Kilian et al., 2010). However, when cytoskeletal tension is
inhibited, adipogenic differentiation is favoured on both shapes
(Kilian et al., 2010). In contrast, osteogenesis is promoted
independently of cell shape when actomyosin contractility is
pharmacologically enhanced (Kilian et al., 2010). Cytoskeletal
inhibitors have also proven fundamental in determining the
longevity of tension-mediated cell fate changes (Fu et al., 2010).
Indeed, a 12-h Y27632-treatment of MSC on ridged micro-pillars
suppressed osteogenic differentiation for up to 7-days post-
treatment (Fu et al., 2010). The studies discussed here indicate
that the cellular cytoskeleton, traction forces and cell stiffness
act in a feedback loop and respond to changes in substrate
dynamics to create an equilibrium between cell and matrix
tension (Ghosh et al., 2007).

Rho/Rho-Associated Protein
Kinase/Non-muscle Myosin II Signalling
Rho/ROCK signalling is one of the main pathways mediating
the cytoskeletal responses described above. This Rho family
of GTPases (RhoA, Rac and Cdc42) is responsible for the
organisation of actin cytoskeletal stress fibres and the formation
of lamellipodia and filopodia (Nobes and Hall, 1999; Amano et al.,
2010). Rho and ROCK can directly associate with actin stress
fibres and when Rho is active (Rho-GTP), it signals via ROCK
to increase cytoskeletal contraction in response to force (Leung
et al., 1996; Amano et al., 1997; Katoh et al., 2011). When ROCK
is active, stress fibres and FA are well-defined whilst ROCK
inhibition disrupts F-actin stress fibres and reduces contractile
tension after just 1 h (Katoh et al., 2001).

ROCK induces and maintains stress fibre contraction via
various mechanisms (Amano et al., 2010; Katoh et al., 2011, 2001;
Julian and Olson, 2014). For instance, ROCK phosphorylates
myosin II light chain (MLC) and activates myosin ATPase, which
mediates the interaction between MLC and F-actin to induce
actomyosin contractility (Julian and Olson, 2014). Furthermore,
ROCK inactivates myosin phosphatase, which prevents this
kinase from dephosphorylating MLC, maintaining the activity of
MLC (Julian and Olson, 2014). ROCK kinases also phosphorylate
LIM kinases and subsequently inactivate cofilin, preventing this
protein from depolymerising actin filaments (Sumi et al., 2001).
Thus, inhibition of cofilin results in an overall increase in the
number of cellular actin filaments and cytoskeletal tension (Sumi
et al., 2001). In summary, Rho, ROCK and MLC work together to
modulate force-induced actomyosin contraction.

Rho/ROCK signalling has been implicated in cell fate
decisions in multiple cell types (Sordella et al., 2003; McBeath
et al., 2004; Woods et al., 2005). Indeed, the fundamental role of
ROCK signalling in MSC differentiation in response to cell shape
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was identified in 2004. Here, transfection of MSC with active
ROCK was sufficient to induce osteogenic fate independently of
cell shape (McBeath et al., 2004). In addition, pharmacological
inhibition of ROCK prevented stress fibre formation and
osteogenesis. Interestingly, the authors conclude that both cell
shape and RhoA signalling are necessary, but that neither is
sufficient to drive cell fate in MSC (McBeath et al., 2004). Later
studies in human fibroblasts confirmed that high ROCK activity
is associated with stiff ECM and osteogenesis, whilst soft matrix
is associated with low ROCK activity and adipogenic fate (Katoh
et al., 2011). Rho/ROCK signalling also plays an important
role in chondrogenesis. Inhibition of RhoA or ROCK increases
glycosaminoglycan production and mRNA expression of the
chondrogenic marker SOX9 in MSC cultured in vitro (Woods
et al., 2005). Moreover, ROCK inhibition in the chondrogenic cell
line ATDC5 promotes a round cell morphology and an increase
in cortical actin, which are typical hallmarks of the chondrogenic
phenotypes (Woods et al., 2005). In a later study, the hypoxia-
mediated enrichment of chondrogenic markers on soft PAA gels
was prevented by inhibition of ROCK (Foyt et al., 2019). This
suggests that Rho/ROCK signalling may underpin the effects of
hypoxia in this context.

Rho signalling has also been implicated in the switch between
adipogenic and myogenic differentiation programmes in MSC
(Sordella et al., 2003; McBeath et al., 2004). Several findings
support the notion that Rho activity promotes myogenesis,
whilst RhoA inhibition induces adipogenesis. MSC cultured in
ROCK inhibitor promoted adipogenesis (Sordella et al., 2003);
however, expression of a constitutionally active Rho GTPase
(RhoV14), which acts upstream of ROCK, reduces adipogenesis.
This effect is mediated by the insulin growth factor (IGF)
pathway, whereby IGF-1 promotes Rho activation which drives
myogenesis. Mechanical cues such as oscillatory fluid flow have
been shown to directly activate RhoA and downstream ROCK in
murine MSC, and induce the expression of the osteogenic marker
Runx2. Inhibition of RhoA and ROCK independently of one
another, found that both are required for flow-induced Runx2
expression (Arnsdorf et al., 2009). In conclusion, these studies
illustrate the integral role that RhoA/ROCK signalling plays in
the transmission of mechanical cues to drive cell differentiation.

Yes-Associated Protein/TAZ Signalling
The protein homologues yes-associated protein (YAP) and
WW domain-containing transcription regulator protein 1 (TAZ)
are key components of the HIPPO signalling cascade, which
regulates organ size, cell proliferation, differentiation and
migration in several systems (Dupont, 2016; Hindley et al.,
2016; Manning et al., 2020). When Hippo signalling is active,
YAP and TAZ are phosphorylated by large tumour suppressor
kinase 1/2 (LATS1/2), which induces YAP/TAZ ubiquitination
and degradation and/or sequesters the proteins to the cytoplasm.
When the HIPPO signalling is inactive, YAP and TAZ are
not phosphorylated and translocate to the nucleus, where they
bind to TEAD regulatory elements and activate transcriptional
programmes to promote cell growth and proliferation (Figure 5).
In principle, nuclear YAP/TAZ promotes proliferation whilst
contact inhibition induces cytoplasmic and transcriptionally

inactive YAP/TAZ, reducing proliferation (Piccolo et al., 2014).
In reality, nuclear-cytoplasmic shuttling of YAP/TAZ is more
complex and occurs via multiple regulatory pathways. For
instance, these proteins can be phosphorylated by other kinases,
for example protein kinase B (AKT) and c-Jun N-terminal
kinases (JNK) and are regulated by the ß-catenin degradation
complex during WNT signalling (Basu et al., 2003; Azzolin et al.,
2014; Piccolo et al., 2014). In addition, YAP/TAZ activity has
been found to be regulated via HIPPO-dependent and HIPPO-
independent mechanisms (Figure 6; Zhao et al., 2008; Dupont
et al., 2011; Aragona et al., 2013; Dobrokhotov et al., 2018).

In 2011, pioneering work by Dupont et al. categorised
YAP and TAZ as “mechano-sensors.” They identified that in
MSC, the localisation of YAP/TAZ changes in response to
mechanical cues such as shape, density, ECM stiffness and
cytoskeletal tension (Dupont et al., 2011). Specifically, small
micro-patterned islands, low ECM stiffness, high cell density and
a rounded shape promoted cytoplasmic retention of YAP/TAZ,
while larger islands, a high matrix stiffness, sparse cell density
and spreading promoted nuclear accumulation of YAP/TAZ
(Dupont et al., 2011). Moreover, YAP/TAZ localisation impacted
MSC fate. Nuclear YAP was found to promote osteogenesis,
while cytoplasmic localisation drove adipogenesis (Dupont et al.,
2011; Dupont, 2016). Importantly, overexpression of YAP/TAZ
in vitro promotes osteogenic differentiation and cell proliferation
in cells on soft ECM, and is thus sufficient to “trick” cells into
behaving as they would on a stiff matrix (Dupont et al., 2011).
In short, YAP/TAZ sense mechanical cues and also mediate the
cellular response to mechanical stimulation, a mechanism which
is conserved across multiple cell types (Engler et al., 2006; Dupont
et al., 2011; Wada et al., 2011; Halder et al., 2012; Aragona et al.,
2013; Galarza Torre et al., 2018; Meng et al., 2018).

Wada et al. (2011) reported that actomyosin tension regulates
YAP/TAZ through LATS1/2-dependent phosphorylation of YAP.
It was proposed that signals from F-actin stress fibres either
directly inhibit or function upstream of LATS 1/2, which prevents
YAP/TAZ phosphorylation (Wada et al., 2011). In endothelial
cells, pharmacological disruption of F-actin led to a decrease
in nuclear YAP localisation. However, when endothelial cells
were transfected with a kinase-defective form of LATS2 and
F-actin was inhibited, nuclear YAP was maintained. The authors
conclude that stress fibres regulate YAP via HIPPO signalling,
although the possibility that F-actin also functions independently
of HIPPO could not be excluded. Stiff ECM also activates a FAK
signalling pathway (β1-integrin–FAK–Src–PI3K–PDK1), which
directly inhibits LATS1/2 activity and promotes nuclear YAP
localisation (Dobrokhotov et al., 2018; Lachowski et al., 2018).

However, YAP/TAZ have also been found to be modulated
via cytoskeletal tension, cell shape, density and ECM stiffness
independently of HIPPO signalling pathways (Aragona et al.,
2013; Dobrokhotov et al., 2018). This phenomenon has been
reported in MSC, mouse embryonic fibroblasts, keratinocytes
and mammary epithelial cells (Dupont et al., 2011; Halder et al.,
2012). Disruption of actomyosin tension inactivates YAP/TAZ
and promotes their cytoplasmic localisation, which suggests these
proteins are directly regulated by the cytoskeleton (Dupont
et al., 2011; Wada et al., 2011; Zhao et al., 2012). YAP/TAZ
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FIGURE 5 | YAP/TAZ mechanism of action. Schematic showing mechanical regulation of YAP/TAZ activity and modulation of cell behaviour by YAP/TAZ in MSC.
Osteogenesis and skeletal muscle fates are promoted by stiff ECM and a low cell density, allowing MSC to spread and generate cytoskeletal tension via F-actin
stress fibres. The stiff matrix promotes stress fibre formation and YAP/TAZ nuclear translocation. Conversely, adipogenic fates are promoted by soft ECM and high
cell-cell contact. The soft matrix prevents stress fibre formation, thus MSC cannot generate tension and display only cortical actin. As such, YAP/TAZ are retained in
the cytoplasm, undergo proteasomal degradation and are rendered inactive, promoting adipogenesis. Created using Biorender.com.

expression can be modulated by F-actin capping and severing
proteins, which prevent actin polymerisation; siRNA-mediated
knock-out of the actin-capping proteins reactivated mRNA
expression of the YAP/TAZ target genes on soft matrices
and in dense cultures (Aragona et al., 2013). In addition,
LATS1/2 knockdown did not restore nuclear YAP/TAZ activity
in cells treated with a cytoskeletal inhibitor, or cells cultured
on soft ECM (Dupont et al., 2011; Aragona et al., 2013).
This suggests that mechanical control of YAP/TAZ activity is
predominantly regulated by cytoskeletal signals, which may
dominate over HIPPO-dependent signalling. Moreover, physical
cues and F-actin structure can also alter the responsiveness
of YAP/TAZ to inputs from WNT or GPCR signalling
(Aragona et al., 2013). Ultimately, this implies that cells
require an appropriate cytoskeletal structure to control YAP/TAZ
transcriptional activity; however, the exact mechanisms are not
yet well characterised (Piccolo et al., 2014).

Additional regulators of YAP/TAZ activity such as calveolin-
1 (CAV1), as well as the nucleus itself have recently been
described (Elosegui-Artola et al., 2017; Meng et al., 2018;
Moreno-Vicente et al., 2018). CAV1 controls YAP via a
HIPPO-independent mechanism; mouse embryonic fibroblasts
deficient of CAV1 exhibit a disorganised actin cytoskeleton,
cytoplasmic YAP and reduced expression of YAP targets
(Moreno-Vicente et al., 2018). CAV1 was also found to
directly control the response of YAP/TAZ to cytoskeletal
tension via direct interaction with YAP (Moreno-Vicente
et al., 2018). In addition, stiff ECM has been found to drive
YAP/TAZ into the nucleus by opening nuclear pores which

can occur independently of cytoskeletal contraction (see Section
“Nuclear Mechanotransduction”; Elosegui-Artola et al., 2017;
Dobrokhotov et al., 2018).

Serum Response Factor Signalling and
Myocardin-Related Transcription Factors
Myocardin-related transcription factors (MRTF) and serum
response factor (SRF) also play important roles in modulating
gene expression in response to biophysical cues (Olson and
Nordheim, 2010; Costa et al., 2012). MRTFs bind to nuclear
SRF, which activates downstream SRF-responsive genes, many
of which are involved in the regulation of the cellular
actomyosin structure. MRTFs are normally sequestered to the
cytoplasm when bound to G-actin in the presence of low actin
polymerisation (Sotiropoulos et al., 1999; Posern et al., 2002).
However, when cells are mechanically stimulated, MRTF is
released from G-actin and translocates to the nucleus, where
it directly interacts with SRF (Sotiropoulos et al., 1999; Miano
et al., 2007; Olson and Nordheim, 2010). The downstream
targets of SRF are not limited to cytoskeletal genes. SRF also
regulates smooth muscle differentiation by binding to the CArg
box element of myocardin (MYOCD) (Miano et al., 2007).
Several stretch-sensitive signalling pathways, such as the ERK1/2
pathway have been implicated in smooth muscle differentiation.
ERK1/2 mediates its responses by phosphorylating ternary
complex factors, which bind to SRF and activate early smooth
muscle gene-expression (Ball and Price, 1995; Hellstrand and
Albinsson, 2005).
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FIGURE 6 | Hippo-dependent and Hippo-independent regulation of YAP/TAZ. YAP/TAZ are known to be regulated via the HIPPO signalling pathway and by a
mechanically regulated HIPPO-independent mechanism. (Left) HIPPO control of YAP and TAZ. The HIPPO pathway regulates organ growth as well as cell
proliferation, migration and differentiation. In tightly packed tissues, proliferation is regulated by contact inhibition via the HIPPO pathway. Tight junctions and
adherens junctions between cells interact with and activate MST1/2, which recruit SAV1, and subsequently phosphorylate LATS1/2. This phosphorylation is
facilitated by the scaffold proteins MOB1 A/B and NF2. In turn, LATS1/2 phosphorylate YAP/TAZ, leading to cytoplasmic sequestering of these proteins, and their
eventual ubiquitination/degradation. F-actin has been proposed to regulate YAP/TAZ localisation via the HIPPO pathway by inhibiting LATS1/2 and/or upstream
factors, thus preventing phosphorylation and cytoplasmic retention of YAP/TAZ. (Right) ECM stiffness also regulates YAP/TAZ in a HIPPO-independent mechanism.
Cells interact with their ECM via integrins; in stiff environments, focal adhesion assembly is promoted, which activates Rho-ROCK signalling, which in turn activates
F-actin stress fibre formation and translocation of YAP/TAZ to the nucleus, where these proteins regulate gene expression via activation of TEAD1-4. External
application of force to the nucleus has also been shown to open nuclear pores and allow increased YAP/TAZ entry into the nucleus. Cytoskeletal inhibitors affect
different parts of the mechanotransduction pathway; Y-27632 inhibits ROCK, Latrunculin A inhibits F-actin polymerisation and Blebbistatin inhibits Myosin (all
depicted in red). MST1/2, mammalian ste-20-like kinases 1/2; SAV1, salvador family WW domain containing protein 1; LATS1/2, large tumour suppressors 1/2;
MOB1 A/B, MOB kinase activator 1A; NF2, neurofibromatosis type 2; TEAD1-4, TEA domain family member 1-4; FAC, focal adhesion kinase. Created using
Biorender.com.

Nuclear Mechanotransduction
The “LINC complex” (linker of nucleoskeleton and cytoskeleton)
directly links cytoskeletal components to the nuclear surface
and has received much attention in recent years for its role
in the direct transmission of ECM force to the nucleus
(Crisp et al., 2006; Neelam et al., 2015; Martino et al.,
2018). This complex contains several proteins including sun-
domain containing protein 1/2 (SUN 1/2), nesprin and
lamins, which directly anchor cytoskeletal elements such
as microtubules, intermediate filaments and F-actin to the
nuclear envelope (Crisp et al., 2006; Wang et al., 2009;
Swift et al., 2013; Neelam et al., 2015). Mechanosensitive
proteins, such as nuclear lamins, are responsible for driving
many cellular responses to stiffness by either changing their
confirmation, undergoing post-translational modifications or
altering their subcellular localisation (Buxboim et al., 2014;
Cho et al., 2019). For instance, increases in matrix stiffness
and subsequent changes to myosin II activity lead to increased
dephosphorylation of the nucleoskeletal protein lamin A, which

regulates its turnover and the properties of the nuclear envelope
(Buxboim et al., 2014).

Nuclear shape is also important in mechanotransduction. For
example, micropipette-induced deformation of nuclear shape
can be enhanced when cells are treated with inhibitors of
intermediate filaments (Neelam et al., 2015). This suggests that
intermediate filaments aid in the control of nuclear deformation
(Neelam et al., 2015). Changes to cytoskeletal structure are
known to directly impact on nuclear membrane shape, ion
channels and the structure of nuclear pores, which in turn affects
gene expression (Feldherr and Akin, 1990; Wang et al., 2009).
However, the mechanisms through which mechanical cues are
translated to the nucleus via the cytoskeleton are not yet well
understood. A recent report proposes that force transmission to
the nucleus occurs independently of the cytoskeleton. Indeed,
cells cultured on stiff ECM had flatter and stretched nuclei,
which in turn stretched nuclear pores and increased nuclear
YAP import (Elosegui-Artola et al., 2017). Interestingly, force
application to the nucleus via AFM was sufficient to translocate

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 November 2021 | Volume 9 | Article 76187118

http://Biorender.com
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-761871 November 2, 2021 Time: 14:0 # 12

Petzold and Gentleman Mechanical Cues Impact Stem Cells

YAP to the nucleus independently of FA and when components
of the cytoskeleton were inhibited (Elosegui-Artola et al.,
2017). Thus, direct force transmission from the ECM to the
nucleus is a novel and alternative mechanism for controlling
gene expression.

THE ROLE OF INTRINSIC MECHANICAL
FORCES IN EMBRYONIC
DEVELOPMENT

Brief Historical View of
Mechanoregulation in Embryogenesis
Almost a century ago, the concept that mechanical forces regulate
embryonic development was gaining momentum. For example,
while it had been previously widely believed that smooth muscle
cells self-differentiated, by the 1920s the idea that tensional
stress-induced elongation of mesenchymal cells was an important
stimulus for smooth muscle differentiation in tissues such as
the oesophagus was picking up speed (Carey, 1922b). Indeed,
Carey et al. suggested that the spiral growth pattern of the
epithelium as it expands to form the oesophageal lumen exposed
the mesenchyme to extrinsic force which promoted mesenchymal
cell elongation and stimulated smooth muscle differentiation
(Carey, 1922a). It was later reported that mechanical stress may
be important for blood vessel formation and subsequent nutrient
supply in developing tissues (Loeschke and Weinhold, 1922;
Glucksmann, 1942).

A putative role for mechanically driven processes in
embryogenesis was further supported by early observations
that embryonic limb explants cultured in vitro developed into
identifiable bones and joints, but were often incomplete. Indeed,
cultured long bones formed a recognisable morphology, but
failed to develop a marrow cavity ex vivo (Fell, 1925; Thorogood,
1983). These observations led several researchers to suggest
that mechanical cues in vivo were important in controlling
such developmental processes and raised questions about the
role of the environment adjacent to the developing bone
during morphogenesis (Fell, 1925; Murray, 1926; Drachman
and Sokoloff, 1966). Such questions were explored as early as
the 1920s when the developing pig femur was used to show
preferential osteoblast differentiation in regions under tensile
stress (Carey, 1922a). Indeed, during limb rotation, muscular
activity causes bending of the femur. As a result, bone is first
deposited on the convex aspect of the femoral shaft, which
is under high tensile stress, whilst osteoblast differentiation
on the concave aspect is secondary. These findings were later
confirmed in the chick in the early 1940s when Glucksmann et al.,
showed that osteogenesis is promoted by tension in chick bone
rudiments cultured in vitro. Here, the authors cultured chick
tibiae rudiments, which naturally became enclosed in a fibrous
capsule during the culture period. The fibrous capsule contracted
during cultivation and pulled the rudiments together, which
altered forces in the capsule, and drove new bone deposition in
the direction of increased tension forces (Glucksmann, 1942).
Later landmark studies in the 1990s investigated the effect of

pharmacologically paralysing both avian and murine embryos
at various stages (Hall and Herring, 1990; Rodríguez et al.,
1992). Immobilised embryos were shown to have smaller and
lighter skeletal bones and less surrounding muscle compared
to untreated controls (Hall and Herring, 1990; Rodríguez
et al., 1992). Notably, areas with the greatest reduction in
musculature, such as around the clavicle, were correlated with
a more significant reduction in bone growth, suggesting an
integral role for muscle contraction in bone development (Hall
and Herring, 1990). Collectively these studies demonstrate that
mechanical load is important for both bone development and
achieving proper tissue size (Pai, 1965; Hall and Herring, 1990;
Rodríguez et al., 1992).

Early studies of cartilage and joint development also used
paralysis models to gain insights into the role of mechanical cues
in their formation (Fell and Canti, 1934; Murray and Smiles,
1965; Drachman and Sokoloff, 1966; Hall, 1979). For instance,
secondary cartilage was found not to form in the quadratojugal
bone of immobilised 10-day old chick embryos in ovo (Hall,
1979). The authors concluded that continued differentiation of
the progenitor pool into chondroblasts as opposed to osteoblasts
requires biomechanical signals in the form of muscle contraction.
In this case, a lack of movement reduced the mitotic activity of
periosteal progenitor cells, which depleted the available pool of
progenitor cells with the potential to undergo chondrogenesis
(Hall, 1979). This was supported by further studies in mammals
which similarly showed that although cartilage formation in the
mandible could be initiated in the absence of normal in vivo
mechanical cues, the maintenance of secondary cartilage required
mechanical stimulation. Indeed, in the absence of mechanical
stimulation cartilage in ex vivo cultured mandibles disappeared
as the progenitor cells switched to osteogenesis (Fang and
Hall, 1997). Evidence from the 1960s also showed that muscle
contraction was indispensable for joint cavity formation; in ovo
treatment of chick embryos with neuromuscular blocking agents,
or complete removal of the lumbosacral spinal cord resulted in
absent knee and ankle joint cavities (Drachman and Sokoloff,
1966). Instead, the interzone between articular elements was
filled with vascular connective tissue, which eventually became
compact and fibrous.

Intrinsic Forces in Embryonic
Development
In addition to extrinsic forces, intrinsic forces such as cell
density, shape and ECM compliance also control morphogenesis
and cell differentiation within the embryo (McBride et al.,
2008; Chevalier et al., 2016a). For instance, mesenchymal
condensations are necessary for the development of muscle,
bone, cartilage, lung, hair follicles and kidney, and can affect
both the physical and biochemical cellular environment (Dunlop
and Hall, 1995; McBride et al., 2008). These two elements
are often intertwined; for example, an increase in cell density
and subsequent round morphology promotes cell-cell adhesion
and increases paracrine signalling (Dunlop and Hall, 1995;
Knothe Tate et al., 2008). Importantly, each cell within the
condensing mesenchyme is likely to encounter a unique set of
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biophysical cues, as mesenchymal cells are not a homogenous
population due to the asymmetry of condensation boundaries
(Knothe Tate et al., 2008).

Moreover, just as cell shape and density are important
for driving MSC fate decisions, cells receive similar cues
during condensation events in embryogenesis, which also act
as important regulators of fate. Condensation can occur as
an “aggregation” event, in which mesenchymal cells become
compressed around a central point, or as an “expansion” event
in which a central mitotic mesenchymal pool increases the
cell number within a given space (Knothe Tate et al., 2008).
During osteogenesis, condensation events are key for increasing
the number of pre-osteoblasts, which then differentiate and
deposit bone matrix (Dunlop and Hall, 1995). Mesenchymal
condensation is also critical for odontogenesis (Mammoto et al.,
2011). During the bud stage of tooth formation, neural crest
cell (NCC)-derived mesenchyme rapidly proliferates, creating a
compact mass of cells with a round morphology (Mammoto
et al., 2011). Culture of primary murine NCC isolated from the
first pharyngeal arch on micro-patterned substrates revealed that
a round cell shape is sufficient to upregulate the odontogenic
marker paired box 9 (Pax9) independently of cell-cell contact.
Specifically, the rounded cell shape suppressed RhoA and
cytoskeletal pre-stress within the cell, promoting Pax9-mediated
osteogenesis (Mammoto et al., 2011).

Intrinsic biophysical cues also impact on processes such
as neurulation. The genetic basis of neural tube closure is
relatively well-characterised and to date over 300 genes have
been implicated, including Shh, GLI family zinc finger 3 (Gli3),
VANGL planar cell polarity protein 2 (Vangl2), zic family
member 2 (Zic2), and LDL receptor related protein 2 (Lrp2)
(Copp and Greene, 2013; Kur et al., 2014; Galea et al., 2018,
2017; Juriloff and Harris, 2018). Mutations in these genes can
predispose sufferers to a range of neural tube defects, such as
anencephaly and spina bifida (Galea et al., 2017; Nikolopoulou
et al., 2017). In addition to these genetic factors, mechanical
cues are required to convert the flat ectoderm into a round tube
(Vijayraghavan and Davidson, 2017). Two mechanical processes
particularly important for effective neurogenesis are convergent
extension (CE) and apical constriction (AC) (Inoue et al., 2016;
Nikolopoulou et al., 2017). The neural plate is shaped via CE,
which increases the embryonic length in the anterior-posterior
direction relative to its medio-lateral width (Vijayraghavan and
Davidson, 2017). In late gastrula stage Xenopus, the stiffness of
dorsal neural tube explants increases from 13 to 85 Pa during CE
(Zhou et al., 2009). Treatment of the dorsal neural tube isolates
with a ROCK inhibitor resulted in a 50% reduction in tissue
stiffness (Zhou et al., 2009). This suggests that cytoskeletal tension
accounts for some, but not all, of the stiffness increase that occurs
during CE. The same group later generated force-maps of the
dorsal explants during CE by using a gel force sensor system,
in which explants were embedded into agarose gels containing
fluorescent beads. The forces produced by the explant as it
underwent CE were inferred by measuring the bead displacement
and degree of agarose gel deformation (Zhou et al., 2015). The
greatest agarose deformation was observed at the anterior and
posterior regions of the dorsal explants. Furthermore, when
explants were cultured in stiffer agarose gels, the stress produced

by the dorsal explant itself also increased. Thus, the dorsal neural
tube is able to respond to and counterbalance changes to its
surrounding mechanical environment (Zhou et al., 2015).

Apical constriction (AC) events are critical for driving
processes such as gastrulation, neural tube closure, the formation
of the salivary glands and inner ear (Sawyer et al., 2010;
Inoue et al., 2016; Hartl et al., 2019). During AC, the apical side
of the cell contracts, creating cells with a wedge-like morphology.
In addition, actin and NMM II accumulate at the cell apex
and at cell-cell junctions (Sai and Ladher, 2008; Galea et al.,
2017; Vijayraghavan and Davidson, 2017; Butler et al., 2019).
Numerous studies in Xenopus and vertebrates state that AC and
actomyosin contractility are required to regulate the bending and
folding of the neural plate and formation of the medial hingepoint
(Zhou et al., 2009; Inoue et al., 2016; Nikolopoulou et al., 2017;
Suzuki et al., 2017; Butler et al., 2019; Karpińska et al., 2020).
The posterior neuropore (PNP) at the most caudal end of the
neural tube is known to be under tension during closure. Galea
et al. (2017) identified the presence of a F-actin cable around the
borders of the neural folds. Laser ablation of the PNP zippering
point caused the neuropore to widen and the neural folds to
move further apart (Galea et al., 2017). The same group later
reported that ex vivo ROCK inhibition of E9.5 embryos slows
PNP closure by reducing the accumulation of apical F-actin in
the neuroepithelium and along the neural folds (Butler et al.,
2019). Laser ablation of F-actin cables at the PNP zippering
point confirmed that lateral tissue recoil in ROCK-inhibited
embryos was greatly reduced compared to controls, therefore
ROCK inhibition decreases the tensions that normally act on
the neural folds (Butler et al., 2019). In addition, the absence of
ROCK activity prevented AC, as quantified by an increase in the
apical size of neuroepithelial cells in Y-27632-treated embryos
(Butler et al., 2019).

Both contraction of the apical cell surface via actomyosin
interactions and removal of the surface membrane are required
for effective AC. Several studies have identified proteins such as
vinculin and MARCKS that mediate the actomyosin contractility
during neural tube closure (Morriss-Kay and Tuckett, 1985;
Stumpo et al., 1995; Xu et al., 1998). For instance, the protein
Catulin A is a key player in Rho-mediated AC; Catulin A-/-
mutants are embryonically lethal at E10.5 and neural tube fusion
fails to occur at the hindbrain/cervical boundary (Karpińska et al.,
2020). Apical actin and nestin filaments did not form in the
neuroepithelium of mutants, which was correlated with a lack of
active RhoA signalling (Karpińska et al., 2020). A recent study
identified the endocytic receptor Lrp2 as an integral mediator of
membrane remodelling during AC. Indeed, a striking increase
in apical surface area, defective neural fold morphogenesis and
mis-localisation of the planar cell polarity protein Vangl2 were all
observed in Lrp2 mutants (Kowalczyk et al., 2021).

Measuring Embryonic Stiffnesses in vivo
In vivo, ECM and cellular stiffness can affect cell fate
decisions and techniques for measuring these nano- and
micro-scale tissue elasticities are advancing. However,
measuring mechanical properties in vivo is very challenging
and few studies have directly quantified stiffness within
the embryo (Barriga et al., 2018; Wozniak and Chen, 2009;
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Efremov et al., 2011; Marturano et al., 2013; Chevalier et al.,
2016b). The Young’s modulus of a tissue can be indirectly
estimated via micropipette aspiration assays, in which several
cells within a tissue are sucked into a micropipette. Using this
approach, the length of the aspirated tissue at a given suction
pressure can be used to infer cellular mechanical properties
(Majkut et al., 2013; Daza et al., 2019). For example, Majkut et al.
(2013), demonstrated that in vivo, mouse heart tissue stiffens
over time, which is important for contraction of cardiomyocytes.
The same study showed that in vitro culture of primary
cardiomyocytes from E4 embryos on collagen I substrates that
closely resemble the stiffness of the heart at this stage (1–2 kPa)
initiated their contraction.

Measurement of cell and ECM stiffness in vivo is also possible
via AFM force spectroscopy (Thurner, 2009; Iwashita et al., 2014;
Chevalier et al., 2016b; Koser et al., 2016). AFM measures the
deflection of a laser beam focussed on the back of a cantilever as
it indents the surface of a tissue (Alonso and Goldmann, 2003).
The deflections are captured by a photodiode and used to infer
stiffness. A hallmark study in chick identified that the stiffness
of the embryonic tendon significantly increased over time at
both the nano- and micro-scale between stage HH38 and HH43.
Inhibition of enzymatic collagen cross-linking identified that this
decrease correlated with an increase in collagen cross-linking and
was necessary for tendon development (Marturano et al., 2013).
In the same year, Iwashita and colleagues reported a correlation
between matrix stiffness and cell fate in the murine cortical brain.
From E12.5 to E18.5, the stiffness of each cortical brain layer
significantly increased as neuronal differentiation progressed.
This shift in stiffness was attributed to both cellular and matrix
origins, as in vitro AFM measurements confirmed neuronal and
matrix stiffness changes independently (Iwashita et al., 2014).

SUMMARY AND OUTLOOK

In summary, mechanical cues play a fundamental role in driving
both adult and embryonic cell fate decisions. Despite significant
progress in understanding the molecular mechanisms that govern
mechanotransduction, many of the signalling pathways remain to
be defined. Extrinsic cues such as fluid flow and compression as
well as local intrinsic cues such as cell shape and density are “felt”
by mechano-sensors at the cellular-ECM interface. This activates
various downstream signalling pathways including Rho/ROCK
signalling, which promotes actomyosin rearrangements and
allows cells to counteract the forces from their surrounding
microenvironment. Although the cytoskeleton is known to play
an integral role in translating cues from the ECM to the cell
and vice versa, the intricacies of nuclear mechanotransduction
are only now becoming apparent. Moreover, the discovery that
the nucleus can deform independently of the cytoskeleton in
response to directly applied forces, thereby increasing nuclear
entry of factors such as YAP, demonstrates the far-reaching effects
of mechanical stimuli (Elosegui-Artola et al., 2017).

Understanding the impact of intrinsic mechanical cues, such
as stiffness, during embryogenesis is somewhat limited by the
tools available to study very soft tissues. Indeed, for embryonic
tissues, experimental measurements of stiffness can be limited

by challenges regarding sample preparation and immobilisation,
as slicing can often disrupt tissue integrity and structure
(Viji Babu and Radmacher, 2019). In addition, embryonic
samples are composed of highly heterogeneous morphological
structures, which can hinder accurate measurements of
tissue stiffness using techniques such as AFM (Galluzzi et al.,
2018). Despite this, several recent reports describe how AFM
can be optimised to measure the stiffness of soft culture
surfaces and tissues (Galluzzi et al., 2018; Babu et al., 2019;
Norman et al., 2021).

With the development of new techniques such as the
standardised nanomechanical AFM procedure, which
standardises AFM calibration and protocols between
laboratories, reproducible data acquisition, particularly on
soft tissue samples should become the norm (Schillers et al.,
2017). Recent advancements also include magnetic devices
capable of measuring the viscoelastic properties of entire 3D
structures up to the size of an E10.5 mouse embryo (Zhu et al.,
2020). The device generates a magnetic field to displace magnetic
beads injected into the developing mouse limb bud, and has been
used to uncover the presence of a mesodermal stiffness gradient
(Zhu et al., 2020). In addition to improving our understanding
of mechanical cues in embryonic development, measuring
tissue stiffness is likely to play an increasingly important role in
non-invasive diagnosis of cancer (including extent of invasion),
liver fibrosis and primary biliary cholangitis (Corpechot et al.,
2021; Li and Wu, 2021; Shao et al., 2021). For instance, shear
wave elastography ultrasound imaging can detect increases in the
Young’s modulus of tissues induced by malignant tumours and is
being optimised for use clinically through the addition of colour
mapping functionality (Lee et al., 2020).

In recent years, there have also been growing efforts to
re-create mechanical cues experienced by living tissues in
3D engineered tissue constructs grown in vitro. However,
whilst specific elasticities can often be engineered into polymer
scaffolds, matching the mechanical cues experienced by cells
within native tissues is often more challenging. This is
because many tissue do not behave elastically, but rather
display time-dependent and non-linear responses (Chaudhuri
et al., 2020; Elosegui-Artola, 2021). For example, rather than
immediately returning to their original shape when an applied
strain is removed, tissues are viscoelastic and exhibit a time-
dependent response (Chaudhuri et al., 2020; Efremov et al.,
2020; Pogoda et al., 2021). To create materials that better
reflect these tissue responses, hydrogels with dynamic cross-
links between polymers have been developed (Chaudhuri et al.,
2020). For example, within these materials, covalent thioester
exchange and/or hydrozone bonds allow for investigation of
time-dependent rearrangements of bonds (Brown et al., 2018;
Marozas et al., 2019).

Finally, gaining a better understanding of the cellular
response to local matrix compliance and topography has
important implications for improving in vitro differentiation
assays. This will in turn improve the design of physiologically
relevant materials for tissue repair. This has particular relevance
in orthopaedic applications, such as knee arthroplasty for
osteoarthritis patients. Here, appropriate implant structure
and mechanical stimulation may be necessary to promote its
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anchorage within the bone (Li et al., 2018). The upcoming
challenge in tissue engineering will be not only to understand
the complexity of the cellular response to mechanical cues, but
also to develop scaffolds that accurately capture and recapitulate
in vivo environments.
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The aging population is booming all over the world and arterial aging causes various age-
associated pathologies such as cardiovascular diseases (CVDs). The aorta is the largest
elastic artery, and transforms pulsatile flow generated by the left ventricle into steady flow
to maintain circulation in distal tissues and organs. Age-associated structural and
functional changes in the aortic wall such as dilation, tortuousness, stiffening and
losing elasticity hamper stable peripheral circulation, lead to tissue and organ
dysfunctions in aged people. The extracellular matrix (ECM) is a three-dimensional
network of macromolecules produced by resident cells. The composition and
organization of key ECM components determine the structure-function relationships of
the aorta and therefore maintaining their homeostasis is critical for a healthy performance.
Age-associated remodeling of the ECM structural components, including fragmentation of
elastic fibers and excessive deposition and crosslinking of collagens, is a hallmark of aging
and leads to functional stiffening of the aorta. In this mini review, we discuss age-
associated alterations of the ECM in the aortic wall and shed light on how
understanding the mechanisms of aortic aging can lead to the development of efficient
strategy for aortic pathologies and CVDs.

Keywords: extracellular matrix, aging, aorta, stiffness, elastin, collagen

INTRODUCTION

The aging population is booming worldwide. At present, those aged over 65 years old constitute
16.5% of the population in the United States (US), and this number is expected to rise to 22% by 2050
(https://www.census.gov/content/dam/Census/library/publications/2020/demo/p25-1146.pdf).
Aging is associated with structural and functional alterations in tissues and organs that over time,
lead to various age-associated pathologies (Donato et al., 2018; Franceschi et al., 2018). The arteries
transport circulating cells, oxygen and nutrients to local tissues and organs. The structure and
function of the arteries are significantly altered during aging, which makes aging a major risk factor
for cardiovascular diseases (CVDs) (Heidenreich et al., 2011; North and Sinclair, 2012; Paneni et al.,
2017). Arterial aging is characterized by increased stiffness, reduced elasticity, impaired distensibility,
endothelial dysfunction, and deregulated vascular tone (Paneni et al., 2015; Sun, 2015). To develop
more efficient treatment to slow down arterial aging and prevent age-associated pathologies, it is
necessary to comprehensively understand the structural and functional alterations in the aging
arteries.

The extracellular matrix (ECM) is a three-dimensional network of macromolecules that
determines morphological and physical properties of the tissues and organs (Frantz et al., 2010;
Theocharis et al., 2016). Homeostasis of the ECM network is critical for maintaining tissue structure-
functional relationships, and aberrant ECM remodeling contributes to various pathological
conditions in the aging population (Birch, 2018; Theocharis et al., 2019). ECM proteins such as
elastin, collagens, and soluble proteoglycans are the major components of the arterial wall (Jana et al.,
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2019). In large arteries, the ECM provides a structural framework,
which not only withstands a wide range of tensile stresses, but also
preserves its shape and functionality (Wagenseil and Mecham,
2009; Beenakker et al., 2012). In addition to structure, the ECM
provides signaling cues that regulate proliferation and
differentiation of resident cells [vascular smooth muscle cells
(VSMCs), endothelial cells (ECs)] in the arterial wall (Davis and
Senger, 2008; Nakayama et al., 2014).

The aorta is the largest elastic artery and the ascending
region is anatomically positioned at the top of the left ventricle,
which then arches (aortic arch) and branches into smaller
arteries (right and left carotid and subclavian), before
descending into the abdominal area. Elasticity of the aorta
facilitates distension and recoil of the aortic wall during
cardiac cycles to transform pulsatile flow generated by the
left ventricle into steady flow to maintain local circulation in
tissues and organs (Belz, 1995; Westerhof et al., 2009). The
ECM composition and its three-dimensional structure
determine morphology, mechanical property and
functionality of the aorta (Wagenseil and Mecham, 2009).
For example, elastic fibers and associated microfibrils and

proteoglycans in the media (Halper and Kjaer, 2014; Hedtke
et al., 2019; Halabi and Kozel, 2020) allow the aorta to expand
and recoil during cardiac cycles (Cocciolone et al., 2018). On
the other hand, fibrillar collagens (predominantly collagen I
and III) in the media and adventitia are responsible for the
tensile strength of the aortic wall to withstand the axial
pressure created by the beating left ventricle (Wagenseil and
Mecham, 2009). Along aging, elastic fibers in the aortic wall are
progressively fragmented and lose their original elastic
properties due to the life-long mechanical loads and low-
grade chronic inflammation (Antonicelli et al., 2007; Duca
et al., 2016; Heinz, 2021). Morphologically, the aortic aging is
characterized by dilation, tortuousness and wall thickening in
the intima and media layers (Gariepy et al., 1998; Lakatta and
Levy, 2003), predominantly resulting from structural
remodeling of the ECM and deregulated behaviors of
VSMCs (Collins et al., 2014b). Fragmentation of the elastic
fibers, aberrant collagen deposition and excess crosslinking of
these ECM molecules lead to loss of elasticity and stiffening of
the aortic wall (Qiu et al., 2007; Kohn et al., 2015; Duca et al.,
2016). Aortic stiffness is known to parallel aortic aging and has

FIGURE 1 | ECM structures and cellular components in the aortic wall. Young aortic wall (left): In intima, endothelial cells (ECs) maintain homeostasis of the wall by
forming seamless barrier structure over the basement membrane (BM) and producing vasoprotective factors such as nitric oxide (NO). In media, key ECM molecules
(e.g., elastin, collagen) and vascular smooth muscle cells (VSMCs) create the contractile units to maintain vascular tone and compliance. In adventitia, collagen fibers
support the aortic wall to prevent overexpansion, and various adventitial cellular and non-cellular ECM components maintain homeostasis of the aortic wall. Aged
aortic wall (right): Aging induces senescence of the ECs, which leads to chronic low-grade inflammation and subsequent aberrant ECM remodeling (fragmentation of
elastin, excess deposition of collagen and their crosslinking) in the intima and media. Adventitial fibroblasts directly or indirectly stiffen the aortic wall by depositing
excessive collagens.
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been regarded as an independent predictor of morbidity and
mortality of CVDs in the aging population (Mceniery et al.,
2007; Wallace et al., 2007; Mitchell et al., 2010); aortic
stiffening precedes clinical hypertension and is considered
as the earliest predictor of hypertension (Liao et al., 1999;
Dernellis and Panaretou, 2005; Peralta et al., 2010; Sun, 2015).
In this mini review, we discuss the role of aberrant ECM
remodeling in aging aorta and the underlying mechanism.

ANATOMY OF AORTA

Intima
The intima is the innermost layer of the aortic wall composed of a
single layer of ECs, basement membrane (BM) and subendothelial
space (Figure 1, left panel). ECs form a seamless monolayer over
the BM, a thin pliable ECM membrane mainly consisting of
laminin, collagen IV, fibronectin, perlecan, and heparan sulfate
proteoglycans (Hallmann et al., 2005; Yurchenco, 2011). The BM
plays crucial roles in the signaling events that regulate migration,
proliferation, survival and barrier functions of resident vascular
ECs (Davis and Senger, 2005). The vascular endothelium regulates
homeostasis of the vessel by producing various vasoprotective
factors such as nitric oxide (NO) to maintain vascular tone and
blood flow (Sandoo et al., 2010; Kruger-Genge et al., 2019). The
single layer of internal elastic lamina not only physically supports
ECs and the BM, but also acts as a barrier structure between
intima and media to prevent infiltration of circulating factors and
media-derived cells that may trigger pathogenesis.

Media
The media layer of the vessel is predominantly composed of the
lamellar units of elastic fibers, collagen fibers and VSMCs (Clark
and Glagov, 1985; Tsamis et al., 2013) (Figure 1, left panel) and
determines the elastic properties of the aortic wall (Taghizadeh
et al., 2015). Elastic fibers and VSMCs create a highly organized
media layer within the vessel wall. VSMCs synthesize
tropoelastin, which is a water-soluble precursor to elastin
(Ozsvar et al., 2021). Tropoelastin monomers generated by
VSMCs undergo extensive cross-linking to create mature
elastin (Sandberg et al., 1981; Krettek et al., 2003), which is
assembled into elastic fibers to form the elastin-contractile
units around the VSMCs in the media. VSMCs are
heterogenous and exhibit a high degree of plasticity
(Alexander and Owens, 2012). In the media layer, VSMCs are
the most abundant cell type and play key roles in maintaining
structure and functions of the aorta (Lacolley et al., 2017). Upon
circumferential stretching, the elastic fibers within the aortic wall
store the energy created from the pumping left ventricle during
systole and release the energy during diastole by returning to their
initial dimension (Figure 2, upper panel). This is indispensable
for maintaining a regular and efficient circulation in the
peripheral tissues and organs during the cardiac cycle (Belz,
1995). Collagens closely associate with elastic fibers in the
media (Dingemans et al., 2000) and contribute to aortic wall
stiffness and strength (Wagenseil andMecham, 2009;Wang et al.,
2021). Collagen types I and III are enriched within the aortic wall;
type I collagen localizes around the VSMCs, while type III
collagen exists alongside the multiple layers of external elastic

FIGURE 2 | Changes in aortic functions during aging. Aortic wall stores energy generated by the left ventricle during systole and release the energy during diastole
by returning to its initial dimension. This facilitates smooth and constant circulation in the peripheral tissues and organs (top). Aged aorta becomes dilated and tortuous.
Together with these morphological changes, thickening and stiffening of the aging aortic wall disturb the local circulation, which leads to the tissue and organ dysfunction
(bottom).
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lamella in the media layer (Shekhonin et al., 1987). These series of
cellular and ECM structural units in the media are the major
determinants of the elastic properties of the aortic wall.

Adventitia
The outermost layer of the aortic wall is the adventitia, composed
of stem/progenitor cells, fibroblasts, pericytes, vasa vasorum
(VV), lymphatic vessels, inflammatory cells (e.g., macrophages,
dendritic cells, mast cells, T cells, and B cells), perivascular
neurons, and adipocytes that are distributed in the collagen-
rich connective tissue (Figure 1, left panel). ECM structures in the
adventitia determine physical strengths of the aortic wall
(Beenakker et al., 2012; Stenmark et al., 2013), which bears
over half of the mechanical load to protect the aortic wall
from overdistension. Importantly, adventitia is a regulatory
center for vascular injury, and a pathological adventitia
structure contributes to age-related vascular disease (Majesky
et al., 2012; Stenmark et al., 2013; Tinajero and Gotlieb, 2020).
Several types of stem/progenitor cells that reside adjacent to the
media have the capacity to differentiate into VSMCs, ECs,
chondrocytes, adipocytes, macrophages and myofibroblasts to
maintain homeostasis of the aortic wall in response to
physiological and pathological stimuli (Majesky et al., 2011;
Majesky et al., 2012; Jolly et al., 2021). Fibroblasts that are
absent in the intima and media are dispersed within the
adventitia, where they serve to deposit collagen fibrils (Ross
and Glomset, 1973; Kohn et al., 2015). VV is a specialized
microvasculature that transports nutrients and oxygen to the
adventitia and two-thirds of the media layer within the aortic
wall. Adventitial lymphatic vessels modulate inflammation of the
aortic wall by draining interstitial fluid and trafficking the
immune cells through the aortic wall (Kutkut et al., 2015; Yeo
et al., 2021). Perivascular innervation in the adventitia modulates
functions of VSMCs and ECs to regulate vascular tone (Nava and
Llorens, 2019). Perivascular adipose tissue (PVAT) also plays
important roles in homeostasis of the aortic wall by releasing
adipocytokines, chemokines and growth factors to determine
inflammation status and stiffness of the aortic wall (Ozen
et al., 2015; Nava and Llorens, 2019).

DISCUSSION

Aging of Intima and Media
With aging, anti-aging factors (e.g., GDF11, IGF-1, klotho,
oxytocin, nitric oxide (NO)) decrease, while pro-aging factors
(e.g., β2-microglobulin, oxidized low-density lipoproteins)
increase in the circulating blood (Ozen et al., 2015; Smith
et al., 2015; Cannata et al., 2017; Yang et al., 2017; Sahu et al.,
2018; Kang and Yang, 2020; Kiss et al., 2020; Rybtsova et al.,
2020). ECs that cover the surface of blood vessels orchestrate
arterial homeostasis by mediating vascular tone, coagulation,
immune response, inflammation, metabolism and angiogenesis
(Michiels, 2003; Busse and Fleming, 2006; Pober et al., 2009;
Falkenberg et al., 2019; Kruger-Genge et al., 2019), and are
constantly exposed to pro- and anti-aging factors in the blood.
In concert with age-associated hemodynamic challenges (e.g.,

hypertension, decreased shear flow and increased turbulent flow
resulting from dilated and tortuous aged aorta) (Lantz et al., 2015;
Buford, 2016; Ha et al., 2018) and intrinsic cellular aging
programs (Hohensinner et al., 2016; Morgan et al., 2018),
degenerative imbalances in anti- and pro-aging factors directly
or indirectly accelerate endothelial senescence in the aortic wall
(Erusalimsky and Kurz, 2006). Senescent ECs mitotically halt and
become dysfunctional (Donato et al., 2015; Bhayadia et al., 2016)
(Figure 1 right panel), while exhibiting pro-inflammatory
phenotypes (Wang et al., 2014a; Wang et al., 2014b; Pantsulaia
et al., 2016) such as attenuated endothelial NO production,
increased endothelin-1 (ET-1) release, production of
inflammatory cytokines [e.g., IL-1, IL-6, IL-8, TNF-α,
monocyte chemoattractant protein-1 (MCP-1)] (Maier et al.,
1990; Pantsulaia et al., 2016), activation of surface adhesion
receptors (e.g., ICAM-1, VCAM-1) and disruption of barrier
function (Krouwer et al., 2012). Consequently, circulating
immune cells are activated and adhere to the surface of
dysfunctional ECs, which promotes their infiltration through
the endothelium and into the subendothelial space (Trott
et al., 2018) (Figure 1, right panel). Activated macrophages
also release pro-inflammatory cytokines such as TNF-α, IL-1b,
IL-6 and INF-γ (Wang et al., 2007; Lesniewski et al., 2011a;
Lesniewski et al., 2011b) and chronic, low-grade sterile
inflammation ensues in the aortic wall (Wang et al., 2014a;
Wang et al., 2014b; Duca et al., 2016) (Figure 1, right panel).
In response to the age-associated proinflammatory
microenvironment, degenerative ECM remodeling (e.g.,
degradation of BM, fragmentation of internal elastic laminae,
excessive deposition and crosslinking of collagens) (Bruel and
Oxlund, 1996; Tsamis et al., 2013; Steppan et al., 2019) leads to
thickening and stiffening of the ECM network within the
subendothelial space (Guyton et al., 1983; Lakatta and Levy,
2003) (Figure 1, right panel). As a result, ECs sense the
substrate stiffness (Collins et al., 2014a), which in turn, further
aggravates endothelial dysfunction (Fels et al., 2012). For
example, stiffening of the subendothelial space due to aberrant
ECM remodeling sensitizes ECs to oxidative stress, accelerates EC
senescence (Urbano et al., 2019), and disrupts EC barrier function
to further promote infiltration of activated immune cells (Huynh
et al., 2011). Aberrant cell-ECM interactions also reduce NO
bioavailability and impair endothelial-dependent vasodilation
(Paar et al., 2014). Decreased NO bioavailability also
stimulates activation of MMPs (Nascimento et al., 2019),
which further degrades the matrix composition of the aortic
wall, particularly within collagen and elastic fibers (Tronc et al.,
2000; Upchurch et al., 2001; Zaragoza et al., 2002).

These changes in the intima layer contribute to aortic aging
and pathogenesis of CVDs (inside-out theory: inner layer triggers
remodeling of aortic wall) (Donato et al., 2015; Yin and Pickering,
2016). Physiological crosstalk between ECs, immune cells, ECM
and VSMCs maintains homeostasis of the healthy aorta, while
age-associated changes lead to deregulated crosstalk and aberrant
aortic wall remodeling (Mendez-Barbero et al., 2021). Aged ECs
and disorganized underlying ECM structures also synergistically
stimulate migration of medial VSMCs into the intima (Li et al.,
1999; Miller et al., 2007). These VSMCs aberrantly remodel native
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ECM structures in the intima (Schwartz et al., 1995) (Figure 1,
right panel). Decreased expression of contractile proteins
(Bochaton-Piallat et al., 1993; Bochaton-Piallat et al., 2001;
Moon et al., 2003; Ferlosio et al., 2012) and increased
expression of pro-inflammatory and migratory factors such as
MMPs (Moon et al., 2003), MCP-1 (Spinetti et al., 2004) and
PDGFR (Wang et al., 2012) in the VSMCs contribute to the
intimal remodeling in the aging aorta (Li et al., 1999). These
synthetic VSMCs further degrade elastic fibers, while deposit and
crosslink collagens that are 100–1000 times stiffer than elastin
between the fragmented elastic fibers in intima and media (Hays
et al., 2018) (Figure 1, right panel). In the aging aorta, deregulated
collagen deposition and crosslinking lead to fibrosis and
thickening of the aortic wall (Movat et al., 1958; Spina and
Garbin, 1976; Mccullagh et al., 1980; Toda et al., 1980;
Andreotti et al., 1985; Shekhonin et al., 1987; Wang et al.,
2006; Lyck Hansen et al., 2015). Aged ECs generate excess
reactive oxygen species (ROS) through mitochondrial
respiratory chain, NADPH oxidases and down regulation of
antioxidant enzymes (Donato et al., 2015) to create chronic
oxidative stress and subsequent low-grade inflammatory
phenotype in the aortic wall (Ungvari et al., 2008), which
leads to severe aortic pathologies such as atherosclerosis and
abdominal aneurysm (AAA) (Ungvari et al., 2010; Peshkova et al.,
2016; Golledge, 2019) in aged people. AAA is a 15th-leading cause
of overall death in the United States and is an age-associated CVD
(prevalence of men over 65 years is 4–8 percent) (Sakalihasan
et al., 2018). The prevalence of aortic atherosclerosis also
significantly increases along aging (Jaffer et al., 2002; Oyama
et al., 2008; Chen et al., 2013) and causes serious CVDs such as
coronary artery disease and stroke (Kronzon and Tunick, 2006;
Di Tullio et al., 2008).

The heart beats over 100,000 times a day and each cardiac
cycle induces pulsatile strain to the elastic fibers within the aortic
wall. In the aged aorta, relatively quiescent elastic fibers in the
media (Avolio et al., 1998) are mechanically fragmented and
those fragmented elastic fibers are stabilized and stiffened by
excessive deposition of collagens and their crosslinking in the
pro-inflammatory environment (Duca et al., 2016). The
fragmentation of the elastic fibers in the media with aging also
enhances its proteolysis by specific elastases (i.e., elastolysis),
which in turn generates short peptides known as elastin-
derived peptides (Le Page et al., 2019). These peptides
subsequently stimulate VSMC proliferation and differentiation
into osteoblast-like cells (Simionescu et al., 2005) to accelerate
inflammation and calcification of the aortic wall (Simionescu
et al., 2005; Maurice et al., 2013; Dale et al., 2016). Importantly,
exposure of the resident cells to the elastin-derived peptide
further sustains chronic low-grade inflammation of the aortic
wall (Le Page et al., 2019). Senescence of aged VSMCs (Monk and
George, 2015) also accelerates aortic wall inflammation through
the senescence-associated secretory phenotype (Chi et al., 2019)
and osteoblast-like differentiation, which leads to calcium
deposition in the media by upregulation of synthesis of
alkaline phosphatase (ALP), bone morphogenetic protein
(BMP), osteopontin (OPN), calpain-1, runt-related
transcription factor (Runx-2) and collagens (Nakano-Kurimoto

et al., 2009; Jiang et al., 2012; Fakhry et al., 2017). Calcium
deposition around the elastic fibers is markedly increased in the
aortic wall with aging (Lansing et al., 1950; Derlin et al., 2015),
which further stiffens the medial layer and enhances aortic wall
dysfunction (Laurent et al., 1996; Aronson, 2003).

Although arterial stiffening has historically been associated
with changes in the native ECM structures, additional evidence
suggests that stiffening of the resident cells [e.g., ECs and VSMCs
(Gao et al., 2014; Nicholson et al., 2017; Morales-Quinones et al.,
2020)] also contributes to overall stiffness of the aortic wall (Qiu
et al., 2010; Sehgel et al., 2013; Sehgel et al., 2015; Leloup et al.,
2019). The activity of the contractile filaments as well as the
molecular signaling pathways that regulate actin polymerization
and focal adhesion signaling in the VSMCs contribute to the age-
associated vascular stiffening (Nicholson et al., 2018).
Interactions between VSMCs and aberrant ECM structures
also play key roles in these cellular events (Zhu et al., 2012;
Ribeiro-Silva et al., 2021). Excessively deposited collagens
progressively acquire crosslinks (Aronson, 2003) in the intima
and media, altering their structural and functional properties.
Thus, disorganized ECM structures, deregulated cell-ECM
interactions, and increased cellular stiffness collectively
contribute to the aortic wall stiffening phenotype.

Aging of Adventitia
Adventitia not only provides structural support to the aortic
wall, but also maintains its homeostasis (Tinajero and Gotlieb,
2020). Collagen fibers in the adventitia layer provide tensile
strength and resilience to the cyclic deformation of the aortic
wall caused by the beating heart (Thompson et al., 2002; Tsamis
et al., 2013). As an axial load is placed on the vessel wall, the
collagen fibers deform and straighten, exhibiting their high
tensile strength. Adventitial fibroblasts synthesize and deposit
collagen I and III, and these collagens increase with age and are
also accompanied by stiffening of the aorta (Fleenor et al., 2010).
While it is widely accepted that various adventitial cells (e.g.,
stem/progenitor cells, fibroblasts, arterial and lymphatic ECs,
pericytes, immune cells, adipocytes, neuronal cells) and
adventitial ECM molecules maintain homeostasis of the
aortic wall, and deregulation of these adventitial components
are proposed to contribute to pathological remodeling of the
aortic wall such as atherosclerosis and AAA (outside-in theory:
outer layer triggers remodeling of the aortic wall) (Stefanadis
et al., 1995; Majesky et al., 2012; Majesky, 2015; Doderer et al.,
2018; Tinajero and Gotlieb, 2020), the effects of aging on
structure and functions of aortic adventitia have not been
well-characterized compared to intima and media. A
comprehensive analysis of cellular and non-cellular
constituents of adventitia in young and aging aorta will be
necessary to understand how they interact and crosstalk to
maintain homeostasis of the aortic wall.

Perspective
Life-long mechanical loads generated by the beating left
ventricle and chronic low-grade inflammation stiffen the
aortic wall with age, which accelerates EC dysfunction, and
subsequent remodeling of the aortic wall. Importantly,
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normally aging aortic wall (Figure 1) is not pathological, but
this is predisposed to CVDs such as atherosclerosis (e.g.,
formation of atheromatous plaque and foam cells) and AAA
(e.g., medial necrosis, dissection and rupture). To prevent the
aorta from progressing into these pathological conditions, it
is critical to understand the structural and functional
alterations of the aging aorta. These spiral cycles lead to
impaired peripheral circulation, organ failure and
cardiovascular events during aging (Thorin-Trescases and
Thorin, 2016) (Figure 2). Several anti-aging remedies have
been explored to prevent this over the decades. For example,
anti-hypertensive medications, regular aerobic exercise
habits or specific diets such as Mediterranean diet may
slow down the vicious cycles and decrease the risk of
CVDs (Vaitkevicius et al., 1993; Seals et al., 2008; Kanaki
et al., 2013; Liu et al., 2013; Santos-Parker et al., 2014; Larocca
et al., 2017; Upala et al., 2017). Although these anti-aging
remedies may exert the beneficial effects by attenuating
chronic low-grade inflammation (Chrysohoou et al., 2004;
Lesniewski et al., 2011a; Lesniewski et al., 2011b; Woods et al.,
2012), more comprehensive mechanisms of age-associated
aortic wall remodeling need to be explored to develop more
efficient anti-aortic aging strategies. Since stiffness of the
aorta, which is determined by the structures of ECM and
stiffness of the resident cells, can be measured in non-invasive
ways using pulse-wave-velocity (PWV) (Cavalcante et al.,
2011; Laurent et al., 2016; Salvi et al., 2019), more efficient
anti-aortic aging strategies such as combination of
medications, fitness program and diet instruction could be
rigorously explored at the clinic level.

SUMMARY

Age-associated ECM alterations play crucial roles in the
progression of aortic aging. Targeting altered ECM structures
and cell-ECM interactions in the aortic wall using combinations
of ECM and cytoskeleton modifiers can be a promising
therapeutic strategy for aortic pathologies. Further functional
characterization of the ECM alterations and cell-ECM
interactions in the aged aorta will provide a new framework to
develop more efficient therapies for aortic aging and CVDs.
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Pleiotropic Effects of Simvastatin and
Losartan in Preclinical Models of
Post-Traumatic Elbow Contracture
Michael A. David1, Alex J. Reiter1, Chelsey L. Dunham2, Ryan M. Castile1,
James A. Abraham1, Leanne E. Iannucci 2, Ishani D. Shah1, Necat Havlioglu3,
Aaron M. Chamberlain4 and Spencer P. Lake1,2,4*

1Department of Mechanical Engineering and Materials Science, Washington University in St. Louis, St. Louis, MO, United States,
2Department of Biomedical Engineering, Washington University in St. Louis, St. Louis, MO, United States, 3Department of
Pathology, John Cochran VA Medical Center, St. Louis, MO, United States, 4Department of Orthopaedic Surgery, Washington
University in St. Louis, St. Louis, MO, United States

Elbow trauma can lead to post-traumatic joint contracture (PTJC), which is characterized by
loss of motion associated with capsule/ligament fibrosis and cartilage damage. Unfortunately,
current therapies are often unsuccessful or cause complications. This study aimed to determine
the effects of prophylactically administered simvastatin (SV) and losartan (LS) in two preclinical
models of elbow PTJC: an in vivo elbow-specific rat injury model and an in vitro collagen gel
contraction assay. The in vivo elbow rat (n � 3–10/group) injury model evaluated the effects of
orally administered SV and LS at two dosing strategies [i.e., low dose/high frequency/short
duration (D1) vs. high dose/low frequency/long duration (D2)] on post-mortem elbow range of
motion (via biomechanical testing) as well as capsule fibrosis and cartilage damage (via
histopathology). The in vitro gel contraction assay coupled with live/dead staining (n �
3–19/group) evaluated the effects of SV and LS at various concentrations (i.e., 1, 10,
100 µM) and durations (i.e., continuous, short, or delayed) on the contractibility and viability
of fibroblasts/myofibroblasts [i.e., NIH3T3 fibroblasts with endogenous transforming growth
factor-beta 1 (TGFβ1)]. In vivo, no drug strategy prevented elbow contracture biomechanically.
Histologically, only SV-D2modestly reduced capsule fibrosis but maintained elevated cellularity
and tissue hypertrophy, and bothSV strategies lessened cartilage damage. SVmodest benefits
were localized to the anterior region, not the posterior, of the joint. Neither LS strategy had
meaningful benefits in capsule nor cartilage. In vitro, irrespective of the presence of TGFβ1, SV
(≥10 μM) prevented gel contraction partly by decreasing cell viability (100 μM). In contrast, LS
did not prevent gel contraction or affect cell viability. This study demonstrates that SV, but not
LS, might be suitable prophylactic drug therapy in two preclinical models of elbow PTJC.
Results provide initial insight to guide future preclinical studies aimed at preventing or mitigating
elbow PTJC.
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1 INTRODUCTION

Elbow trauma can lead to the debilitating condition of post-traumatic
joint contracture (PTJC) in ∼8–50% of afflicted elbows (Anakwe
et al., 2011; Myden and Hildebrand, 2011; Monument et al., 2013;
Wessel et al., 2019; Hildebrand et al., 2021). An elbow affected by
PTJC becomes contracted and stiff, leading to reduced range of
motion and function (Anakwe et al., 2011; Myden and Hildebrand,
2011; Monument et al., 2013; Wessel et al., 2019; David et al., 2021;
Hildebrand et al., 2021). Elbow PTJC is largely associated with
capsule fibrosis, but can involve injury to other soft tissues like
muscle, ligament, and cartilage (Monument et al., 2013; David et al.,
2021; Hildebrand et al., 2021; Pooley and Van der Linden, 2021).
When severe elbow PTJC develops, procedures removing the fibrotic
capsule (i.e., capsulotomy) or treating arthritic cartilage (e.g., joint
fusion or arthroplasty) serve as surgical options to improve forearm
function (Monument et al., 2013; David et al., 2021; Hildebrand et al.,
2021; Papadopoulos et al., 2021; Pooley and Van der Linden, 2021).
However, the prognosis of these strategies is largely unpredictable,
and these strategies are often unsuccessful in restoring full-motion/
function and/or are associated with surgical revisions or
complications (Monument et al., 2013; David et al., 2021;
Hildebrand et al., 2021; Papadopoulos et al., 2021; Pooley and
Van der Linden, 2021). Importantly, these approaches fail to
address the biological underpinnings of PTJC, especially during
the immediate-early biological response post-trauma (Monument
et al., 2013; David et al., 2021; Hildebrand et al., 2021). Thus, novel
disease-modifying strategies are needed to prevent or mitigate
elbow PTJC.

Successful preventative treatments for elbow PTJC will likely
depend on the disease severity at the time of intervention and the
soft tissues (e.g., capsule and cartilage) responding to the aberrant
biomechanical and biochemical stimuli post-trauma. Further,
since these stimuli can cause joint-wide changes, it is
important to consider the impact of injury and treatment on
spatial changes in soft tissues at tissue and cellular levels. Similar
to other fibrotic diseases, these aberrant stimuli are thought to
drive a sustained increase in the number of myofibroblasts in the
capsule that contract the tissue and deposit fibrotic matrix (e.g.,
collagen and proteoglycan), leading to fibrosis, stiffness, and loss
of elbow motion (Monument et al., 2013; David et al., 2021;
Hildebrand et al., 2021). In the cartilage, aberrant stimuli post-
trauma might drive chondrocytes to overproduce
proinflammatory, profibrotic, and catabolic factors, as well as
activate chondrocyte proliferation and death (Zuscik et al., 2008;
Anderson et al., 2011; Goldring, 2012; David et al., 2017).
Consequentially, irreversible changes can occur to cartilage
composition (e.g., loss of proteoglycan) and structure (e.g.,
surface fibrillation), leading to cartilage erosions (Zuscik et al.,
2008; Anderson et al., 2011; Goldring, 2012; David et al., 2017).
Taken together, preventative strategies modulating the
immediate-to-early injury response of fibroblasts/
myofibroblasts and chondrocytes in the capsule and cartilage,
respectively, will reduce soft tissue damage and elbow
contracture.

In the search for preventative treatments for elbow PTJC, two
FDA-approved drugs, namely simvastatin (SV) and losartan (LS),

offer potential options because of their pleiotropic effects in
multiple organs and diseases. Classically, SV targets the
mevalonate pathway, which is an essential pathway for cell
health and metabolism (Stancu and Sima, 2001); whereas LS is
an antagonist for the angiotensin II receptor type 1 (Bernasconi
and Nyström, 2018), which modulates the renin-angiotensin
physiologic system. These properties have led to the primary
clinical use of SV and LS to treat hypercholesterolemia and
hypertension, respectively, although these drugs have recently
been considered for treating arthritis due to their potential ability
to suppress inflammation in the joint capsule and synovial fluid,
resulting in reduced cartilage damage (Cojocaru et al., 2013;
Veronese et al., 2019; Wu et al., 2019, 2020). Additional
preclinical studies show benefits of administration of both
drugs in other diseases, including cartilage damage and joint
swelling in the knee (Price et al., 2007; Yudoh and Karasawa,
2010; Aktas et al., 2011; Chen R. et al., 2015; Hamilton et al., 2018;
Huard et al., 2018; Utsunomiya et al., 2020; Logan et al., 2021) and
tissue fibrosis in the knee (Baranowski et al., 2019), lungs
(Bagnato et al., 2013; Guo et al., 2015), muscle (Bedair et al.,
2008; Burks et al., 2011; Kobayashi et al., 2013; Davis et al., 2015;
Whitehead et al., 2015; Huard et al., 2018), and heart (Varo et al.,
1999; Spurney et al., 2011; Sun et al., 2015; Böckmann et al., 2019;
Kuo et al., 2019). Collectively, the aforementioned studies in the
knee and other soft-tissues holistically suggest that both drugs
might modulate fibroblasts/myofibroblasts and chondrocytes
biology in the elbow joint post-trauma. Despite these
pleiotropic benefits in other organ-tissues and diseases, both
SV and LS’s impact on elbow PTJC remains unknown.

Therefore, this study aimed to evaluate the effects of SV and LS
in two established preclinical models of contracture. Two SV and
LS dosing strategies were tested in an elbow-specific rat injury
model in vivo, which normally causes loss of elbow function,
capsule fibrosis, and mild arthritis (Lake et al., 2016; Dunham
et al., 2017a; Dunham et al., 2017b; Dunham et al., 2018a;
Dunham et al., 2018b; Dunham et al., 2019; Dunham et al.,
2020; Dunham et al., 2021; Reiter et al., 2019; Reiter et al., 2021a;
Reiter et al., 2021b). The in vivo model provides translatability of
SV and LS therapy and joint-wide impact on multiple soft tissues
(i.e., capsule and cartilage). Additionally, SV and LS were
evaluated in a collagen gel contraction model in vitro, serving
to mimic elbow capsule contraction in vivo (Hildebrand et al.,
2014). The in vitro model allows for manipulation of
experimental conditions on capsule cells of interest
(i.e., fibroblasts/myofibroblasts). Overall, we hypothesized that
SV and LS would prevent: 1) elbow contracture, capsule fibrosis,
and cartilage damage in vivo; and 2) gel contraction of fibroblasts/
myofibroblasts in vitro.

2 METHODS

2.1 In Vivo Rat Elbow Injury Model
2.1.1 Animals, Surgery, and Drug Strategies
In this IACUC-approved study, male Long-Evans rats (n � 35;
330–370 g; Charles River Laboratories International,
Wilmington, MA) were subjected to an established elbow
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injury model (Lake et al., 2016; Dunham et al., 2017b); male
rats were selected because this PTJC model was developed
using males and few sex-based differences have been observed
(Reiter et al., 2021b). Briefly, unilateral elbows were subjected
to anterior capsulotomy and transection of the lateral
collateral ligament followed by a period of immobilization
(0–42 days post-injury via bandage/wraps) and then free
mobilization (i.e., unrestricted cage activity; 42–84 days
post-injury) (Figure 1A). Immediately after injury, rats
received either no drugs (INJ; n � 9) or one of two drug
dosing strategies (D1 or D2; n � 3–5/group) administered via
oral gavage: 1) LS-D1; 2) SV-D1; (iii); LS-D2; and 4) SV-D2.
For D1, each drug was given 1x/daily for 3 weeks at 20 mg/kg
and 30 mg/kg for LS and SV, respectively. For D2, each drug
was given 3x/week for 6 weeks at 40 mg/kg and 60 mg/kg for
LS and SV, respectively. Based on previous preclinical studies
(Varo et al., 1999; Bedair et al., 2008; Aktas et al., 2011; Burks
et al., 2011; Spurney et al., 2011; Bagnato et al., 2013;
Kobayashi et al., 2013; Davis et al., 2015; Guo et al., 2015),
the respective low and high doses were chosen, and the dosing
strategies were categorized by either a low dose/high
frequency/short duration (D1) or high dose/low frequency/
long duration (D2); due to the difference in doses for each
drug, no direct comparison between drug-treated groups is
evaluated herein. Oral gavage was chosen as the delivery route
to better control for the drug dose administered at a given
time. Powdered forms of SV and LS were mixed with sterile
water and adjusted for the weight of each rat. Elbows from
uninjured, age-matched rats served as controls (Control; n �
10). After the free mobilization period, rats were humanely
euthanized, and elbows were harvested for post-mortem
biomechanical and histopathological analysis.

2.1.2 Biomechanical Testing
Biomechanical analysis on ex vivo elbows from Control (n � 10),
INJ (n � 9), D1 (n � 5/drug), and D2 (n � 3/drug) was performed
as described previously (Lake et al., 2016; Dunham et al., 2017b;
Reiter et al., 2019). Elbows were tested in flexion-extension to
measure the maximum flexion, maximum extension, and range
of motion (ROM), which collectively describe elbow motion
(Figure 1B).

2.1.3 Capsule and Cartilage Histological
Semi-Quantitative Scoring
Following biomechanical testing, elbows (n � 3/group) were
histologically processed for paraffin embedding, sectioned
(mid-sagittal), and then stained with hematoxylin and eosin
(H&E) and toluidine-blue (Tol-Blue) as previously performed
(Lake et al., 2016; Dunham et al., 2017b, 2018a). Each section
(n � 3 sections/stain/elbow) was blinded and semi-
quantitatively scored by a musculoskeletal histopathologist
(N.H.) using an adaptation of published metrics (Branchet-
Gumila et al., 1999; Lake et al., 2016; Dar et al., 2017; Dunham
et al., 2017b, 2018a). The semi-quantitative assessment of
capsule and cartilage (Supplementary Table S1) included
the characterization of cellular (e.g., cell number and type)
and tissue (e.g., adhesions, fibrosis, thickness, and
proteoglycans) level changes in both anterior and posterior
anatomical joint regions (Figure 1C). For each histological
section, a semi-quantitative metric was derived from a
musculoskeletal histopathologist assessment. After
evaluation, numerical scores for each elbow and group were
averaged, converted into symbolic representation (−, +, ++,
+++, or ++++), and then used for comparisons among groups.

FIGURE 1 | Experimental design for in vivo rat elbow injury model. (A) Summary of experimental groups, timeline, and post-mortem analysis. Control is uninjured,
age-matched animals. For drug strategies, INJ is an injury with no treatment, while losartan (LS) and simvastatin (SV) represent injury plus LS and SV, respectively;
dosage strategy 1 (D1) and dosing strategy 2 (D2) represents the treatment strategies of low dose/high frequency/short duration vs. high dose/low frequency/long
duration, respectively. (B) Images depicting the ex vivo flexion-extension biomechanical testing set-up and the quantitative angular measurements obtained. In this
elbow injury model, elbow contracture is characterized by i) decrease in the total range of motion, ii) increase in max extension angle (which translates into decreased
elbow extension), and iii) unaltered max flexion. The total range of motion is calculated by determining the angle difference between max extension and max flexion. (C)
Schematic of an elbow mid-sagittal section with the corresponding anatomical location of the capsule and cartilage for histopathology.
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2.1.4 Cartilage Histomorphometry
Cartilage histomorphometry on the humerus was deployed using
a method derived from previous techniques (Fukui et al., 2014;
Dar et al., 2017; David et al., 2017). Briefly, sections (n � 1
representative section/elbow; chosen due to minimal slide to slide
variation in histology scoring) were scanned under identical
settings at 20x magnification (460 nm/pixel) using the
NanoZoomer 2.0-HT System slide scanner (C9600-12;
Hamamatsu, Shizuoka, Japan). Cartilage regions were defined
in, and exported from, NanoZoomer Digital Pathology software
(NDP-view2, Hamamatsu) and then processed through a semi-
automatic script in MATLAB (Mathworks, Natick, MA). The
following parameters were determined within the articular and
calcified cartilages: 1) the number of chondrocytes; 2) the number
of proteoglycan-rich chondrocytes (i.e., chondrocytes with
intense pericellular Tol-Blue+ staining); 3) the number of
empty lacunae; 4) the cartilage area; and 5) the proteoglycan-
rich cartilage area (Tol-Blue+ staining). To obtain proteoglycan-
rich cartilage, images were first color normalized to account for
histological staining variation (i.e., scaled to each image’s white
background and subchondral bone intensity) and then
thresholded to remove non-proteoglycan rich pixels (based on
average RGB pixel intensities for the subchondral bone).
Proteoglycan amount was quantified by exploiting Tol-Blue’s
metachromatic staining properties, where a darker Tol-Blue
stain (i.e., lower average RGB pixel intensity) indicates more
proteoglycan (Sridharan and Shankar, 2012).

2.2 In Vitro Gel Contraction and Live/Dead
Assays
2.2.1 Cell and Gel Culture
NIH3T3 fibroblasts (Sigma, St. Louis, MO) and transforming
growth factor-beta one (TGFβ1; R&D Systems, Minneapolis,
MN) were used as the cell line and profibrotic/contraction
stimuli, respectively. This model system is routinely used to
study the transdifferentiation of fibroblasts into myofibroblasts
(Abdalla et al., 2013; Gutiérrez et al., 2015; Negmadjanov et al.,
2015). Further, NIH3T3 fibroblasts were chosen in this study
because primary capsule cells from rat or human tissue are not
easily obtained, isolated, and expanded for high-throughput
analysis. Briefly, NIH3T3 fibroblasts were cultured in media
comprised of DMEM/High Glucose +10% fetal bovine serum
and 1% penicillin-streptomycin (Fisher Scientific, Waltham,
MA). Upon reaching ∼80% confluency, NIH3T3 fibroblasts
were trypsinized and mixed into neutralized (pH 7; 300
mOsm) rat-tail collagen solution (collagen concentration of
1.5 mg/ml) at a density of 5 × 105 cells/ml following previous
methods (Cross et al., 2010; Iannucci et al., 2019). The collagen-
cell mixture (500 µL) was then cast into uncoated 24-well plates
(Midwest Scientific, Valley Park, MO) and polymerized for 1 h at
37°C before adding fresh media. After 24 h, gels were released
from the wells using a sterile spatula to initiate spontaneous, free-
floating gel contraction (Figure 2A). Immediately after releasing
gels, SV or LS was added (1, 10, or 100 µM) with and without
TGFβ1 (10 ng/ml) 1) every day (continuous), 2) for the first

2 days only (short), or 3) every day after a 2-days delay (delayed)
(Figure 2B; n � 3–12 gels/group). These concentrations were
chosen based on previous preclinical work and to test a range of
concentrations several orders of magnitudes apart (Watson et al.,
1998; Fürst et al., 2002; Porter et al., 2004; Watts et al., 2005;
Benoit et al., 2008; Monzack et al., 2009; Burks et al., 2011; Copaja
et al., 2011; Jia et al., 2016; Olschewski et al., 2018). Gels cultured
in drug-free media with and without TGFβ1 served as controls
(n � 12–19 gels/group). Culture media was changed every 2 days.
Powdered SV, LS, and TGFβ1 were mixed into culture media
following manufacture guidelines. A subset of gels (n � 2–3 gels/
group) in drug-free media were supplemented with only the
reconstitution solvents for SV (i.e., 0.001% dimethyl sulfoxide)
and TGFβ1 (i.e., 0.002 mM hydrochloric acid) to verify that these
solvents without drugs did not alter gel contraction.

2.2.2 Collagen Gel Contraction Dynamics
Gels were imaged daily to monitor changes in gel contraction
(i.e., gel area) by positioning an iPhone 5s (Apple, Cupertino, CA)
below the culture plate resting on a custom-built stand
(Figure 2A). Gel area was quantified using a custom
MATLAB script, with results shown as a fraction of the initial
gel area (Figure 2B).

2.2.3 Cell Viability in Collagen Gels
After 6 days of continuous drug treatment with or without
TGFβ1, gels (n � 4–11 gels/group) were stained with calcein-
AM (2 μM; Fisher Scientific, Waltham, MA; FITC filter cube),
ethidium homodimer-1 (4 μM; Fisher Scientific; TRITC filter
cube), and Hoescht (2.5 μg/ml; Fisher Scientific; DAPI filter
cube) dyes to identify live, dead, and total cells, respectively
(Figure 2C). Gels were imaged within the gel interior (depths
of ∼40 and ∼100 µm) at ×10 magnification (PlanFluor DLL 10x
0.30/16.00 mm; Nikon, Calgary, Canada) using an epifluorescent
microscope (BZ-X810; Keyence, Itasca, IL). Cell number and
viability at each gel depth was quantified and then averaged
to obtain a representative gel value using a custom MATLAB
script.

2.3 Statistics
Biomechanical data for INJ and Control were published
previously and included for comparison (Reiter et al., 2019)
but their histological sections were subjected to the analysis
protocol herein (Dunham et al., 2017b). Statistical analysis was
performed using GraphPad Prism 9 (GraphPad Software, San
Diego, CA). For in vivo data, one-way ANOVA with Dunnett’s
post-hoc test was performed to detect differences in
biomechanical and cartilage histomorphometry parameters
between INJ and drug-treated groups compared to Control. Of
note, samples from LS-D2 were excluded from semi-quantitative
scoring (n � 1) and histomorphometry (n � 2) because of
histological processing errors and section folding. For in vitro
data analysis, one-way ANOVA with Dunnett’s post-hoc test
(against the respective drug-free condition) was performed for
each parameter. Statistical significance was set at p ≤ 0.05, while
trends were identified as 0.05 < p ≤ 0.10.
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3 RESULTS

3.1 In Vivo Rat Injury Model
3.1.1 Rat Health and Elbow Biomechanics
No visible adverse side effects assessed by a veterinarian nor
differences in rat weights among groups were observed (data not
shown). Biomechanical testing revealed significantly decreased elbow
range ofmotion (∼22%; Figure 3A) and extensionmotion (i.e., larger
maximum extension values; ∼145%; Figure 3B) in INJ compared to
Control. All drug strategies displayed similar changes in the range of
motion and extension motion as in INJ compared to Control
(Figures 3A,B). There were no differences in maximum flexion
between any experimental group andControl except for LS-D1 (∼5%;
Figure 3C). These biomechanics results indicate elbow contracture is
not mitigated by drug treatments.

3.1.2 Anterior and Posterior Capsule Histopathology
Histopathology analysis revealed that all groups displayed
different injury-induced responses at the tissue and cellular
level in both the anterior (Table 1; Figure 4) and posterior
(Table 1; Supplementary Figure S1) capsule. In the anterior
capsule, INJ increased tissue-level parameters of capsule
thickness, fibrosis, adhesion, and proteoglycans compared to
Control (Table 1; Figure 4). With both LS treatments, similar
tissue-level changes occurred in the INJ, except both resulted in a
thickened, more fibrotic anterior capsule; LS-D2 also slightly
reduced proteoglycans (Table 1; Figure 4). Similarly, both SV
treatments had a different response to that observed in INJ
(Table 1; Figure 4). SV-D2 slightly reduced fibrosis,
proteoglycans, and adhesions compared to INJ, although these
metrics were still elevated compared to Control (Table 1;

FIGURE 2 | Experimental design for in vitro NIH3T3 fibroblast-embedded gel contraction. (A) Imaging set-up used to monitor gel contraction. Representative
images of collagen gel (1.5 mg/ml) contraction by embedded NIH3T3 fibroblasts (5 × 105 cells/ml) with andwithout TGFβ1 (10 ng/ml) over time. Note: Day 0 is not shown
as the gels are approximately the same size as the well, and intermediate timepoints are sizes in between the days shown. (B) Quantification of gel contraction and drug
dosing strategies used. Results are shown as average ± SEM (n � 12 for No TGFβ1; n � 19 for + TGFβ1). Note: star � live/dead assay. (C) Representative images of
live, dead, and total cell staining used to quantify cell number (# of nuclei) and viability (% viable).

FIGURE 3 | No drug strategy prevented biomechanical measures of elbow contracture. Biomechanical parameters of decreased range of motion (A) and
increased max extension (i.e., decreased elbow extension) (B) demonstrate significant elbow contracture in all groups compared to Control; no treatment strategy
prevented or improved elbow contracture. Max flexion (C) was largely unaffected by injury and treatment compared to Control. Results are shown as average ± SD; #
indicates p < 0.05 significant difference from Control (one way-ANOVA with Dunnett’s post-hoc). Note: Control � uninjured, age-matched; INJ � injury no drug; LS-
D1 � losartan dosing strategy 1; LS-D2 � losartan dosing strategy 2; SV-D1 � simvastatin dosing strategy 1; and SV-D2 � simvastatin dosing strategy 2.
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Figure 4). There was no change in vascularity between groups
(Table 1).

At the cellular level of the anterior capsule, no differences were
observed in total cellularity, synovial proliferation, and types of
cells (fibroblasts/myofibroblasts, mast cells, or mononuclear
inflammatory) in INJ compared to Control (Table 1;
Figure 4). In contrast, every drug strategy led to increased

cellularity, fibroblasts/myofibroblasts, and synovial
proliferation compared to Control (Table 1; Figure 4). No
drug strategy resulted in changes to mast or mononuclear
inflammatory cells at the time point evaluated (Table 1).

For the posterior capsule, every drug strategy exhibited similar
trends but increased scores at the tissue and cellular level compared to
the anterior capsule (Table 1; Supplementary Figure S1). Notably,

TABLE 1 | Histological semi-quantitative scoring of the anterior and posterior capsule highlighted altered tissue and cellular properties post-injury and treatment. In the anterior
capsule, INJ induced tissue-level thickening, proteoglycan deposition, and development of fibrosis and adhesions; SV-D2 is the only treatment that modestly reduced
proteoglycans, adhesions, and fibrosis, albeit with increased tissue thickness, cellularity (predominantly fibroblasts/myofibroblasts), and synovial proliferation. Similar observations
were made in the posterior capsule; however, SV-D2 no longer had capsular benefits in reducing tissue fibrosis, adhesions, or proteoglycans. In both anterior and posterior
capsules, there was no change in vascularity or the number of mast cells and mononuclear inflammatory cells in any group compared to Control. Note: Histological
parameters were semi-quantitatively assessed and given a symbol of either −, +, ++, +++, or ++++, where increases in the number of symbols (+vs. ++++) indicate worse
disease severity; details on grading scheme is found inSupplementary Table S1; Control � uninjured, age-matched; INJ � injury no drug; LS-D1 � losartan dosing strategy
1; LS-D2 � losartan dosing strategy 2; SV-D1 � simvastatin dosing strategy 1; and SV-D2 � simvastatin dosing strategy 2.

Level Parameter Anterior Capsule Posterior Capsule

Control INJ LS-D1 LS-D2 SV-D1 SV-D2 Control INJ LS-D1 LS-D2 SV-D1 SV-D2
Tissue Thickness − ++ ++++ +++ ++ ++ + +++ +++ ++++ ++++ ++++

Adhesions − ++ ++ ++ ++ + − ++ +++ +++ +++ +++
Fibrosis − ++ +++ ++ ++ + − ++ ++ ++ +++ +++
Proteoglycan Amount − + + − + − − + + ++ + +
Vascularity + + + + + + + + + + + +

Cellular Cellularity + + +++ ++ +++ ++ + + +++ ++ +++ ++
Synovial Proliferation − − + + + + − + + + + +
Fibroblasts/myofibrobasts + + +++ ++ +++ ++ + + ++ + ++ ++
Mast Cells + + + + + + + + + + + +
Mononuclear Inflammatory Cells + + + + + + + + + + + +

FIGURE 4 | SV, but not LS, modestly reduced capsule fibrosis anteriorly, albeit with increased tissue thickness and cellularity. Qualitative histopathology
assessment on H&Emidsagittal sections of the anterior capsule highlights changes in the overall capsule tissue and cellular morphology. Control capsule displays loosely
packed and disorganized tissue with minimal cellularity, whereas injury caused thickened tissue and fibrosis with minimal cells. Treatments displayed increased
thickness, cellularity (mostly fibroblasts/myofibroblasts), synovial proliferation (arrows), and fibrosis. However, SV-D2 was the only group able to modestly reduce
capsule fibrosis (open star). Note: H � humerus; R � radius; Control � uninjured, age-matched; INJ � injury no drug; LS-D1 � losartan dosing strategy 1; LS-D2 � losartan
dosing strategy 2; SV-D1 � simvastatin dosing strategy 1; and SV-D2 � simvastatin dosing strategy 2.
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SV-D2 did not reduce fibrosis and adhesions in the posterior capsule
as was seen in the anterior capsule (Table 1; Supplementary Figure
S1). Collectively, these results indicate that only SV had modest
benefits in capsule pathology (i.e., decreased fibrosis, adhesions, and
thickening) through modulating the population of fibroblasts/
myofibroblasts in the anterior region and not the posterior region.

3.1.3 Anterior and Posterior Cartilage Histopathology
Histopathology assessment of the cartilage highlighted drastic
changes at the tissue and cellular level depending on the
anatomical location and the drug strategy. In the anterior
region of INJ compared to Control, qualitative (Figure 5A)
and semi-quantitative scores (Table 2) revealed mild cartilage

FIGURE 5 | SV, but not LS, reduced cartilage surface irregularities and enhanced proteoglycan content anteriorly. (A) Qualitative histopathology assessment on
toluidine blue (Tol-Blue) and hematoxylin and eosin (H&E) midsagittal sections of anterior humerus articular cartilage (AC) and calcified cartilage (CC) demonstrate minor
cartilage surface-level fibrillations (white-filled arrow) with injury alone (INJ) compared to Control. Treatment with either LS strategy caused worse visible structural and
modest proteoglycan loss (asterisks) changes. In contrast, both SV treatments appeared to reduce the severity of this damage and increased cartilage thickness,
proteoglycan content, and proteoglycan-rich chondrocytes (black-filled arrow), as seen in Tol-Blue images. Note the minor loss of chondrocytes (blue circle) and the
drastic change in chondrocyte morphology with an enlargement (open arrow) and cloning/clustering (blue-filled arrow) of chondrocytes in the articular cartilage, as seen
in H&E images. (B–F) Quantitative cartilage histomorphometry of the humerus articular cartilage at the tissue level largely confirms these qualitative assessments while
providing additional insight into cellular level changes in the number of chondrocytes and those with enriched pericellular proteoglycan. Results are shown asmean ± SD;
# indicates p ≤ 0.05 significant difference and * indicates 0.05 < p ≤ 0.10 trending significance from Control (one-way ANOVA with Dunnett’s post-hoc). Note: Control �
uninjured, age-matched; INJ � injury no drug; LS-D1 � losartan dosing strategy 1; LS-D2 � losartan dosing strategy 2; SV-D1 � simvastatin dosing strategy 1; and SV-D2
� simvastatin dosing strategy 2.

TABLE 2 | Histological semi-quantitative scoring of the anterior and posterior cartilage demonstrated altered tissue and cellular properties post-injury and treatment. In both
anterior and posterior cartilage, INJ caused minor surface irregularities compared to Control. In the anterior cartilage, both SV strategies could slightly prevent these
minor surface irregularities, whereas LS had no benefit and even caused a loss of proteoglycan matrix staining. Posteriorly, no strategy provided cartilage protection; in fact,
SV strategies worsened the severity of cartilage damage. Note: Histological parameters were semi-quantitatively assessed and given a symbol of either −, +, ++, +++, or
++++, where increases in the number of symbols (+vs. ++++) indicate worse disease severity; details on grading scheme is found in Supplementary Table S1;
Control � uninjured, age-matched; INJ � injury no drug; LS-D1 � losartan dosing strategy 1; LS-D2 � losartan dosing strategy 2; SV-D1 � simvastatin dosing strategy 1;
and SV-D2 � simvastatin dosing strategy 2.

Level Parameter Anterior Cartilage Posterior Cartilage

Control INJ LS-D1 LS-D2 SV-D1 SV-D2 Control INJ LS-D1 LS-D2 SV-D1 SV-D2
Tissue Structural Damage − + + + − − − + + + + ++

Proteoglycan Loss − − + + − − − + + + + +
Tidemark Integrity − − − − − − − − − − − −

Cellular Cellularity − − − − − − − − − + − −
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damage in the form of surface irregularities, but without either a
loss of proteoglycans, compromise in the tidemark integrity, or
cellular morphological changes. Both LS strategies had a similar
level of cartilage damage as INJ, except there was an additional
loss of proteoglycans (Table 2; Figure 5A). On the contrary, SV-
treated groups showed modestly reduced cartilage damage
(Table 2; Figure 5A). While semi-quantitative metrics
indicated no drastic changes in chondrocyte cellularity across
entire cartilage (Table 2), qualitatively it appeared that injury
with or without drug treatments induced subtle yet notable
localized cellular morphology changes in the articular cartilage
of the humerus (Figure 5A). Chondrocyte hypertrophy and
cloning/clustering was observed in localized regions in INJ
compared to Control (Figure 5A). For treatments,
chondrocytes were somewhat absent in both LS groups
while being enlarged and displaying clustering/cloning in
both SV strategies (Figure 5A). Histomorphometry of the
humerus cartilage revealed that INJ did not alter any
parameter compared to Control (Figures 5B–F). However,
SV strategies largely increased the overall cartilage area
(Figure 5B), the distribution (i.e., area; Figure 5C) and
amount (i.e., staining intensity; Figure 5D) of
proteoglycan, and the number of proteoglycan-rich
chondrocytes (Figure 5E). In contrast, LS strategies exerted
no appreciable changes. For all groups, no appreciable
changes in humerus cartilage histomorphometry were seen
in the number of chondrocytes (Figure 5F) and empty lacunae
(data not shown) in the articular cartilage or in any metric in
the calcified cartilage (data not shown).

Histopathology assessment of the posterior cartilage
revealed mostly similar observations to the anterior
cartilage. Qualitative (Supplementary Figure S2A) and
semi-quantitative analyses (Table 2) showed posterior
cartilage damage in INJ and both LS treatment groups
compared to Control, including surface fibrillations and
loss of proteoglycans; additional diffuse hypercellularity
was seen in the LS-D2 group. Contrary to semi-quantitative
observations in the anterior cartilage, both SV strategies
caused significant cartilage erosions and loss of
proteoglycan in the posterior region (Table 2). Qualitative
assessment did not reveal striking changes in chondrocyte
morphology in most groups, except the slight appearance of
empty lacunae with both SV strategies (Supplementary
Figure S2A). Articular cartilage histomorphometry
(Supplementary Figures S2B–F) largely confirmed these
qualitative and semi-quantitative observations with no
changes in any parameter evaluated; however, despite
erosions and loss of proteoglycan observed qualitatively
and semi-quantitatively, there was no overall change in
cartilage area or proteoglycans quantitatively. No
appreciable cellular and tissue-level cartilage
histomorphometry changes were observed in the posterior
calcified cartilage (data not shown). Taken together, these
results indicate that only SV had modest cartilage protection
anteriorly through changes in chondrocyte appearance and
extracellular matrix of the articular cartilage and not calcified
cartilage.

3.2 In Vitro Gel Contraction
3.2.1 Fibroblasts/Myofibroblasts Cell Contractility and
Viability
In vitro studies detected differences across groups in the degree of
gel contraction (Figures 6A–C). On day 6 of culture, drug-free
gels decreased in area from the initial size without (∼30%) and
with (∼95%) TGFβ1 (Figures 6A,B). Irrespective of TGFβ1,
continuous SV treatment prevented (i.e., no decreased area;
Figures 6A,B) gel contraction at concentrations ≥10 µM
compared to drug-free control. In contrast, no concentration
of LS prevented gel contraction. Since only SV prevented gel
contraction, a subset of SV- and TGFβ1-treated only gels were
used to test the effect of timing and duration of SV. Similar
inhibition of contraction occurred if SV was delayed and given for
a short duration (Figure 6C); however, 10 µM SV no longer
inhibited contraction if applied for a short duration. On day 6
after continuous drug treatment with and without TGFβ1,
100 µM SV significantly reduced cell number (∼70–80%;
Figures 6D,E) and viability (∼35–45%; Figures 6F,G). In a
subset of gels, there was no impact of reconstitution solvents
for SV and TGFβ1 on gel contraction (Supplementary Figure
S3). Overall, these results indicate that only SV could prevent gel
contraction at moderate to high concentrations through
modulation of NIH3T3 fibroblasts/myofibroblasts health and
contractility.

4 DISCUSSION

4.1 Overview
Currently, an unmet clinical need exists for novel therapies to
prevent the development of elbow PTJC. Thus, this study tested
the effects of prophylactically administered SV and LS in two
preclinical models of elbow PTJC. In the rat elbow PTJCmodel in
vivo, SV and LS did not prevent the onset of elbow contracture as
indicated from post-mortem biomechanics (Figure 3). However,
both drugs modulated capsule and cartilage biology on a region-
dependent cellular and tissue level as indicated histologically
(Tables 1, 2; Figures 4, 5; Supplementary Figures S1, S2). SV
drug delivery appeared to decrease capsule fibrosis and cartilage
damage in the joint anteriorly, yet increased damage severity in
the posterior region. This observed location-dependent
phenotype suggests a complex injury-drug response by which
altering the anterior region of the joint with drugs might impact
the biological activity in multiple tissues throughout the elbow.
Neither LS dose showed any benefits and appeared to increase
disease severity in both cartilage and capsule. In vitro,
concentrations of SV, but not LS, inhibited fibroblasts/
myofibroblast contractility (Figure 6). Considering the in vitro
and in vivo data together suggests that both SV and LS can
modulate the biological activity and tissue-level properties of
capsule and cartilage. However, it appears that drug-induced
cellular and tissue level changes do not necessarily translate to the
functional level, at least at the single timepoint evaluated, which
might have implications for future clinical and preclinical studies
of elbow PTJC. Overall, these data provide a foundation of
knowledge to understand better SV and LS potential as
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disease-modifying drugs for elbow PTJC and to guide the future
optimization of dosing and delivery strategies.

4.2 SV and LS Induces Pleiotropic Effects on
Capsule Biology In Vivo
Elbow PTJC is primarily driven by capsule fibrosis; hence, a study
goal was to prevent capsule fibrosis post-trauma, particularly in the
anterior region of the elbow since it is the location where the
surgically induced injury occurs in the in vivo model (Lake et al.,
2016; Dunham et al., 2017b). Indeed, SV given at dosing strategy 2
(60mg/kg given 3 days/wk for 6 weeks), but not dosing strategy 1
(30mg/kg given daily for 3 weeks),modestly reduced anterior capsule
fibrosis/adhesions, although the capsule was still thick and displayed
increased cellularity compared to Control (Figure 4; Table 1). At the
cellular level, fibroblasts and/or myofibroblasts were histologically
identified as the predominant cell type in the capsule at the timepoint
evaluated (Table 1). This is in opposition to inflammatory cells (e.g.,

monocytes and mast cells) that are commonly implicated in knee
contracture (Monument et al., 2013; David et al., 2021), yet shifts in
these cell populations could occur at other timepoints post-injury or
the signaling between such cells might be altered. It is unclear why
SV’s effects were localized anteriorly; however, since the anterior
capsule is the primary tissue of interest driving elbow contracture in
this model and clinically, the increased disease severity in the
posterior joint location may not be as critical. Despite modest
benefits of SV, LS given at either dosing strategy 1 (20mg/kg
given daily for 3 weeks) or strategy 2 (40mg/kg given 3 days/week
for 6 weeks) failed to decrease the severity of capsule fibrosis, cartilage
damage, or contracture. Given the limited timepoints following
trauma and drug therapies assessed herein, it remains unknown if
decreased capsule fibrosis, adhesions, and proteoglycans associated
with elevated tissue thickness and cellularity indicates a delay or
reduction in capsule fibrosis or tissue regeneration.

Since limited knowledge exists regarding elbow specific PTJC,
as well as the use of SV and LS for PTJC in other musculoskeletal

FIGURE 6 | SV, but not LS, reduced fibroblasts/myofibroblasts contractility and viability in vitro. (A–C) Quantitative assessment of gel contraction area
demonstrated that continuous, delayed, and short application of SV, but not LS, reduced contraction without and with TGFβ1 after 6 days. (D–G) Assessment of cell
number and viability demonstrated that only continuous 100 µM SV treatment reduced cell number and viability without and with TGFβ1 after 6 days. Results are shown
as mean ± SD; # indicates p < 0.05 significant difference from drug-free controls (one way-ANOVA with Dunnett’s post-hoc).
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joints (e.g., knee), careful considerations should be taken when
comparing this study to the literature. Nevertheless, our mixed
multi-scale results somewhat align with a study by Baranowski
et al., that evaluated the effects of orally administered losartan
(30 mg/kg/day) and statins (in this case, atorvastatin; 15 mg/kg/
day) on capsule fibrosis and joint contracture in a rat knee model
of PTJC (Baranowski et al., 2019). Similar to our results, they
found no functional benefit, yet both drugs still altered the
capsule tissue and cellular properties. At the tissue level,
atorvastatin and LS decreased and increased capsular
thickness, respectively, while both drugs reduced the total
cellularity and proportion of myofibroblasts at the cellular
level. The efficacy discrepancy between studies could be due to
the joint type, soft-tissue damage from traumatic injury, dosing
strategies, timepoints evaluated, or analysis technique.
Nevertheless, it appears that SV and LS can modulate the
capsule’s biological activity and tissue-level properties of the
elbow in a dosing strategy and anatomical location-dependent
manner.

4.3 SV, but not LS, Prevents Fibroblasts/
Myofibroblasts-Mediated Gel Contraction
In Vitro
In this study, the gel contraction model utilizing NIH3T3
fibroblasts and TGFβ1 as a profibrotic factor (Abdalla et al.,
2013; Gutiérrez et al., 2015; Negmadjanov et al., 2015) was
performed to simulate in vivo capsule contraction (Hildebrand
et al., 2014) and evaluate SV and LS’s direct effects on fibroblasts
and myofibroblasts. SV, but not LS, reduced gel contraction
under conditions with and without TGFβ1 in NIH3T3
fibroblasts/myofibroblasts (Figure 6). SV at higher
concentration (100 µM) inhibited gel contraction mostly due
to cell death, while SV at a moderate concentration (10 µM)
likely altered cell contractility (assessed via extent of gel
contraction; Figure 6). Notably, the effects of SV were
transient because the gel contraction response was not altered
when SV was only given for a short duration (Figure 6). Delayed
application of SV (≥10 µM) led to a complete halt in gel
contraction, albeit with about ∼60% contraction still occurring
prior to applying SV (Figure 6). Generally, our results align with
SV’s known influence on the mevalonate pathway (Stancu and
Sima, 2001) and fibroblasts/myofibroblasts (i.e., reduced
proliferation, viability, and contractility with ≤10 µM) (Fürst
et al., 2002; Porter et al., 2004; Watts et al., 2005; Monzack
et al., 2009; Burks et al., 2011; Copaja et al., 2011; Kuo et al., 2019).
Further, our in vitro gel findings might explain/support the ability
of SV to have a potential reduction in anterior capsule fibrosis by
modulating fibroblasts/myofibroblasts phenotype
(i.e., contractility), metabolism (e.g., deposition of fibrotic
matrix), and signaling (e.g., autocrine/paracrine signaling).
However, given the systemic administration of drugs in this
study, SV’s impacts in vivo might extend beyond the direct
effects on fibroblasts/myofibroblasts observed in vitro (e.g.,
modulating inflammatory cell health and signaling).
Surprisingly, LS did not reduce gel contraction in vitro despite
its known anti-fibrotic properties (Bedair et al., 2008; Burks et al.,

2011; Spurney et al., 2011; Bagnato et al., 2013; Kobayashi et al.,
2013; Guo et al., 2015; Huard et al., 2018; Baranowski et al., 2019;
Böckmann et al., 2019). Other studies have reported similarly
mixed effects, where LS inhibited gel contraction in some culture
conditions (Watson et al., 1998; Benoit et al., 2008; Jia et al., 2016)
yet also increased cell adhesions/invasion and proliferation
(Olschewski et al., 2018). Such mixed results could be due to
in vitro vs. in vivo study designs, culture conditions (e.g., collagen
and cellular densities), cell type (e.g., primary vs. cell line), use of a
single profibrotic factor (e.g., TGFβ1 vs. angiotensin II) and/or
the presence of LS target receptor [i.e., angiotensin II type 1,
which NIH3T3 fibroblasts minimally express (Heemskerk et al.,
1999; De Paolis et al., 2002)]. In a subset of separate gels,
angiotensin II (i.e., 10 and 100 ng/ml) was applied and had no
impact on gel contraction (Supplementary Figure S3),
suggesting a minimal influence of angiotensin II on NIH3T3
fibroblasts/myofibroblasts contractility. However, angiotensin II
and LS might exert effects in other cellular activity of NIH3T3
fibroblasts/myofibroblasts that extend beyond gel contraction
studied herein (e.g., production of growth factors/cytokines,
proliferation, and adhesions/invasion). Collectively, these
in vitro findings suggest SV, but not LS, can directly modulate
cellular contractility and health of fibroblasts/myofibroblasts
embedded within collagen gels, but whether SV can directly
impact these cellular processes in vivo remains unknown.

4.4 SV and LS Induces Pleiotropic Effects on
Cartilage Biology In Vivo
Elbow trauma can cause damage to other soft tissues in the elbow
like cartilage; hence, this study evaluated changes to cartilage in
the rat injury model of elbow post-trauma. Similar to the capsule,
cartilage exhibited location- and drug-dependent changes. In
both the joint’s anterior and posterior region, all cartilage
changes occurred in the articular and not calcified cartilage,
suggesting direct and localized effects to chondrocytes in the
articular cartilage; however, this does not rule out the possibility
of intracellular signaling between articular and calcified cartilage
with other elbow tissues such as the capsule or subchondral bone.
In both the anterior and posterior region, injury alone caused
mild surface fibrillations/irregularities (Table 2; Figure 5;
Supplementary Figure S2). Surface irregularities in the
posterior region was unexpected since the injury model herein
causes soft tissue damage to the anterior region of the joint (Lake
et al., 2016; Dunham et al., 2017b); this suggests joint-wide
changes not previously appreciated in this injury model of
PTJC. With treatments, cartilage damage in the anterior
region was slightly prevented (e.g., reduced surface
irregularities/fibrillation) with both SV strategies, whereas both
LS strategies caused further damage (e.g., erosions) (Table 2;
Figure 5). There were notable focal regions of chondrocytes in SV
treated groups that displayed enhanced clustering (Figure 5A),
though this was not a widespread phenomenon across all
articular cartilage. Collectively, histological observations of SV
cartilage protection might be due to an overall increase in
cartilage area combined with enhanced proteoglycan matrix
composition in both the extracellular and pericellular matrices
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around chondrocytes (Figure 5). These observations in SV-
treated joints suggest chondrocyte-driven attempts to repair,
regeneration, and/or anabolism (Zuscik et al., 2008; Anderson
et al., 2011; Goldring, 2012). However, since only one time point
was evaluated post-trauma, it is unclear if this chondrocyte
response would continue to be beneficial long term. Despite
providing modest benefits anteriorly, both SV strategies led to
articular cartilage erosions posteriorly (Table 2; Supplementary
Figure S2). Although erosions developed, histomorphometric
analysis revealed that the total cartilage area did not change;
suggesting that the remaining non-eroded articular cartilage
increases in area, as seen anteriorly, and could indicate tissue
adaptation. Contrary to SV, LS was unable to provide any surface-
level protection and led to areas devoid of chondrocytes (Table 2;
Supplementary Figure S2).

Given the limited a priori knowledge of elbow-specific
cartilage biology, studies from the literature utilizing SV and
LS for preventing arthritis in other joints (e.g., the knee) can help
interpret this study’s findings. For example, SV is thought to
prevent cartilage damage by enhancing chondrogenesis (e.g.,
increased proteoglycan synthesis) and reducing chondrocyte
production of harmful biochemical factors (e.g., inflammatory
cytokines and matrix-degrading enzymes) (Yudoh and Karasawa,
2010; Aktas et al., 2011). LS appears to provide similar cartilage
structure protection in the knee (Chen R. et al., 2015; Huard et al.,
2018; Utsunomiya et al., 2020; Logan et al., 2021) but can also
accelerate chondrocyte enlargement/hypertrophy in the growth
plate (Chen S. et al., 2015). Contrary to the structural/
composition benefits (e.g., prevention of fibrillations and
erosions) of drug treatment on cartilage seen in these previous
preclinical studies, there was no robust tissue-level improvement
with most SV and LS strategies in this study. However, recent
work has shown LS at higher dosages can halt cartilage repair and
induce cartilage damage in healthy cartilage (Logan et al., 2021),
which somewhat aligns with the deleterious effects of LS strategies
in this study. Collectively, these discrepancies could be due to the
dosing strategy, joint location (e.g., anterior vs. posterior), joint
studied (e.g., elbow vs. knee), type of arthritis (e.g., rheumatoid
arthritis vs. post-trauma osteoarthritis), and type of traumatic
insult (e.g., trauma, immobilization, chemical, or combinations).
Furthermore, it is unclear whether the cartilage response was
directly or indirectly modulated by capsule biology, or vice versa.
Nevertheless, our findings suggest that SV and LS impact the
chondrocyte/cartilage injury response, but the full extent of these
drugs’ impact on cartilage requires further investigations.

4.5 Future Work
While these data are insightful, many questions remain to be
answered that will require further evaluation. Future work could
increase sample sizes, modify the dosing strategies, and evaluate other
drug toxicity parameters [e.g., pain, liver dysfunction, and muscle
damage (MacDonald and Halleck, 2004; Schachter, 2005; Sica et al.,
2005)], functional deficiencies [e.g., gait and grip strength (Reiter
et al., 2019)], elbowmotions [i.e., pronation and supination (Dunham
et al., 2017a)], and time points post-trauma. Further, although only
male rats were included in this study and previous work showed
minor sex-dependent progression of PTJC (Reiter et al., 2021b), the

effect of drug treatment in female rats could be different and should
be considered. Since drugs were given systemically, knowledge about
the pharmacokinetics and bioavailability of drugs within the elbow’s
synovial space would be critical for understanding the drug
mechanisms of action and optimizing and choosing alternative
dosing and delivery strategies (e.g., use of nanoparticles, intra-
articular injections, drinking water, or topical application). It is
also important to consider that the bioavailability and effects of
each drug herein and using alternative dosing and delivery strategies
could also be impacted by the in vivo half-life of each drug [e.g., about
1–5 h in humans (MacDonald and Halleck, 2004; Schachter, 2005;
Sica et al., 2005)]. Additionally, in vivowork should also evaluate drug
concentrations and critical biomarkers of disease (e.g., TGFβ1, matrix
degrading enzymes, and proinflammatory cytokines assessed via
immunohistochemistry or other analysis techniques) in the
cartilage and capsule, as well as the elbow’s synovial space and
systemic blood serum. Beyond future in vivo work, the in vitro gel
contraction assay would be more impactful if primary cells from the
elbow capsule are used and co-culture studies are performed using
other cells (e.g., macrophages and mast cells) that might
communicate to fibroblasts/myofibroblasts in vivo (Monument
et al., 2013; Hildebrand et al., 2014). Finally, understanding the
underlying drug mechanism(s) driving capsule and cartilage
biology changes will prove vital to fully determining the
therapeutic potential of these treatment strategies.

5 CONCLUSION

In conclusion, this study demonstrated that SV, but not LS, can
prevent capsule fibrosis and cartilage damage in vivo and cell
contractility in vitro. In the rat elbow contracture model, orally
administered SV altered histopathological evaluations at the
cellular and tissue level in the capsule and cartilage but did
not ultimately improve joint function at the single time point
evaluated. In the gel contraction assay, SV transiently altered
fibroblasts/myofibroblasts contractility. Both preclinical models
demonstrated that the success of SV as a treatment for elbow
PTJC will be dependent on the dosing strategy. Unfortunately, LS
did not elicit a beneficial change in either the in vivo or in vitro
system. Overall, results from this study support further
investigation and optimization of SV dosing and delivery
strategies to serve as a preventative therapy for elbow PTJC.
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Tenascins Interfere With
Remyelination in an Ex Vivo Cerebellar
Explant Model of Demyelination
Juliane Bauch, Sina Vom Ort, Annika Ulc and Andreas Faissner*

Department of Cell Morphology and Molecular Neurobiology, Ruhr-University Bochum, Bochum, Germany

Oligodendrocytes form myelin membranes and thereby secure the insulation of axons and
the rapid conduction of action potentials. Diseases such as multiple sclerosis highlight the
importance of this glial cell population for brain function. In the adult brain, efficient
remyelination following the damage to oligodendrocytes is compromised. Myelination is
characterized by proliferation, migration, and proper integration of oligodendrocyte
precursor cells (OPCs). These processes are among others controlled by proteins of
the extracellular matrix (ECM). As a prominent representative ECM molecule, tenascin-C
(Tnc) exerts an inhibitory effect on the migration and differentiation of OPCs. The
structurally similar paralogue tenascin-R (Tnr) is known to promote the differentiation of
oligodendrocytes. The model of lysolecithin-induced demyelination of cerebellar slice
cultures represents an important tool for the analysis of the remyelination process. Ex
vivo cerebellar explant cultures of Tnc−/− and Tnr−/− mouse lines displayed enhanced
remyelination by forming thicker myelin membranes upon exposure to lysolecithin. The
inhibitory effect of tenascins on remyelination could be confirmed when demyelinated
wildtype control cultures were exposed to purified Tnc or Tnr protein. In that approach, the
remyelination efficiency decreased in a dose-dependent manner with increasing
concentrations of ECM molecules added. In order to examine potential roles in a
complex in vivo environment, we successfully established cuprizone-based acute
demyelination to analyze the remyelination behavior after cuprizone withdrawal in
SV129, Tnc−/−, and Tnr−/− mice. In addition, we documented by
immunohistochemistry in the cuprizone model the expression of chondroitin sulfate
proteoglycans that are inhibitory for the differentiation of OPCs. In conclusion, inhibitory
properties of Tnc and Tnr for myelin membrane formation could be demonstrated by using
an ex vivo approach.

Keywords: extracellular matrix (ECM), tenascin-C, tenascin-R, myelin, myelin lesion, oligodendrocyte, regeneration

INTRODUCTION

Neurons, astrocytes, oligodendrocytes, and microglia form part of the four determining cell types of
the central nervous system (CNS), whose interactions are necessary for memory formation (Hertz
and Chen, 2016). Oligodendrocytes are the myelin membrane–forming cells of the CNS (Bradl and
Lassmann, 2010). Due to the formation of myelin membranes, oligodendrocytes facilitate the rapid
nerve conduction and insulation of axons (Hughes and Appel, 2016). In this context, conduction
rates of up to 200 m/s can be reached, which are used for the complex information transfer in the
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CNS (Nave, 2010). A single oligodendrocyte can form up to 40
myelin membranes, which isolate many axons (Miron et al.,
2011). Oligodendrocytes are postmitotic cells, and their
development is characterized by proliferation of
oligodendrocyte precursor cells (OPCs) (Goldman and
Kuypers, 2015), migration toward target axons (Miller, 2002),
and differentiation into myelin membrane–forming cells (Zhang,
2001). Furthermore, the oligodendrocyte-dependent myelination
influences survival and development of neurons. Due to the
importance of intact myelin, acute demyelination entails
serious neurological diseases like multiple sclerosis (MS)
(Franklin and Ffrench-Constant, 2017). MS is a chronic
inflammatory and demyelinating disease that affects the CNS,
highlighted by a demyelination of axons (Franklin and Ffrench-
Constant, 2008; Hagemeier et al., 2012). MS belongs to
autoimmune diseases (Sospedra, 2018), involving
T-lymphocytes and activated macrophages that attack and
demyelinate myelin membranes and also damage axons.
Recently, it became clear that B-cells play an important role in
MS by activating T-cells (Sospedra 2018). Although
remyelination processes occur in the demyelinated CNS, it
does not suffice for a complete regeneration (Patani et al.,
2007). With regard to the clinical picture of MS, we focus on
two toxicity-based demyelination models: the cuprizone and the
lysolecithin demyelination model (Birgbauer et al., 2004; Kipp
et al., 2009). Both models induce a reversible demyelination of
axons in the absence of an immune reaction. This allows
analyzing mechanisms of remyelination or factors relevant to a
higher remyelination efficiency in more detail. Cuprizone is a
toxic copper chelator and induces demyelination, especially in the
corpus callosum and hippocampus of the CNS of rodents. Due to
a reversible demyelination after withdrawal of cuprizone, a
remyelination can be observed (Matsushima and Morell, 2001;
Kipp et al., 2009; Ransohoff, 2012). Within the ex vivo model,
lysolecithin induces a reversible demyelination in cerebellar slice
cultures and a remyelination ensues (Miron et al., 2013). In the
context of oligodendrocyte development, molecules of the
extracellular matrix (ECM) have been described to alter
oligodendrocyte differentiation and migration (Jakovcevski
et al., 2013; Wheeler and Fuss, 2016). The ECM allows
cohesion of tissue and organs and is synthesized and released
by the individual cells. The matrix influences cell development,
survival, proliferation, morphology, migration, and
differentiation (Dityatev et al., 2010; Barros et al., 2011;
Faissner and Reinhard, 2015). Earlier studies revealed that the
extracellular glycoprotein Tnc has an inhibitory effect on
migration and differentiation of OPCs (Kiernan et al., 1996;
Czopka et al., 2009b). In demyelinated MS plaques, which are
characterized by demyelination of axons, an upregulation of Tnc
may mediate inhibitory influences on oligodendrocytes (Zhao
et al., 2009). Along these lines, when experimental allergic
encephalomyelitis (EAE) was elicited in Tnc−/− mice, the
disease course was less severe than that in the wildtype.
Furthermore, proinflammatory cytokine levels and the
stimulation of Th1 and Th17 cells in response to myelin
oligodendrocyte glycoprotein (MOG) were less than those in
the control (Momcilovic et al., 2017). In humans, tenascins

belong to the glycoproteins of the ECM, with the four
members of tenascin-C, tenascin-R, tenascin-X, and tenascin-
W (Tucker et al., 2006). Tnc has a hexameric structure and is
synthesized in early postnatal stages of CNS by neural stem cells
and immature astrocytes (Bartsch et al., 1992; Garwood et al.,
2004; Karus et al., 2011). The glycoprotein tenascin-R (Tnr) has a
similar structure and forms dimers and trimers (Rathjen and
Hodge, 2020). In contrast to Tnc, Tnr is expressed during late
postnatal development of CNS in neurons and oligodendrocytes
(Bartsch et al., 1992; Becker et al., 2000; Czopka et al., 2009b). Tnr
promotes cell adhesion and cell differentiation of
oligodendrocytes but also blocks migration of OPCs (Pesheva
et al., 1997). Both tenascins exert an inhibitory influence on
formation of myelin membranes. However, they act
antagonistically on differentiation of oligodendrocytes. Tnc
blocks differentiation, whereas Tnr is necessary for the
temporal differentiation in vitro (Czopka et al., 2009b). Up to
now, less is known about the function of Tnr. Therefore, we
wanted to analyze the influence of Tnr on remyelination
efficiency and on differentiation of oligodendrocytes. Here,
within both demyelination models, Tnc−/− and Tnr−/− mice are
used for the first time. We show that both demyelination models
can be performed with Tnc−/− and Tnr−/− mice. Both
glycoproteins Tnc and Tnr revealed an inhibitory influence on
remyelination efficiency of oligodendrocytes in ex vivo explants.
Furthermore, the known inhibitory effect of chondroitin sulfate
on differentiation of OPCs (Karus et al., 2016; Keough et al., 2016)
proved consistent with the expression pattern observed in
this study.

MATERIALS AND METHODS

All experiments performed conform to the relevant regulatory
standards.

Animals and Genotyping
Tnc−/− and Tnr−/− knockout mouse (Mus musculus) lines were
derived and maintained in the animal facility of the Faculty of
Biology and Biotechnology, Ruhr University Bochum, as
described (Czopka et al., 2009b). For cerebellar explant
cultures, mice heterozygous for the Tnc and Tnr genes were
mated, and their homozygous wildtype and Tnc−/−- and Tnr−/−-
deficient litters were genotyped at the age of 0–3 days. In order to
isolate genomic DNA, mouse tail tips were lysed in 200 µl
DirectPCR® Lysis Reagent Tail (Peqlab, VWR Life Science;
Cat. No. 31-101-T) containing Proteinase K (Thermo Fisher
Scientific; Cat. No. EO0491) at 55°C for 30 min and
centrifuged at 16,000 g for 10 s. 1 µl of lysed genomic DNA
was used as a template for PCR analysis. On the one hand,
the Tnc wildtype was amplified by a Tnc primer (5′-CTGCCA
GGCATCTTTCTAGC-3′) and Tnc Exon 1 primer (5′-
TTCTGCAGGTTGGA GGCAAC-3′), resulting in a PCR
product of 420 bp. The amplification of the mutant allele with
the Tnc primer combined with a Tnc Neo primer (5′-CTGCTC
TTTACTGAAGGCTC-3′) resulted in a PCR product of 340 bp.
On the other hand, the Tnr wildtype was amplified by a Tnr
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primer (5′-AACTCCATGCTGGCTACCAC-3′) and an Tnr
Exon 1 primer (5′-TTTT GGGGAGGTTGATCTTG-3′),
resulting in a PCR product of 420 bp. The amplification of the
mutant allele with the Tnr primer combined with a Tnr Neo
primer (5′-ACCGCTTCCTCGTGCTT-3′) resulted in a PCR
product of approximately 429 bp. Tnc and Tnr wildtype mice
will be referred to as Tnc+/+ and Tnr+/+, whereas Tnc and Tnr
knockout mice will be referred to as Tnc−/− and Tnr−/−. For
cerebellar slice cultures in the presence of purified Tnr protein,
homozygous NMRI-mice were used. For de- and remyelination
studies in the cuprizone model, homozygous Tnc−/− and Tnr−/−

mice were compared to in-house bred SV129 wildtype mice
(129S2/SvPasCrl) (Charles River, Sulzfeld, Germany). All
experiments and animal handling were approved by LANUV,
North Rhine-Westphalia, Germany (license AZ 84-02.04-
2014.A332), and conducted according to German animal
protection laws.

Lysolecithin-Induced Demyelination Model
(Ex Vivo Model)
To analyze myelination and especially remyelination efficiency
dependent on Tnc and Tnr, cerebellar slice cultures of newborn
Tnc+/+, Tnc−/−, Tnr+/+, and Tnr−/− pups were prepared as
described previously (Miron et al., 2011; Zhang et al., 2011).
This method represents an ex vivo model which allows for the
application of compounds into the culture medium. In this
model, the application of 0.5 mg/ml lysolecithin (Sigma-
Aldrich; Cat. No. 9008-30-4) induces the demyelination of
cerebellar axons (Birgbauer et al., 2004). Briefly, newborn pups
were decapitated, and the brains were isolated and dissected. The
cerebellum with the attached hindbrain was cut into 200–300 µm
thick sagittal slices using an MCIIwain tissue chopper. Slices were
placed on Millicell cell culture inserts (Merck KGaA) in slice
culture medium (50% (v/v) MEM (Gibco Minimum Essential
Media, Thermo Fisher Scientific; Cat. No. 15188319), 25% (v/v)
Earle’s Balanced Salt Solution (EBSS, Sigma-Aldrich; Cat. No.
E2888), 25% (v/v) heat-inactivated horse serum (Sigma-Aldrich;

Cat. No. S9135), Pen/Strep 10 μl/ml (Sigma-Aldrich; Cat. No.
P4333), and 6.5 mg/ml D-Glucose (Serva Electrophoresis GmbH;
Cat. No. 22700)) in six-well culture plates. The membrane of
those inserts allows gas exchange with the area and with the slice
culture medium. The media were changed every 2 days. In our
experimental design, two cerebellar slices a time were cultivated
for each of the conditions of myelination, demyelination,
remyelination, and control. After 10 days in culture,
myelinated slices were fixed for staining. Demyelination was
induced by administration of 0.5 mg/ml lysolecithin to the
medium for 16–18 h. Thereafter, inserts of the demyelinated
condition were washed and transferred to fresh medium. After
an additional cultivation of 24 h, demyelinated slices were fixed.
For remyelination analysis, slices were cultivated for further
14 days (Figure 1).

Treatment of Cerebellar Slice Cultures With
Exogenous Purified Tnc and Tnr
In the ex vivo model, remyelination efficiency was analyzed by
application of purified Tnc and Tnr [diluted in phosphate-
buffered saline (PBS)] in NMRI-mice to analyze its potential
inhibitory influence in detail. Tnc was gained by
immunoaffinity chromatography as described (Faissner and
Kruse, 1990; Czopka et al., 2009b). To specify the impact on the
remyelination process, Tnc was applied in a high
concentration of 50 μg/ml PBS to the culture after
demyelination. Regarding the concentration of Tnc in the
perturbation experiments, we used 50 μg/ml to make sure
that we operate in an efficient range. Concentrations down
to 15 μg/ml were used in previous studies; however, these were
performed with single cells, not with explants (Moritz et al.,
2008). As we use Tnc purified from the postnatal mouse brain,
the supplies are limited, and we could not carry out dose-
response studies in this case. Therefore, we aimed at the
assumed endpoint to probe the decisive issue, namely,
whether Tnc interferes with remyelination. Tnr was gained
by immunoaffinity purification from adult Tnr+/+ mouse

FIGURE 1 | Experimental setup of the cerebellar explant cultures. Cerebella of newborn tenascin-C and tenascin-R knockout and wildtype mice pups were cut into
250–300 µm thick sagittal sections and cultivated in slice culture medium. Demyelination was induced by administration of 0.5 mg/ml lysolecithin to the medium for 16-
18 h. For remyelination analysis, explants were cultivated for further 14 days. Untreated control explants (C) were kept for the whole duration of the experiment.
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brains as described (Czopka et al., 2009b). To determine the
impact on the remyelination process, Tnr was applied in
concentrations of 10 μg/ml and 20 μg/ml PBS to the cultures
after demyelination. Tnr was isolated from the adult mouse
CNS and was also only available in limited amounts.
Cultivation was performed as described above, but Tnr was
part of the medium during the remyelination period. For
internal control, purified Tnc and Tnr were also applied to
untreated explants. For further external control, we used an
additional culture plate with application of 1x PBS instead of
Tnr. The concentrations of tenascins are difficult to compare as
Tnr occurs in dimers and trimers, whereas Tnc occurs as
trimers and hexamers. If we assume that Tnr trimers (Mr
480 kD) and Tnc hexamers (Mr 1000 kD) prevailed in our
samples, the multimers were used in comparable nanomolar
ranges at the concentrations we applied. We assume that we
saturated the inhibitory effect under these conditions.

Imaging of Cerebellar Slices
Confocal images were obtained by using a Zeiss LSM 510 Meta
microscope. Images of at least three different areas of the
cerebellum were taken, whereas in the z-plane, six images
were recorded at intervals of 1 µm. The ImageJ Plugin JaCoP
(Bolte and Cordelieres, 2006) was used to identify Manders’
overlap coefficient (MOC), which reflects the intensities of
colocalized pixels in relation to the intensities of either all red
pixels or all green pixels. Moreover, we compared the measured
M2 values (De Santis et al., 2021) of the different genotypes
Tnc+/+, Tnc−/−, Tnr+/+, and Tnr−/− to exclude the possibility that
changed myelin formation was due to the influence of the
tenascins on the axons (Supplementary Figure S2). The M2
signal therein corresponded to the red fluorescence and reflected
the density of axon surfaces in the explants.

Cuprizone-Induced Demyelination Model
(In Vivo Model)
For myelination studies in vivo, eight-week-old male SV129, Tnc−/−,
and Tnr−/− mice were fed 0.2% (w/w) cuprizone (Sigma-Aldrich;
Cat. No. 370-81-0) mixed with powdered chow for six weeks to
induce demyelination (Hillis et al., 2016), followed by a diet without
cuprizone for one or two weeks (Albrecht et al., 2016) to allow for
remyelination, as described previously (Ulc et al., 2019). Control
mice received powdered chow without cuprizone. Four different
experimental groups of mice were used. At the end of the
experiment, mice of each group were perfused intracardially with
20ml PBS in deep anesthesia (800 µl 0.9% (w/v) NaCl (Thermo
Fisher Scientific; Cat. No. 7647-14-5), 50 µl Xylavet (xylazine)
(10mg/ml weight) (CP-Pharma, Handelsgesellschaft mbH; Cat.
No. 1205), and 150 µl ketamine (150mg/ml weight) (CP-
Pharma, Handelsgesellschaft mbH; Cat. No. 1202)), and brains
were removed and cut sagittally in two halves. Then, one
hemisphere was fixed with 4% (w/v) paraformaldehyde (PFA)
(Carl Roth; Cat. No. 4235.1) in PBS at 4°C for 48 h, before
embedding in tissue-freezing medium for cryosectioning and
following immunohistochemical staining. The second hemisphere
was frozen in liquid nitrogen for RNA analysis.

Immunohistochemistry
Immunological Reagents
The following primary antibodies were used: APC (clone CC1,
mouse IgG2b, IF: 1:100, Abcam (Ab16794) RRID:AB_443473;
Cambridge, UK), MBP (mouse IgG, IF: 1:50, Bio-Rad (MCA409)
RRID:AB_325004, Millipore, Eschborn, Deutschland), NF200
(rabbit polyclonal, IgG, IF: 1:200, Sigma-Aldrich (N4142)
RRID:AB_477272, Chemie GmbH, Munich Germany), Olig2
(rabbit polyclonal IgG, IF: 1:500, Merck (AB9610) RRID:
AB_570666, Millipore), and 473HD (rat, IgM monoclonal, IF:
1:100, Hybridoma-technique) (Faissner et al., 1994a). Species-
specific secondary antibodies coupled to Cy2 AF488 (1:250) and
Cy3 (1:500) were obtained from Dianova GmbH (Hamburg,
Germany).

Immunohistochemical Staining
After 2 days, PFA-fixed brain halves were dehydrated in 30% (w/
v) sucrose (J.T. Baker; Cat. No. 4072-01) before embedding in
tissue-freezing medium (Leica Biosystems; Cat. No.
14020108926) on dry ice. For immunohistochemical staining,
cryosections with a slice thickness of 14 µm were used. Here, we
focused sagittal sections on the area of the corpus callosum (CC).
To permeabilize the tissue, brain sections were first boiled with
blocking solution in 0.01 M citrate buffer before incubation
(PBS+ 1% (w/v) BSA (Carl Roth GmbH & Co. KG; Cat. No.
8076.2) + 0.1% (v/v) Triton-X 100 (AppliChem; Cat. No.
A4975,0500) + 5% (v/v) goat serum (Abcam; Cat. No.
ab7481)) for 1 h at RT in a humid chamber. Individual
primary antibodies (MBP, 473HD, Olig2, and CC1) were
diluted in blocking solution and incubated at 4°C overnight.
After three consecutive washing steps in PBS, secondary
antibodies were diluted in PBS/A (PBS + 0.1% (w/v) BSA) and
incubated for 2 h at RT. Finally, stained cryosections were washed
three times with PBS and mounted using ImmuMount. For luxol
fast blue–periodic acid Schiff’s reagent staining (LFB–PAS-
staining), LFB (Thermo Fisher Scientific; Cat. No. 1328-51-4)
was used to stain myelin blue and PAS to stain axons red. At the
beginning, in vivo sections were dehydrated in a graded alcohol
series (30% (v/v), 70% (v/v), 90% (v/v), 96% (v/v) ethanol) and
stained in 1% LFB solution in 96% (v/v) ethanol (Carl Roth; Cat.
No. 64-17-5) for 24 h at 60°C. Afterward, cryosections were rinsed
in 96% (v/v) ethanol followed by incubation in 0.05% (w/v)
lithium carbonate (LiCO3) (Sigma-Aldrich; Cat. No. 554-13-2)
for 30 s. Next, the sections were washed in 70% (v/v) ethanol for
30 s, which reduces the background staining, and in A. dest. for
5 min to block differentiation. Then, staining was followed with
1% (w/v) periodic acid (7 min) and afterward with Schiff’s
reagent (Carl Roth; Cat. No. 1789) for 20 min. Subsequently,
the sections were washed three times with A. dest. before they
were stained in hematoxylin for 3 min for making the cell nuclei
in tissue visible. After further dehydration in a graded alcohol
series, cryosections were mounted using Euparal mounting
medium (Carl Roth; Cat. No. 1993). For the
immunohistochemical staining of cerebellar explant cultures,
slices were fixed in 4% (w/v) PFA in PBS for 1 h at RT and
afterward rinsed three times in PBS for 10 min. For staining, slices
were permeabilized and blocked in 3% (v/v) heat-inactivated
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horse serum (HS), 2% BSA (w/v), and 0.5% (v/v) Triton-X 100
(blocking buffer) for 1 h at RT. Primary antibodies were diluted in
blocking buffer and incubated at 4°C overnight. Secondary
antibodies were diluted for 3 h at RT, followed by two washes
in PBS for 10 min and one wash in PBS for 1 h. Slices were
mounted on glass slides using ImmuMount. Confocal images
were collected by using a Zeiss LSM 510 Meta microscope at
intervals of 1 µm. The ImageJ Plugin JaCoP (Bolte and
Cordelieres, 2006) was used to identify the individual
Manders’ coefficient, which describes the intensity of
colocalized pixels in relation to the intensity of all red pixels.
Here, the myelination index describes the percentage of
myelinated axons in relation to all axons.

Molecular Biology
RNA Isolation, cDNA Synthesis, and qRT-PCR
In order to monitor myelin-specific genes in the corpus callosum,
the anatomical region was prepared from partially frozen brain
halves of cuprizone-treated mice. Prior to RNA extraction, the
isolated corpus callosum tissue was stored at −80°C. Total RNA
from the corpus callosum was isolated using the GeneElute™
Mammalian Total RNA MiniPrep Kit (Sigma-Aldrich by Merck
KGaA; Cat. No. RTN350) according to the manufacturer’s
instructions. 0.5 µg RNA was transcribed into cDNA in a
volume of 40 µl using the First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific; Cat. No. K1622). 6.25 ng cDNA in
total was used for each qRT-PCR. All qRT-PCRs were performed
on LightCycler96 (Hoffmann-La Roche AG) using the FastStart
Essential DNA Green Master Kit (Hoffmann-La Roche AG; Cat.
No. 064027120 01). For each condition (control, demyelination,
one-week remyelination, two-weeks remyelination), cDNA
samples from three different animals were prepared in
triplicate. For each RT-PCR, only one myelin gene was
analyzed (β-actin and ribosomal protein lateral stalk subunit
P0 (RPLP0) as controls, myelin basic protein (MBP) and
proteolipid protein 1 (PLP1) as myelin genes). The following
primers were used: β-actin forward: 5′-ctaaggccaaccgtgaaaag-3′,
β-actin reverse: 5′-accagaggcatacagggaca-3′, RPLP0 forward: 5′-
cgacctggaagtccaactac-3′, RPLP0 reverse: 5′-atctgctgcatctgctg-3′,
PLP1 forward: 5′-caagacctctgccagtatag-3′, PLP1 reverse: 5′-agc
tcagaacttggtgcctc-3′, MBP forward: 5′-agccgaggtcccattgtt-3′, and
MBP reverse: 5′-cctcagaggacagagtgatgtgttt-3′. In each sample,
three technical replicates were measured and normalized to
the expression of stably expressed genes (β-actin and RPLP0).
qPCR data were analyzed with the program LightCycler®96 and
given as values. Evaluating the primer efficiency and relative gene
expression was performed with Rest 2009.

Statistics
All results are provided as mean ± SEM if not declared otherwise.
The number of performed experiments and the type of statistical
tests are indicated in figure legends. The two-way ANOVA and
the subsequent Tukey’s multiple-comparisons test were
performed for the comparison of more than two samples. All
statistical tests were run using the GraphPad Prism 7 program
(GraphPad Software, San Diego, United States) and were
considered as significantly different when p ≤ 0.05; p-values

are indicated with * for p ≤ 0.05, ** for p ≤ 0.01, and *** for
p ≤ 0.001.

RESULTS

Faster Remyelination in Cerebella Slice
Cultures of Tnc−/− Mice
Earlier studies had revealed that Tnc and Tnr regulate the
differentiation of oligodendrocytes in vitro (Czopka et al.,
2009b; Czopka et al., 2010). In order to examine whether
this is also the case in a more complex setting closer to the
in vivo situation, we studied their impact on de- and
remyelination in a live cerebellar explant system (Zhang
et al., 2011) (Figure 1). To this end, remyelination in
cerebellar slice cultures of Tnc+/+, Tnc−/−, Tnr+/+, and
Tnr−/− mice was studied. Immunohistochemical staining
with NF200 and MBP was performed in four conditions,
namely, myelinated (M), demyelinated (DM), remyelinated
(RM), and control (C) (Figures 2–5). The degree of
myelination was assessed according to MBP-labeling along
neurofilament-positive axons and developed during the first
10 days of cultivation (M, Figure 2). Upon application of
lysolecithin after 10 days of cultivation, a drastic
demyelination (DM) was obvious and could be observed in
all genotypes studied, where MBP-staining appeared highly
reduced (Figure 2) (Ulc et al., 2019). Upon withdrawal of
lysolecithin, an initial remyelination (RM) was observable in
both genotypes that progressed over 14 days, the endpoint of
the experiment. Progressively myelinated axons were visible in
the control condition (C), explants that were kept unperturbed
over 25 days. To investigate the difference between Tnc+/+ and
Tnc−/− slices, we performed a quantification of the myelination
indices. After 10 days, the Tnc−/− explants presented a higher
percentage of myelinated axons compared to the wildtype that
proved statistically significant (M, Tnc+/+: 18.56% ± 7.33%,
Tnc−/−: 24.56% ± 7.9%, p = 0.003). Demyelination was
successful (Figures 2A,B), presenting the lowest
myelination grade for both genotypes (DM, Tnc+/+: 2.64% ±
1.64%, Tnc−/−: 3.51% ± 2.50%). Successful remyelination
occurred in both genotypes, with an apparent advantage in
Tnc−/− compared with Tnc+/+ cultures that did not, however,
achieve statistical significance (RM, Tnc+/+: 24.37% ± 9.97%,
Tnc−/−: 31.71% ± 7.34%). The control condition (C) that had
not been exposed to lysolecithin revealed an ongoing increase
of myelination compared to the demyelinated condition.
Interestingly, myelination in the absence of Tnc appeared
comparable to the WT (C, Tnc+/+: 26.80% ± 5.95%, Tnc−/−:
29.35% ± 9.79%). A change in the degree of myelin formation
could result from the reduced availability of axons as a
consequence of fasciculation. To exclude the influence of
axon fasciculation on the myelination degree, we also
measured the percentage of NF200-positive fluorescence in
the explants. As our results demonstrated, axon signals were
only significantly increased during myelination in Tnc−/−

tissue (M, Tnc+/+: 19.83%, Tnc−/−: 40.59%, p = 0.0013)
(Supplementary Figure S2B). No significant differences
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considering the axon signals were detectable in the
control condition (C, Tnc+/+: 41.3%, Tnc−/−: 45.3%), or
during demyelination (DM, Tnc+/+: 30.6%, Tnc−/−: 45.98%).
In the latter case, a large scatter of values obliterated the
significance of the seeming difference (Supplementary
Figure S2B). Moreover, during the successful remyelination,
there were still no significant differences considering the axon
signals detectable (RM, Tnc+/+: 40.08%, Tnc−/−: 43.81%).
Therefore, the availability of axon surfaces for
ensheathment by myelin was comparable in the different
experimental samples.

Purified Tnc Interferes With Remyelination
in the Cerebellar Explant Assay
The data seemed to indicate a weak but visible retarding effect of Tnc
on myelination, whereas demyelination per se was not modified by

the absence of Tnc. To test this interpretation, demyelinated WT
explants were directly exposed to purified Tnc isolated from the
postnatal CNS (Figure 3). After lysolecithin withdrawal, 50 μg/ml
Tnc was added in soluble form to the slice cultures and cultivated for
14 days (Figure 3A). This concentration range had proven efficient
for stimulating cells with soluble Tnc in previous studies (Haage
et al., 2019). Myelination indices were evaluated for untreated and
treated remyelination and control groups (Figure 3B). No
differences from the untreated group were measured by adding
Tnc to the control group (C, w/o Tnc: 20.13% ± 2.66%, +Tnc:
18.53% ± 12.26%) (Figures 3A-B, A-B’). However, remyelination
efficiency was significantly decreased when Tnc was added to the
remyelination group in comparison with the untreated
remyelination group (RM, w/o Tnc: 17.82% ± 1.61%, +Tnc:
11.15% ± 1.01%, p = 0.0029) (Figures 3A-A, A-A’). In the
presence of Tnc, the remyelination appeared strongly impeded
(Figure 3B).

FIGURE 2 | (A,B)Comparison of myelination and remyelination in live cerebellar explant cultures of Tnc+/+ and Tnc−/−mice. (A) Tnc+/+ and Tnc−/− cerebellar explant
cultures of the conditions myelinated (M), demyelinated (DM), remyelinated (RM), and control (C) were labeled with antibodies against NF200 (red) and MBP (green) to
visualize the wrapping of myelin membranes around nerve fibers. Colocalization of neurofilament and MBP appeared as yellow staining. Demyelination nearly eliminated
MBP-labeling. The myelinated condition shows a highly distinctive MBP staining. An initiating remyelination is visible for both genotypes. (B) Quantification of
myelination indices of each condition in the comparison of Tnc+/+ and Tnc−/− explant cultures (M, myelinated; DM, demyelinated; RM, remyelinated; C, control). For the
demyelinated condition, the quantification shows a significant reduction of the myelination index compared to the other conditions. Overall, both myelination and
remyelination appeared more extensive in the absence of Tnc. All data are provided as mean ± SEM. Statistical significance was assessed using the two-way ANOVA
(*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) and Tukey’s multiple-comparisons test. Scale bars: 20 µm. Six independent experiments (N = 6) were performed, and three explants
(n = 3) were analyzed per experiment for each condition.
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Accelerated Remyelination in Cerebellar
Slice Cultures of Tnr−/− Mice
The inhibitory effects of Tnc on remyelination were in
agreement with studies showing that Tnc reduces
oligodendrocyte membrane extension in vitro. The
paralogue Tnr is structurally related to Tnc and had
analogous effects in that cell biological assay (Czopka et al.,
2009b). Therefore, we examined the consequences of Tnr gene
ablation in the cerebellar remyelination assay (Figure 1). To
assess the difference between Tnr+/+ and Tnr−/− explants

(Figure 4A), we performed a quantification of the
myelination indices. Here, the myelinated condition
represented a slightly higher, although not statistically
significant percentage of myelinated axons compared to the
control group (M, Tnr+/+: 23.20% ± 9.71%, Tnr−/−: 24.66% ±
11.21%; Figure 4). This was not observed in the untreated
control explants (Tnr+/+: 16.11% ± 3.68%, Tnr−/−: 15.58% ±
4.41%). As reflected in the myelination indices, demyelination
by lysolecithin was successful (Figure 4B) and presented the
lowest myelination grade in the demyelinated condition for
both genotypes (DM, Tnr+/+: 5.60 %± 1.5%, Tnr−/−: 4.92% ±
2.12%). Moreover, a successful remyelination could be
observed which, remarkably, appeared stronger in Tnr−/−

than Tnr+/+ cultures (RM, Tnr+/+: 9.11% ± 3.2%, Tnr−/−:
15.21% ± 6.1%, p = 0.0165). This observation suggested a
clear inhibitory effect of Tnr on the remyelination process.
Furthermore, we have analyzed the fraction of axon-
dependent fluorescence in the different conditions, and as
our results demonstrated, the intensity of NF200-positive
signals in Tnr−/− mice was significantly increased in the
demyelination condition (DM, Tnr+/+: 29.83%, Tnr−/−:
45.09%, p = 0.0003) (Supplementary Figure S2C).
Under untreated control condition, no significant
differences considering the axon signals in both genotypes
were detectable (C, Tnr+/+: 44.19%, Tnr−/−: 54.54%).
Moreover, the results showed that Tnr seemed to exert no
influence on axon signals under myelination (M, Tnr+/+:
45.35%, Tnr−/−: 45.53%) and remyelination conditions (RM,
Tnr+/+: 40.08%, Tnr−/−: 43.91%). In view of the apparent
inhibitory effect, we tested the purified Tnr protein
directly in the explant remyelination assay.

Purified Tnr Reduces Remyelination in the
Cerebellar Explant Assay
Cerebellar explants were kept in culture for 10 days,
demyelinated, and subsequently remyelinated as indicated
(Figure 1). To assess the impact on myelination, Tnr was
added at 10 μg/ml or 20 μg/ml purified protein to the culture
medium, while plain PBS instead of ECM protein was used as
the control (Figure 5A). During the first 10 days of cultivation,
quantification revealed a higher percentage of myelinated
axons in the PBS-control compared to Tnr-treated groups
(M; PBS-C: 23.07% ± 8.42%, 10 µg Tnr: 11.37% ± 3.09%,
p = 0.0142, 20 µg Tnr: 15.12% ± 1.47%, p = 0.0176).
Explants kept in the presence of 10 µg Tnr represented the
least degree of myelination of axons, and this apparent
retardation of myelination during the initial cultivation
phase was highly significant (Figure 5). Demyelination
upon application of lysolecithin was successful, as evidenced
by a reduction of MBP-staining (DM; PBS-C: 5.16 ± 2.34%,
10 µg Tnr: 6.50% ± 3.69%, 20 µg Tnr: 9.56% ± 2.51%).
Remyelination could be observed but differed between these
three groups. The highest percentage of remyelinated axons
was obtained in the PBS-control situation, whereas the least
percentage was recorded for explants confronted with 20 μg/ml
Tnr. Interestingly, in that latter situation, the myelination

FIGURE 3 | (A,B) Tnc inhibits remyelination in cerebellar slice cultures.
(A,A9,B,B9) Exemplary cerebellar explants cultivated in the absence (A,B) or
presence (A9,B9) of Tnc. Slices were stained for NF-200 and MBP. Tnc-
treated remyelinated cultures displayed myelin membranes that did not
wrap the axons throughout the whole cerebellar slice. Scale bar: 20 μm. (B)
Evaluation of myelination index, defined as the proportion of colocalized area
among the areas of complete neurofilament staining. These results indicate an
impaired remyelination in Tnc-treated cultures. Data are presented as mean ±
SEM, and statistical significance was assessed using an unpaired two-tailed
Student’s t-test for each group (remyelinated and control). Six independent (N
= 6) experiments were performed, and three explants (n = 3) were analyzed
per experiment for each condition.
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index was nearly the same for the remyelinated condition
compared to the demyelinated condition (RM; PBS-C:
20.45% ± 7.26%, 10 µg Tnr: 13.03% ± 2.29%, 20 µg Tnr:
9.97% ± 3.30%). As a further support of Tnr-dependent
inhibition, the PBS-control displayed a significant increase
of remyelination compared to demyelination. In the
control condition for all groups, the highest percentage of
myelinated axons was noted when the explants were exposed
neither to lysolecithin nor to Tnr protein (C; PBS-C: 25.75% ±
8.35%, 10 μg/ml Tnr: 23.84% ± 7.09%, 20 μg/ml Tnr: 20.37% ±
4.80%, p = 0.0053). Overall, these observations clearly suggest
that Tnr protein reduced myelination in the cerebellar explant
assay. Considering the remyelination condition, it is
noteworthy that the myelination indices in the presence of
Tnr did not differ from the demyelination condition, while a
significantly recovery could be detected when the explants
were treated with plain PBS (Figure 5B). We interpret this
result as indicating that Tnr delayed recovery of myelin to
some extent by maintaining the demyelination level
(Figure 5B).

LFB–PAS-Staining and MBP-Staining
Reveal Successful Demyelination and
Remyelination in the Different Genotypes in
the Cuprizone Model In Vivo
The outcome of the studies with cerebellar explants strongly
suggested an inhibitory role of Tnc and Tnr in remyelination
in vitro. This prompted the question whether these glial-
derived ECM constituents interfere with the remyelination
process in vivo. In order to study this issue, demyelination
was induced in wildtype and transgenic mice by administration
of a cuprizone-rich diet over a period of 6 weeks, following an
established protocol (Ulc et al., 2019). To assess the
myelination grade in the corpus callosum of SV129, Tnc−/−,
and Tnr−/− mice in the conditions “control,” “demyelination,”
“one-week remyelination,” and “two-weeks remyelination,” we
performed LFB–PAS- and MBP-staining of tissue sections.
LFB detects phospholipids/lipoproteins in myelin, and PAS
marks glycoproteins in the axons (Xiang et al., 2005; Lindner
et al., 2008). In contrast, labeling for MBP focuses on the

FIGURE 4 | (A,B) Comparison of myelination and remyelination in live cerebellar explant cultures of Tnr+/+ and Tnr−/− mice. (A) Tnr+/+ and Tnr−/− cerebellar explant
cultures of the conditions myelinated (M), demyelinated (DM), remyelinated (RM), and control (C) were immunohistochemically labeled with antibodies against NF200
(red) and MBP (green) to visualize the wrapping of myelin membranes around nerve fibers. Colocalization of neurofilament and MBP appeared as yellow staining.
Demyelination nearly eliminated MBP-labeling. The myelinated condition shows a highly distinctive MBP staining. An initiating remyelination is visible for both
genotypes. (B) Quantification of myelination indices of each condition in the comparison of Tnr+/+ and Tnr−/− explant cultures (M, myelinated; DM, demyelinated; RM,
remyelinated; C, control). For the demyelinated condition, the quantification shows a significant reduction of the myelination index compared to the other conditions.
Overall, both myelination and remyelination appeared more extensive in the absence of Tnr. All data are provided as mean ± SEM. Statistical significance was assessed
using the two-way ANOVA (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) and Tukey’s multiple-comparisons test. Scale bars: 50 µm. Nine independent experiments were
performed (N = 9), and three explants (n = 3) were analyzed per experiment for each condition and each slice culture group.
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specific myelin compartment. In all genotypes, the
histochemical staining revealed more pronounced myelin in
the control as compared to the demyelinated condition. The

reduced intensity of myelin staining in the demyelinated
condition could be explained by a successful cuprizone-
induced demyelination. However, some residual LFB- and

FIGURE 5 | (A,B) Comparison of remyelination efficiency in cerebellar cultures from NMRI-mice in the presence of purified Tnr. (A) Labeling for neurofilament (red)
and MBP (green) of live cerebellar explants kept under four different conditions: myelinated, demyelinated, remyelinated, and control. Explants were complemented
either with plain PBS (control), with 10 µg, or with 20 µg immunopurified Tnr applied to the explant culture medium. MBP labeling indicates the degree of myelination
under the different conditions. (B) The graph displays the quantification of myelination indices of the distinct conditions PBS-control (PBS-C), 10 µg Tnr, and 20 µg
Tnr as applied to explant cultures kept in the different conditions (M, myelinated; DM, demyelinated; RM, remyelinated; C, control). All data are provided as mean ± SEM.
Statistical significance was assessed using the two-way ANOVA (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) and Tukey’s multiple-comparisons test. Scale bars: 50 µm. Five
independent experiments (N = 5) were carried out, and three (n = 3) explants per experiment were analyzed for each condition and each slice culture group.
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MBP-staining was still visible in demyelinated tissue, although
demyelination had occurred. Additionally, LFB-staining
revealed a reduction of myelin also outside the corpus
callosum (Supplementary Figure S1B), which suggested
effective demyelination in the telencephalon. After one week

of remyelination, MBP-staining increased compared to the
demyelinated condition (Figure 6A). In contrast, LFB-staining
did not detect differences between one-week remyelination
and the demyelinated condition. Interestingly, brain sections
of Tnc−/− and Tnr−/−mice displayed a higher intensity of MBP-

FIGURE 6 | (A–C) Immunolabeling for MBP and gene expression analysis of the myelin genes PLP1 andMBP8 in the corpus callosum of SV129, Tnc−/−, and Tnr−/−

mice under control, demyelinated, and remyelinated conditions. (A) Immunohistochemistry with antibodies against MBP (violet) for visualizing themyelination grade in the
corpus callosum of SV129, Tnc−/−, and Tnr−/− mice. Four conditions were compared: control, one-week demyelinated (1 wk DM), one-week remyelinated (1 wk RM),
and two-weeks remyelinated (2 wk RM). DAPI-staining (blue) shows the cell nuclei in the field of vision. The immunohistochemical staining illustrates an increased
intensity of MBP in the area of the corpus callosum in the control condition for the three genotypes. In comparison with the untreated control, MBP-staining of the
demyelinated condition was reduced in all genotypes, revealing efficient demyelination by cuprizone. The different genotypes behaved similarly in all four conditions.
Scale bars: 100 µm. Using qPCR (B), the expression analysis of the myelin genes MBP and PLP1 was carried out in corpus callosum samples of Tnc−/− and SV129mice
in “control,” “demyelinated,” “one-week remyelinated (1 wk),” and “two-weeks remyelinated (2 wk)” conditions and was represented graphically with box plots. The
expression of MBP and PLP1 was normalized with reference to the control genes RPLP0 and β-actin. The expression of myelin genes in SV129 mice was set as 1. The
control condition exhibited nearly unchanged expression of MBP but significantly reduced expression of PLP1 in Tnc−/− samples compared to the SV129 wildtype. The
demyelinated condition revealed a downregulation of both myelin genes in Tnc−/− in comparison with SV129 samples. After one week of remyelination, PLP1 was also
downregulated in Tnc−/− samples, while MBP expression remained unchanged. After two weeks of remyelination, both genotypes did not differ. (C) The expression of
both myelin genes in Tnr−/− and SV129 mice was normalized with reference to the control genes RPLP0 and β-actin. The analysis of all data and statistical significance
were assessed using LightCycler

®
96 and Rest 2009 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). At least three animals were included in each group (N = 3) and genotype (n = 500

cells).

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 81996710

Bauch et al. Tenascins Modulate Remyelination

60

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


labeling after one week of remyelination compared to the
wildtype SV129 sections. The histochemical staining
intensity increased further after two weeks, clearly
suggestive of remyelination. According to histochemistry
and to immunohistochemical analysis for MBP, we
established successfully the cuprizone model in Tnc−/− and
Tnr−/− mutant mice. Because histological studies relying on
LFB–PAS- and MBP-staining did not allow for precise
quantification, the expression of two important myelin
genes was studied on the mRNA level.

Monitoring Cuprizone-Dependent Myelin
Remodeling With Oligodendrocyte Markers
Quantitative PCR was used to analyze the expression of the
myelin-specific genes MBP8 and PLP1 from the corpus
callosum of Tnc−/− and Tnr−/− mice in the conditions
“control,” “demyelinated,” “one-week remyelinated,” and “two
weeks remyelinated” (Figure 6). The gene expression of MBP8
and PLP1 was normalized to the gene expression of the
housekeeping genes RPLP0 and β-actin (Figures 6B,C). The
expression of MBP8 (relative expression: 1.24) in Tnc−/−

compared to SV129 samples did not change and was nearly
the same in each condition (Figure 6B). For PLP1, on the
contrary, the control (Figures 6A,B) was significantly reduced
in the corpus callosum of Tnc−/− compared to SV129 mice (p =
0.017). In the demyelination condition, a downregulation for both
myelin genes was detectable. However, there were hardly any
differences between Tnc−/− and SV129mice (relative expression of
MBP8: 0.952, PLP1: 0.679). After one week of remyelination, only
a higher expression of MBP8 (1.051) could be observed (Figures
6B,C), whereas PLP1 was downregulated in Tnc−/− compared to
SV129 samples (relative expression: 0.626). In comparison with
SV129, after two weeks of remyelination, there were no significant
differences in myelination-specific expression in the Tnc−/−

samples (Figures 6B–D). In comparison with the SV129
wildtype, a significant upregulation of MBP8 in the control
condition of the Tnr−/− mice could be noted. The PLP1 gene,
on the contrary, was weakly downregulated (relative expression of
PLP1: 0.80). The demyelinated condition also showed a reduced
expression for MBP8, whereas PLP1 was weakly downregulated
(relative expression ofMBP8: 0.910, PLP1: 0.812). In the condition
“one-week remyelinated,” themyelin genesMBP8 and PLP1 in the
corpus callosum of Tnr−/− mice were significantly downregulated
(Figure 6C) compared to SV129 (MBP8, p = 0.001; PLP1, p =
0.004). The comparison of the two myelin genes in the Tnr−/−

genotype yielded a higher expression forMBP8 compared to PLP1
(relative expression ofMBP8: 0.611, PLP1: 0.257). After two weeks
of remyelination, the expression of MBP8 in Tnr−/− samples
appeared reduced (Figures 6C,D) compared to the SV129
samples (relative expression: 0.936). For PLP1, on the contrary,
after two weeks of remyelination, a significantly increased
expression (relative expression: 1.183) could be observed in
Tnr−/− samples compared to SV129 samples (p = 0.036).
Overall, for the myelinating gene PLP1, in the control
condition and after one and two weeks of remyelination, a
higher expression in all genotypes compared toMBP8was evident.

Comparison of OPCs and Mature
Oligodendrocytes in the Cuprizone Model
To gain insight into the oligodendrocyte lineage, studies using the
markers Olig2 and CC1 were performed (Figure 7). For an
individual quantification of mature oligodendrocytes, we
carried out Olig2/CC1 double immunostaining to investigate
the differentiation process of OPCs dependent on tenascins.
Immunopositive cells were counted comparatively in SV129,
Tnc−/−, and Tnr−/− mice. In the demyelinated condition, we
observed (Figure 7C) cells that were Olig2/CC1-positive
(demyelination; SV129: 56.10% ± 13.08%, Tnc−/−: 44.33% ±
21.27%, Tnr−/−: 50.02% ± 7.27%) compared to the control
condition (SV129: 89.31% ± 1.92%, Tnc−/−: 73.8% ± 15.75%,
Tnr−/−: 79.92% ± 4.11%). The quantitative analysis of Olig2-
positive cells confirmed the presence of oligodendroglia in the
demyelinated condition for all genotypes (Figure 7B). A
complete elimination of oligodendroglia, however, could not
be detected upon demyelination. The knockout of both
tenascins did not substantially modify Olig2- or Olig2/CC1-
positive populations in the untreated control condition (C;
Figures 7B,C). Olig2- and Olig2/CC1-positive OPCs and
oligodendrocytes, respectively, were monitored upon
demyelination and after one and two weeks of remyelination.
Possibly due to the variability of the system, no statistical
significance could be achieved in most of the comparisons
(Figures 7A,B). To accentuate the effects, a more extended
exposure to cuprizone might be necessary. Interestingly, after
one week of remyelination, however, in comparison with the
demyelinated condition, Tnc−/− sections presented a significant
increase of Olig2-positive cells (Figure 7B) and a significant
increase of mature oligodendrocytes (Tnc−/−: 86.41 % ± 2.10%,
p = 0.0194) (Figure 7C). After two weeks of remyelination, the
significant increase of Olig2/CC1-positive cells compared to the
demyelinated condition persisted in the Tnc−/− knockout (RM2;
Tnc−/−: 84.13% ± 4.24%, p = 0.0330). This might reflect the
inhibitory effect of Tnc on OPC migration and maturation, so
that, in the absence of Tnc, the immigration of OPCs is favored.
This is in agreement with an earlier report showing enhanced
invasion of OPCs into the Tnc−/− optic nerve (Garcion et al.,
2001).

Expression of the DSD-1/Phosphacan
Proteoglycan in the Cuprizone Model
A previous study had shown that chondroitin sulfate regulates the
proliferative maintenance of OPCs and inhibits further
differentiation toward mature oligodendrocytes (Karus et al.,
2016). In order to trace a potential inhibitory influence of
chondroitin sulfate, we performed immunohistochemical
staining of brain sections of SV129, Tnc−/−, and Tnr−/− mice
using the markers Olig2 and 473HD. The mAb 473HD reacts
with the particular DSD-1-chondroitin sulfate epitope (Faissner
et al., 1994a; Clement et al., 1998). To measure the expression
level, the corrected total cell fluorescence (CTCF) of the 473HD-
positive area in the corpus callosum was determined. In the
absence of treatment (Figure 8), immunostaining revealed a
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higher intensity of 473HD in Tnc−/− and Tnr−/− sections
compared to wildtype SV129 (C; SV129: 6442954.67 ±
591709.4, Tnc−/-: 8716938.67 ± 3131031.83, Tnr−/−:
8495473.33 ± 946020.84, p = 0.0333). In contrast, in the
demyelinated condition, Tnc−/− and Tnr−/− sections presented
a significantly reduced 473HD-staining and fluorescent intensity
than those observed in the SV129 WT (DM; SV129: 9264336 ±
149233.09, Tnc−/−: 6727202.67 ± 656442.63, p = 0.0028, Tnr−/−:
8148442.67 ± 164110.66, p = 0.0010). Under remyelinated
conditions, the intensity of immunostaining in SV129 WT
seemed slightly elevated in comparison with that in Tnc−/−

and Tnr−/−. However, this could not be reflected in
measurements of the fluorescence intensity (RM1; SV129:
8811688 ± 284248, Tnc−/−: 8906437.33 ± 2579201.47, Tnr−/−:
9285434.67 ± 868391.98). After two weeks of remyelination, no
differences between the genotypes could be detected (RM2;
SV129: 7769445.33 ± 164110.66, Tnc−/−: 10327677.33 ±
5335489.68, Tnr−/−: 8811688 ± 752049.52). Relating to an
increased 473HD-staining and measured fluorescent intensity
in Tnr−/− sections under control condition, these results suggest
that Tnr has an inhibitory influence on chondroitin sulfates in the
absence of treatment. These results are consistent with an
inhibitory influence of chondroitin sulfate on oligodendrocyte
differentiation. However, in the demyelinated condition, the
fluorescence intensity of 473HD in both Tnc−/− and Tnr−/−

mice was significantly decreased, which suggests that both

tenascins at least in the inflammatory environment are
essential for the normal expression of oligodendrocyte
precursors.

DISCUSSION

In the present study, we investigated the influence of the
glycoproteins Tnc and especially Tnr on the differentiation
and remyelination efficiency of oligodendrocytes. Previous
studies of the laboratory had revealed that the Tnc protein of
the tenascin family of EM glycoproteins exerts inhibitory effects
on the differentiation of oligodendrocyte precursor cells in vitro
(Kiernan et al., 1996; Czopka et al., 2009b). While Tnc is
expressed by neural stem cells and astrocyte precursors and
downregulated postnatally, Tnr is upregulated during the
postnatal period and clearly expressed by a subpopulation of
neurons and maturing oligodendrocytes (Czopka et al., 2009b;
Faissner et al., 2017). When comparing the Tnc+/+ and Tnc−/−

explant cultures, the highest degree of myelination was observed
in the untreated situation. Overall, the Tnc−/− explants seem to
acquire a higher degree of myelination. The addition of
lysolecithin led to a strong demyelination, and successful
remyelination was achieved upon removal of the compound.
In all conditions tested, more myelin was observable in Tnc−/−

explants. Tnc inhibits the migration and differentiation of OPCs

FIGURE 7 | (A–C) Comparison of Olig2/CC1-double immunolabeling in the corpus callosum of SV129, Tnc−/−, and Tnr−/− mice under control, demyelinated, and
remyelinated conditions. (A) Using immunohistochemical labeling with antibodies against Olig2 (detects all oligodendroglia) and CC1 (detects mature oligodendrocytes),
the percentage of mature oligodendrocytes in the corpus callosum of SV129, Tnc−/−, and Tnr−/− mice was compared. The four conditions “control,” “demyelinated,”
“one-week remyelinated,” and “two-weeks remyelinated”were examined. DAPI-staining marks cell nuclei in blue color. Olig2 is nucleus-based staining, and CC1 is
located in the cytosol. In the absence of treatment, a strong labeling of CC1-positive cells (green) was detectable in the corpus callosum (CC) of all genotypes. Mature
CC1/Olig2-positive cells were reduced in the demyelinated condition. (B) Quantification of Olig2-positive cells in the particular conditions (C: control, DM: demyelinated,
RM1: one-week remyelinated, RM2: two-weeks remyelinated). (C) Quantification of CC1/Olig2-double immunopositive cells. The quantification confirms a lower
percentage of mature oligodendrocytes in the demyelinated condition compared to the control for all genotypes. All data are provided as mean ± SEM. The statistical
significance was assessed by using the two-way ANOVA (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) and Tukey’s multiple-comparisons test. The micrograph of the illustration
was captured via Axiophot. Scale bars: illustration: 100 µm detail, pictures: 50 μm; at least N = 3 animals were used for each group and genotype, and at least n = 500
cells were evaluated for each individual animal.
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after demyelination and thereby reduces the remyelination of
demyelinated axons. Alternatively, a Tnc-dependent activation of
astrocytes may result in reduced myelination of axons (Nash
et al., 2011). Tnc accumulation in demyelinated plaques thus
might prevent successful remyelination (Gutowski et al., 1999;
Czopka et al., 2009b; Zhao et al., 2009). The comparison of Tnr+/+

and Tnr−/− explant cultures displayed the highest degree of
myelination in the untreated situation. In particular, the
Tnr−/− explants displayed the most extensive myelination.
Upon demyelination by addition of lysolecithin, a strong
reduction of myelin could be obtained. Compared to normal
development, newly formed myelin membranes are thinner upon
remyelination (Dubois-Dalcq et al., 2008). After demyelination, a
strong increase in the proliferation rate of OPCs ensues in the
explants. The OPCs subsequently differentiate into mature
oligodendrocytes and myelinate the demyelinated axons
(Zhang et al., 2011). Altogether, the Tnr−/− explants were
characterized by a higher degree of myelination and
remyelination than the Tnr+/+ wildtype. By comparing the
several conditions from each genotype in view of myelinated
and control conditions, it is noticeable that the myelination index
in the control condition is higher than that in the myelinated
condition. This is not what one firstly expected because a longer
cultivation time might favor ongoing myelination. However, in
organotypic slice culture, a timing of myelin onset in white matter
lesions was reported, and it was shown that the number of MBP-
positive oligodendrocytes was after 9 div higher than after 13 div
(Dean et al., 2011). This is consistent with studies reporting that
the highest degree of myelination can be observed after 12 div
(Zhang et al., 2011; Shen and Yuen, 2020).

As previously reported, the knockout of Tnc leads to better
myelination and remyelination rates through an interplay of
increased migration and differentiation rates (Czopka et al.,
2009b; Zhao et al., 2009; Zhang et al., 2011). The analogous
inhibitory effect of Tnr on the formation of new myelin
membranes and remyelination can be explained by structural
similarities between Tnr and Tnc as members of the tenascin
gene family. Interestingly, both Tnc and Tnr interfere with the
formation of myelin membranes in vitro (Czopka et al., 2009b). The
inhibitory property of Tnr could explain the comparatively faster
remyelination observed in Tnr−/− explants. The inhibitory effect of
Tnc on OPC migration could be ascribed to FNIII domains 7 and 8
(Kiernan et al., 1996). The corresponding domain responsible in Tnr
has not been localized yet. However, previous studies have revealed
that both Tnc and Tnr interfere with the activation of RhoAGTPase,
which results in an impaired formation of myelin membranes
(Wenk et al., 2000; Czopka et al., 2009b). Accordingly, it could
be expected that the deletion of Tnr or Tnc unleashes the RhoA
GTPase which has a positive effect on the formation of myelin
membranes. Along these lines, thicker and more extensive myelin
membranes were generated in Tnr−/− in comparison with wildtype
mice. The myelination process can be divided into two phases: first,
the extension of oligodendrocyte processes toward axons and,
subsequently, the wrapping of axons with several layers of myelin
membranes (Zuchero et al., 2015). Myelin basic protein (MBP)
activates actin-degrading proteins such as cofilin and gelsolin, which
promotes actin degradation and thereby may support the process of
myelin wrapping (Zuchero et al., 2015). However, in the explant
paradigm, the expression of MBP did not significantly vary between
the wildtype, Tnc−/−, and Tnr−/− tissues.

FIGURE 8 | (A,B) Comparative analysis of Olig2/473HD-staining in the corpus callosum of SV129, Tnc−/−, and Tnr−/− mice under control, demyelinated, and
remyelinated conditions. Immunohistochemical labeling (A)with antibodies against Olig2 (detects all oligodendroglia) and 473HD (detects chondroitin sulfate) of SV129,
Tnc−/−, and Tnr−/− brain sections under different conditions (control, demyelinated, one-week remyelinated, two-weeks remyelinated) is shown. (B)Quantitative analysis
of the 473HD fluorescence intensity (CTCF) in the corpus callosum above the region of the hippocampus. The fluorescence intensity was significantly reduced
within the corpus callosum of Tnr−/− in control and demyelinated conditions. DAPI stains cell nuclei in blue. Scale bar: illustration: 100 μm, detail pictures: 50 µm. N = 3
animals were used for each group and genotype, and at least n = 500 cells were evaluated for each individual animal.
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It is known that ECM components are upregulated after CNS
injury, which leads to the formation of a glial scar resulting in an
impairment of oligodendrocyte differentiation and remyelination
(Lau et al., 2012; Jakovcevski et al., 2013; Deng et al., 2015; Roll and
Faissner, 2019; Ghorbani and Yong, 2021). In ex vivo slices exposed
to purified Tnc protein, the remyelination efficiency was
significantly impaired. This is in line with previous studies
showing that cultivation of OPCs on a Tnc substrate leads to an
impaired differentiation toward MBP-positive oligodendrocytes
effected via a reduced Fyn activity. This effect seems to be
mediated by contactin-1 (Cntn1) whose activation results not
only in a reduced Fyn activity but also in a tampered Sam68
expression. Both genes are required for MBP expression and
oligodendrocyte differentiation (Czopka et al., 2010). Treatment
of cerebellar explants with 20 μg/ml purified Tnr protein, on the
contrary, confined remyelination to the level of the demyelinated
situation. This was to be expected because remyelination was more
effective in Tnr−/− compared to Tnr+/+ explants and Tnr was known
to tamper the formation of myelin membranes (Czopka et al.,
2009b). Accordingly, when plain PBS was added to the explants,
the interference with remyelination vanished. A straightforward
explanation would be that the RhoA-signaling pathway is
inhibited by the Tnr protein (Czopka et al., 2009b).

So far, four types of receptors have been identified for Tnc: cell
adhesion molecules of the Ig-superfamily, integrins, heparan sulfate
proteoglycans, and receptor tyrosine phosphatases (Czopka et al.,
2010; Tucker and Chiquet-Ehrismann, 2015). Based on the
structural resemblance between Tnr and Tnc, the aforementioned
receptors are also conceivable for the ligand Tnr. For example, the
cell adhesion molecule F3/F11 (also known as Cntn1) is a neuronal
receptor of Tnr and implicated in the regulation of axonal growth
(Xiao et al., 1996; Zacharias et al., 2002; Zacharias and Rauch, 2006).
Interestingly, F3 is expressed by oligodendrocytes and might hence
serve as the Tnr receptor in this cell type as well (Koch et al., 1997).

The outcome of the in vitro assays prompted us to investigate
potential effects of tenascins on myelin formation in vivo. To this
end, demyelination was induced with cuprizone, and the subsequent
remyelination was studied using LFB–PAS-staining and
immunohistochemistry for MBP. The cuprizone model had been
successfully established in C57BL/6 mice (Torkildsen et al., 2008)
and could also successfully be transferred to the Tnc−/− and Tnr−/−

mice analyzed in our study. Extensivemyelin was documented in the
corpus callosum, which was expected because myelination is
extensive there (Reyes-Haro et al., 2013). Successful
demyelination was achieved by cuprizone added to the chow, as
revealed by attenuated LFB–PAS-staining in- and outside of the
corpus callosum, consistent with previous studies (Skripuletz et al.,
2008). Residual myelin proteins and lipids after demyelination were
detectable using these markers (Czopka et al., 2009a), as reported by
others (Lindner et al., 2008).

The analysis of sequential expression of the myelin genes PLP1
and MBP by qPCR demonstrated successful de- and remyelination
in the corpus callosum of SV129 wildtype, Tnc−/−, and Tnr−/− mice
and confirmed the successful functionality of the cuprizone model.
For all genotypes, demyelination resulted in a significantly reduced
expression of PLP1. The cholesterol-associated tetraspanin PLP1 is
the major protein of CNS myelin and therefore serves as a reliable

indicator of cuprizone-induced demyelination. Interestingly, in the
situation of demyelination, PLP1 expression in Tnc−/− appeared
reduced compared to the wildtype. It must be kept in mind that the
degree of demyelination in the corpus callosum fluctuates (Sachs
et al., 2014). Thus, more extensive demyelination occurs in the
caudal area of the corpus callosum (Steelman et al., 2012), which
may explain differences of expression between SV129 and Tnc−/−

knockout mice.
After one week of remyelination, the expression of MBP

remained unchanged, whereas the expression of PLP1 was
reduced in Tnc−/− compared to the SV129 wildtype mice. As Tnc
inhibits the differentiation of OPCs toward the MBP-expressing
stage in culture (Kiernan et al., 1996; Czopka et al., 2009b), one
would have expected an accelerated maturation of myelin in the
Tnc−/− tissue, which was not the case. However, MBP and PLP1
merely represent two of the genes involved in myelin formation,
which also strongly depends on neuron–glia interactions (Nave,
2010). Furthermore, RNA and protein expression are not always
closely correlated. For example, housekeeping genes possess a stable
RNA–protein ratio, whereas regulatory proteins are broken down
quickly. Also, post-translational modifications may generate a
considerable variety of proteins (Stark et al., 2006; Guo et al.,
2008; Vogel and Marcotte, 2012). Therefore, a low level of
message does not necessarily signify a minor protein amount of
PLP1 and MBP in the corpus callosum.

MBP accounts for 30% of the protein amount contributed by
PLP1 (Lindner et al., 2008). Post-translational modification of the
classic 18.5 kDa MBP may result in the isoforms C1–C8 (Zhang
et al., 2012; Harauz and Boggs, 2013). The primers used for qPCR in
our case detect all these isoforms. Interestingly, the isoformMBP8 is
upregulated in MS patients and would merit further study using
isoform-specific primers (Boggs, 2006). In the assays using ex vivo
cerebellar explants, the recovery of MBP in demyelinated tissue was
significantly retarded in the Tnr−/− specimen after one week of
remyelination. This is consistent with our former observation that
Tnr promotes temporal differentiation of OPCs in vitro (Czopka
et al., 2009b).

In order to address the differentiation process of OPCs
dependent on tenascin proteins in vivo, the tissues were studied
using themarkers Olig2 and CC1 in combination. Demyelination by
cuprizone caused a reduced proportion of immature
oligodendrocytes and oligodendroglia in all genotypes compared
to the untreated control. This reflects the fact that cuprizone disrupts
the mitochondrial metabolism and thereby causes the death of
oligodendrocytes (Lindner et al., 2008; Skripuletz et al., 2008;
Torkildsen et al., 2008; Kipp et al., 2009; Sachs et al., 2014). The
degree of demyelination, however, fluctuates and can vary in the
tissue (Sachs et al., 2014). Therefore, the elimination of
oligodendrocytes was not complete. After one week of
remyelination, a significant increase of oligodendroglia could be
noted, especially in Tnc−/− brain slices. Previous studies have pointed
out that Tnc has an inhibitory effect on the migration and
differentiation of OPCs (Kiernan et al., 1996; Garcion et al.,
2001; Garwood et al., 2004; Czopka et al., 2009b; Jakovcevski
et al., 2013; Brosicke and Faissner, 2015). Along these lines, our
results are consistent with the interpretation that Tnc retards the
differentiation of OPCs to mature oligodendrocytes. Therefore, it is
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conceivable that the OPCs migrate more efficiently to the
demyelinated areas after demyelination in the Tnc−/− mice than
in the wildtype mice. Altogether, we had the impression that
remyelination was eased in Tnc−/− and Tnr−/− compared to
SV129 wildtype brain slices. This effect, however, was weak and
did not attain statistical significance after the short six weeks of
exposure to cuprizone. Whether the observed inhibitory properties
of tenascins on remyelination become more effective in a model of
chronic demyelination has to be tested in future studies. Of note, the
development of EAE was tampered in the Tnc−/−mice (Momcilovic
et al., 2017).

Recent studies indicated that chondroitin sulfate proteoglycans
(CSPGs) maintain OPCs in a proliferative state and inhibit further
differentiation into mature oligodendrocytes (Karus et al., 2016;
Keough et al., 2016). We have shown previously that OPCs express
the DSD-1/phosphacan CSPG epitope recognized by the
monoclonal antibody 473HD and used this marker and Olig2 to
investigate CSPG expression by OPCs in our model (Faissner et al.,
1994b; Garwood et al., 1999; Karus et al., 2016). The DSD-1-epitope
is downregulated with maturation of OPCs which would result in
reduced expression in maturing tissue. The observation that the
epitope is well detectable in our models suggests that, in addition to
oligodendrocytes, other cell types such as astrocytes secrete CSPGs
into the ECM (Maeda et al., 2010; Okuda et al., 2014). An accelerated
maturation of OPCs in Tnc−/− and Tnr−/− tissues after cuprizone-
induced demyelination could be explained by the observation that
OPCs mature faster in the absence of tenascins. Mature
oligodendrocytes no longer secrete chondroitin sulfate (Galtrey
and Fawcett, 2007). Along these lines, the increased proportion
of CSPG in the demyelinated SV129 wildtype could be explained by
the inhibitory effect of tenascins on the differentiation of OPCs.
After remyelination, a lower level of CSPG in tenascin knockouts
than in SV129 wildtype mice was detectable. This observation may
indicate a greater remyelination efficiency in the absence of both
tenascins. This may be a consequence of an increased transition of
OPCs from the proliferative to the differentiative state. The co-
labeling with the markers Olig2 and CC1 confirmed that more
mature oligodendrocytes were formed in the absence of Tnc and Tnr
in the remyelination condition after one week than in the wildtype,
where a higher amount of CSPG was observed. Remyelination is
promoted by inhibiting the synthesis of CSPGs (Keough et al., 2016;
Pu et al., 2018). The presence of CSPGs retards the maturation of
OPCs and prevents their further differentiation (Galtrey and
Fawcett, 2007; Lau et al., 2012). Interestingly, both CSPGs and
tenascins are upregulated after brain injuries, in particular also inMS
lesions (Dauth et al., 2016). Our observations so far are in agreement
with the asserted inhibitory influence of CSPGs on OPC
differentiation and remyelination. The tenascins bind to the
CSPGs aggrecan, phosphacan, neurocan, and versican (Perides
et al., 1993; Jakovcevski et al., 2013). The joint occurrence of
CSPGs and tenascins in the ECM of MS patients as well as the
reduced 473HD labeling in Tnc−/− and Tnr−/− brain sections might
indicate that an interaction between the two ECM molecules could
cooperate with regard to the inhibitory effect on remyelination
(Ghorbani and Yong, 2021).

Taken together, this study revealed that both Tnc and Tnr
intervene in the remyelination capacity of oligodendrocytes. This

could be shown by studying the remyelination behavior of WT
and knockout specimens, and by adding the purified ECM
proteins to lysolecithin-treated WT cerebellar explants. In
order to examine their roles in an in vivo situation, the
cuprizone model was successfully established in Tnc−/− and
Tnr−/− mice, as confirmed by LFB- and MBP-staining. While
demyelination and remyelination occurred as expected, the
differences between the WT, Tnc−/−, and Tnr−/− mouse lines
were small and did not achieve statistical significance with respect
to several parameters. This may be due to the duration of the
exposure to cuprizone, which was limited to six weeks, reflecting
an acute lesion situation. The tendencies observed may become
relevant in a chronic setting, where cuprizone treatment could be
extended to ten weeks. The roles of tenascins in the mimic of a
chronic disease course remain to be explored in a future study.
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Pulmonary Visceral Pleura
Biomaterial: Elastin- and
Collagen-Based Extracellular Matrix
Xiao Lu, Ling Han and Ghassan S. Kassab*

California Medical Innovations Institute, San Diego, CA, United States

Objective: The goal of the study is to determine the structural characteristics, mechanical
properties, cytotoxicity, and biocompatibility of the pulmonary visceral pleura (PVP).

Background: Collagen and elastin are the major components of the extracellular matrix.
The PVP has an abundance of elastin and collagen that can serve as a potential biomaterial
for clinical repair and reconstructions.

Methods: The PVP was processed from swine and bovine lungs. Chemical analyses were
used to determine collagen and elastin contents in the PVPs. Immunofluorescence
microscopy was used to analyze the structure of the PVP. The stress–strain
relationships and stress relaxation were determined by using the planar uniaxial test.
The cytotoxicity of the PVP was tested in cultured cells. In in vivo evaluations, the PVP was
implanted in the sciatic nerve and skin of rats.

Results: Collagen and elastin contents are abundant in the PVP with larger proportions of
elastin than in the bovine pericardium and porcine small intestinal submucosa. A
microstructural analysis revealed that the elastin fibers were distributed throughout the
PVP and the collagen was distributed mainly in the mesothelial basal lamina. The
incremental moduli in stress–strain curves and relaxation moduli in the
Maxwell–Wiechert model of PVP were approximately one-tenth of the bovine
pericardium and small intestinal submucosa. The minimal cytotoxicity of the PVP was
demonstrated. The axons proliferated in the PVP conduit guidance from proximal to distal
sciatic nerves of rats. The neo-skin regenerated under the PVP skin substitute within
4 weeks.

Conclusions: The PVP is composed of abundant collagen and elastin. The structural
characteristics and mechanical compliance of the PVP render a suitable biological material
for repair/reconstruction.

Keywords: lung, structure, compliance, biomechanics, biocompatibility, nerve, skin

INTRODUCTION

Biological tissues have several important advantages for prostheses over synthetic materials. The primary
benefits include rapid and complete endothelialization, higher resistance to infection, and overall
improved biocompatibility (Badylak et al., 1995; Lindberg and Badylak, 2001; Tamariz and Grinnell,
2002; Maestro et al., 2006; Waterhouse et al., 2011; Gauvin et al., 2013; Walters and Stegemann, 2014;
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Sánchez et al., 2018; Lu et al., 2019; Lu et al., 2020). In biological
tissues, collagen and elastin are two major components of the
extracellular matrix (ECM). Collagen is the most abundant ECM
protein and provides a highly biocompatible environment for cells.
This high biocompatibility makes collagen a perfect biomaterial for
implantable medical products and scaffolds for in vitro testing
systems (Meyer, 2019). Elastin is also abundant in ECM and
highly biocompatible for cellular proliferation. In comparison
with collagen, elastin can render ECM more resilience due to its
molecular coil structure. Elastin has advanced durability over
collagen due to its resistance to proteases (Shapiro et al., 1991;
Mecham, 2018). In biocompatibility, RGD
(arginine–glycine–aspartate) in collagen is the dominant domain
for cellular adhesion and proliferation (Tamariz and Grinnell, 2002;
Walters and Stegemann, 2014). Specific domains in elastin, instead
of RGD, however regulate cellular proliferation (Daamen et al., 2007;
Waterhouse et al., 2011), which differentiates the function of elastin.
In fact, both collagen and elastin are essential for the cellular
environment and homeostasis. Therefore, the merits of both
collagen and elastin ought to be brought into the ECM biomaterials.

The bovine pericardium (bPcm) and swine small intestinal
submucosa (SIS) are popular biomaterials and broadly utilized in
clinical practice. The bPcm and SIS are defined as collagen-based
EMC since collagen is the dominant component and elastin is
relatively minor (Badylak et al., 1995; Lindberg and Badylak,
2001; Maestro et al., 2006; Gauvin et al., 2013). Therefore, the
ameliorations of elastin are insufficiently utilized in bPcm and
SIS. It is known that the proportions of collagen and elastin are
diverse in the ECM of various organs (Daamen et al., 2007;
Meyer, 2019). A larger proportion of elastin in the ECM can result
in more resilience. The lung is known as an elastic organ, and the
proportion of elastin is much larger in the lung than in the bPcm
and SIS (Oldmixon and Hoppin, 1984; Fraser et al., 2005;
Mecham, 2018). Hence, the lung tissue ECM (e.g., pulmonary
visceral pleura, PVP) includes the benefits of both collagen and
elastin as a biomaterial. The PVP is a serousmembrane that closely
sheathes the surface of the lung (Oldmixon and Hoppin, 1984;
Humphrey et al., 1986; Fraser et al., 2005). The PVP maintains key
roles in preserving lung function (Ligas et al., 1984; Michailova,
1997; Fraser et al., 2005). The cyclical inflation and deflation during
respiration tensions and relaxes the PVP and thereafter renders the
potential of the PVP to resist cyclic deformation.

Despite the potentially advantageous properties, a detailed
characterization of the PVP as an ECM biomaterial has not been
previously described. The role for the PVP as an ECM biomaterial
remains largely unexplored. Thus, we studied the structural and
mechanical properties of swine and bovine PVP. The cytotoxicity
and biocompatibility of the PVP were evaluated. The studies of in
vivo implant were performed to identify the potential for the PVP
as a novel biomaterial in tissue repair/reconstruction.

MATERIALS AND METHODS

Tissue Preparation
Swine lung (n = 6), bovine lungs (n = 6), bovine pericardium (n =
6), and swine small intestine (n = 6) were obtained from a local

abattoir and transported in cool saline. All organs and tissues
were processed within 4 h post-harvest. The PVP was isolated via
blunt dissection from the pulmonary parenchyma. Following
isolation of sections from the posterior lobe, the specimens
were laid flat and rinsed with 4°C saline. The specimens of
bovine pericardium (bPcm) were rinsed with 4°C saline. The
specimens of swine small intestinal submucosa (SIS) were
processed by removing the mucosa and muscle layers from the
small intestine and then rinsed with 4°C saline. The overall
approach is represented in Figure 1A. The specimen from
each animal was cut with scissors into three samples, which
were assigned to categories 1, 2, and 3 for various experiments, as
given in Table 1. Briefly, the samples in category 1 were directly
stored in cool saline for the analyses of collagen and elastin
contents. The samples in category 2 were laid flat and fixed using
4% paraformaldehyde for immunofluorescence microscopy. The
samples in category 3 were cross-linked in 0.625% buffered
glutaraldehyde solution at 23°C for 24 h, and then divided into
three pieces for mechanical tests, in vitro toxicity, and in vivo
biocompatibility, respectively. Glutaraldehyde cross-link is
routine to minimize immune rejection for heterogenous
implants.

Collagen Content
The collagen analysis was based on the alkaline hydrolysis of
samples to yield free hydroxyproline (Huszar et al., 1980). The
released hydroxyproline is oxidized to form a reaction
intermediate, which when further reacted forms brightly
colored chromophore that can be detected at OD 550 nm
(Kesava Reddy and Enwemeka, 1996). The collagen assay kit
was obtained from Abcam (Total Collagen Assay Kit ab222942,
Abcam, US) (da Silva et al., 2015). The tissue samples were
prepared at 0.1–0.2 gm and hydrolyzed by alkaline solution. The

FIGURE 1 | Schematic representations of the evaluation and
Maxwell–Wiechert model. (A) An overall picture of the evaluations. (B) Two
Maxwell elements with moduli E1 and E2 and viscosities η1 and η2 provide a
model with two relaxation times τ1 and τ2, respectively, that is, a fast-
response element (E1 and τ1) and a slow-response element (E2 and τ2).
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assay kit employed a proprietary developer solution to accurately
measure collagen in hydrolysates. The assay can detect as low as
0.5 µg collagen/well. The result was represented as micrograms
(μg) of collagen per milligram (mg) of the tissue dry weight.

Elastin Content
We employed the acid hydrolysis and alkaline treatment for
elastin evaluation. The acid hydrolysis converts all elastin in
the tissue to soluble elastin by oxalic acid (hydrolytic solvent)
(Partridge et al., 1955). The soluble elastin (tropoelastin,
50–70 kDa) is the precursor protein molecules to elastin,
which is synthesized by the cell and cross-linked into elastin
fibrils during their export into the extracellular matrix. These
cross-linked elastin fibrils associate with fibrillin-containing
microfibrils to form the elastic fiber, which is an insoluble and
durable complex (Daamen et al., 2007; Wise et al., 2009). The
soluble elastin can be evaluated by chemiluminescence using the
dye reagent 5,10,15,20-tetraphenyl-21H,23H-porphine tetra-
sulfonate (TPPS). The dye reagent binds to the “basic” and
“non-polar” amino acid sequences found in mammalian
tropoelastin (Kothapalli and Ramamurthi, 2009). The presence
of other soluble proteins or complex carbohydrates does not
interfere with the dye reagent. The commercialized kit (Fastin™
Elastin assay, Biocolor, UK) was used to evaluate the elastin in the
tissues. The result was represented as micrograms (μg) of
converted soluble elastin per milligram (mg) of the tissue dry
weight.

The alkaline treatment is performed to use alkaline solvent to
hydrolyze ECM, except elastin, for the evaluation of the insoluble
elastin in the tissues. In alkaline treatment, the insoluble elastin in
various tissues was retained due to its resistance to the hydrolysis
during treatment with hot alkaline solution (Harkness et al., 1957;
Wolinsky, 1970; Maestro et al., 2006). Briefly, the samples were
trimmed to approximate 9 cm2 and delipidated in chloroform/
methanol (1:1 v/v). The delipidated samples were dried in room
temperature and soaked in the lysis buffer (0.3% sodium dodecyl
sulfate) for 12 h to remove cell proteins in the samples (Neethling
et al., 2003). The remnant was minced and immersed in 0.1M
NaOH solution (v/v: ~1/10), and heated at 100°C for 15 min. The
ECM proteins except elastin were hydrolyzed by an alkaline
solution, and the supernatant was discarded. The alkaline
hydrolysis was repeated four times so that only insoluble
elastin was retained in the remnant. The insoluble elastin was
lyophilized. The dry insoluble elastin was weighed. The result was
represented as micrograms (μg) of insoluble elastin per milligram
(mg) of the tissue dry weight.

Immunofluorescence Microscopy for
Collagen and Elastin Visualization
The samples (width × length: ~5 × 5 mm) were fixed in 4%
paraformaldehyde overnight and subsequently sectioned with a
cryostat. The sections were processed for immunofluorescence
procedures; that is, blocking with phosphate-buffered solution
(PBS, pH 7.4) contained 10% donkey serum for 1 h,
permeabilization with PBS contained 0.25% Triton for 15 min,
primary antibody incubation, and fluorescence secondary
antibody incubation. The primary antibodies included anti-
elastin (Cat. #sc17480, 1/30 dilution with PBS contained 0.25%
Triton and 2.5% donkey serum, Santa Cruz Biotechnology) and
collagen (Cat. #ab7778, 1/2530 dilution with PBS contained
0.25% Triton and 2.5% donkey serum, & ab6586, 1/20 dilution
with PBS contained 0.25% Triton and 2.5% donkey serum,
Abcam). The primary antibodies were incubated at 4°C
overnight. The fluorescent dye-conjugated secondary
antibodies (Cat. #A10040, A10036, A11081, & A11058, 1/100
dilution with PBS contained 0.25% Triton and 2.5% donkey
serum, Thermo Fisher Scientific) were incubated at room
temperature (22°C) for 1 h. The fluorescence reagent (Cat.
#Hoechst 33342, 1/5000 dilution with PBS contained 0.25%
Triton and 2.5% donkey serum, Life Technology) was used for
cellular nuclei visualization. The fluorescent dyes were visualized
using a fluorescence microscope (Eclipse Ts2R, Nikon).

Planar Uniaxial Stress–Strain Relation and
Stress Relaxation
All samples for testing were trimmed to the dimensions of 22 ×
55mm (width × length) sheets. The thickness of the samples was
measured in a no-load state. The samples were then secured in the
clamps of a uniaxial device (Mark-10, NY). The loading rate was
selected at 1.7 mm/s. The maximum stretch ratio for each sample
was 1.5. The precondition was performed until repeatable loading
forces were obtained (Zhao et al., 2014). The force–displacement
relation was obtained from the loading curve following the
precondition. The Cauchy stress and strain were computed to
determine the stress–strain curve. In the stress relaxation test, the
samples were elongated to a Cauchy strain of 0.3 at a speed of
3.3 mm/s. The stresses gradually decreased to a stable value in a
period of approximate 300 s. We employed the Maxwell–Wiechert
model for the analyses of viscoelastic properties of the tissues
(Figure 1B). The relaxation modulus as a function of time for the
Maxwell–Wiechert model can be expressed as follows:

TABLE 1 | Distribution of various tissues for mechanical and biological tests.

Category 1 Category 2 Category 3: 0.625% glutaraldehyde fixation

Ela and Col contents Immunofluorescence Mechanical test In vitro toxicity Biocompatibility in rats (n = 12)

Nerve, n = 6 Skin, n = 6

6 pigs, sPVP n = 6 n = 6 n = 6 n = 6 n = 6 n = 6
6 pigs, SIS n = 6 n = 6 n = 6 n = 6 -- --
6 cows, bPVP n = 6 n = 6 n = 6 -- -- --
6 cows, bPcm n = 6 n = 6 n = 6 -- -- --
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σ(t)
ε0

� ERelax (t) � E0 + E1 exp(− t

τ1
) + E2 exp(− t

τ2
),

where σ(t) is stress (Cauchy stress) relaxation with time, ε0 is the
constant Cauchy strain during the stress relaxation test, Erelax(t) is
the time-dependent elastic modulus, and E0 is the time-
independent elastic modulus. The relaxation time τi of each
Maxwell element is equal to the coefficient of viscosity of the
dashpot (ηi) divided by the elastic modulus of the spring (Ei). The
elastic modulus and relaxation times were obtained by fitting the
stress–time data with the Maxwell–Wiechert model.

In Vitro Cytotoxicity
The samples of sPVP (n = 6) and SIS (n = 6) were rinsed,
transferred to serum-free media, and placed into a shaking
incubator at 37°C for 24 h. The samples were cut into 15 mm
discs and placed into individual wells of a 24-well plate, in which
the two wells coated with fibronectin served as blank. The wells
were filled with full media (DMEM with 10% sterile filtered fetal
bovine serum, 1% L-glutamine, and 1% penicillin/streptomycin).
Confluent NIH 3T3 cells were released from tissue culture plates
using 0.25% trypsin, spun, resuspended, and counted. Overall,
100,000 cells were added to each well in fresh full media and
incubated at 37oC in 5% CO2 for 1 day. Non-adherent cells were
discarded. The wells containing adherent cells were filled with
fresh full media and incubated at 37oC in 5% CO2 for 5 days. The
adherent cells on samples were released with 0.25% trypsin, spun,
and resuspended in 1 ml Dulbecco’s phosphate-buffered saline
for cell counting. Fluorescent probes Calcein AM (ex/em: 485/
530 nm) and ethidium homodimer (ex/em: 530/645 nm) were
used to label living and dead cells. Reagents (LIVE/DEAD
Viability/Cytotoxicity Kit, Invitrogen) were added in the cell
suspension for the concentrations of 2 μM calcein AM and
4 μM ethidium homodimer. The suspension with the reagents
was incubated at room temperature for 40 min. The fluorescent
labeled cell suspensions were loaded to a hemocytometer (Bright-
Line, Hausser Scientific). The number of living and dead cells in
the hemocytometer was determined by counting using a
fluorescence microscope (Ts2R, Nikon). Cell viability was
calculated for the percentage of living cells in total cells (living
plus dead cells).

Ethics Statement
We used rodent models to examine the biocompatibility of the
PVP. All experimental procedures and protocols used in the
investigations were approved by the Institutional Animal Care
and Use Committee in accordance with the Guide for the Care
and Use of Laboratory Animals. All protocols regarding the use of
animals in the research were approved by California Medical
Innovations Institute IACUC. The approved protocol numbers
were CalMI2-013 and CalMI2-015.

In Vivo Evaluation as Nerve Guidance
Conduit and Skin Substitute
Six swine PVPs (sPVPs) were constructed as hollow conduits (n =
6) to accommodate nerve regeneration in rodent sciatic nerve

transection models (n = 6). Six Lewis rats of ages 5–6 months
were anesthetized with 1.8% isoflurane. The hindquarters of rats
were shaved and sterilized. The skin was cut parallel to the femur,
and the sciatic nerve was exposed by means of a gluteal muscle
slitting incision. With the help of a dissecting microscope, the
sciatic nerve was excised over a span of approximate 12 mm
between proximal and distal stumps. The PVP elastin conduit
was placed near the two stumps of the sciatic nerve. The nerve
stumps were inserted into the conduit and anchored to the
conduit by means of 2–3 fine stiches with 10–0 monofilament
suture. The proximal and distal nerve fibers were tension-free,
while the conduit was implanted. The muscle was closed with
running 6–0 absorbable suture, and the skin was closed with 5–0
prolene suture. Buprenorphine HCl (0.01–0.05 mg/kg) was
administrated for postoperative pain control. The sciatic
functional index (SFI) was evaluated biweekly. At the terminal
study in 12 weeks, the distal muscle reinnervation was assessed.
The contractile forces of the gastrocnemius muscle were
measured during the tetanic stimulation (4 V, 100 Hz) by a
bipolar electrode placed at the proximal end of the sPVP
nerve guidance conduit. After a full rest, the bipolar electrode
was moved to the distal end of the sPVP nerve guidance conduit.
The contractile forces of the gastrocnemius muscle were
measured again during the tetanic stimulation. The bipolar
electrode was then placed on the contralateral non-traumatic
sciatic nerve, and the tetanic contraction of the collateral
gastrocnemius muscle was measured. The ratio of the
ipsilateral tetanic contractions of sPVP nerve guidance conduit
to the contralateral tetanic contractions was calculated. The
ipsilateral and contralateral gastrocnemius muscles were
weighed after euthanasia, and the weight ratio was calculated.
The sPVP nerve guidance conduit and contralateral non-
traumatic sciatic nerve were harvested for histologic and
immunofluorescence analyses. The tissues were fixed with 4%
paraformaldehyde and sectioned with a cryotome. Hematoxylin
and eosin (HE) staining was performed. The sections were
processed for immunofluorescence. The primary antibodies
included anti-NF-L (neurofilament light polypeptide, Cat #:
sc71678, 1/30 dilution with PBS contained 0.25% Triton and
2.5% donkey serum, Santa Cruz Biotechnology) and anti-MBP
(myelin basic protein, Cat #: sc376995, 1/30 dilution with PBS
contained 0.25% Triton and 2.5% donkey serum, Santa Cruz
Biotechnology). The fluorescent secondary antibodies were
visualized using a fluorescence microscope (Ts2R, Nikon).
Each section was imaged by division into four squares. The
myelinated axonal number and width in each division were
counted and measured using image tool (ImageJ), respectively.
The total number of myelinated axons in each section was the
sum of the number in the four squares. The average of myelinated
axonal width was calculated in the four squares. The mean and
standard deviation were calculated from the data of six rats.

The sPVP was also used as skin substitute of an incised wound
in rodent models (n = 6). Six Wistar rats of ages 5–6 months were
anesthetized with 1–2% isoflurane. The hair on the dorsum was
removed, and the skin was disinfected with Nolvasan, Betadine,
and 70% alcohol. A piece of 2 × 4-cm dorsal skin was surgically
excised to create a wound for repair. The sPVP was carefully

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org March 2022 | Volume 10 | Article 7960764

Lu et al. Elastin–Collagen ECM Biomaterial

72

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


covered on the wound and sutured to the adjacent skin. Then, an
antiseptic bandage was covered to protect the sPVP on the wound
from infections. The rats survived for 4 weeks postoperation. The
neo-dermal tissues were harvested after euthanasia. The tissues
were fixed with 4% paraformaldehyde and sectioned with a
cryotome. The HE stains were performed. The sections were
processed for immunofluorescence. The primary antibodies
included anti-collagen IV (Cat #: ab6586, 1/20 dilution with
PBS contained 0.25% Triton and 2.5% donkey serum, Abcam)
and anti-sialic acid (wheat germ agglutinin, Cat #: W11261, 1/100
dilution with PBS contained 0.25% Triton and 2.5% donkey serum,
Thermo Fisher Scientific). The fluorescent secondary antibodies
were visualized using a fluorescence microscope (Ts2R, Nikon).

Statistical analysis: The data were presented as mean ± SD, and
significant differences between two groups were determined by
Student’s t-test (two-tailed distribution, two-sample unequal
variance). Analysis of variance (ANOVA) was used to analyze
the significant differences of mechanical tests among groups. A
probability of p < 0.05 was indicative of a statistically significant
difference.

RESULTS

Contents of Elastin and Collagen
The contents of collagen and elastin in the various tissues are
summarized in Table 2. The collagen contents in bPcm and SIS
were significantly higher than those in the bPVP and sPVP (p <
0.05). The elastin contents in bPVP and sPVP were on par with
those of collagen. The elastin contents were somewhat lower/
higher in the acid hydrolysis than those of alkaline treatment. The
elastin contents in bPcm and SIS however were significantly lower
than those in bPVP and sPVP with either the acid hydrolysis or
alkaline treatment (p < 0.05). The ratio of elastin to collagen is
1.18 or 1.46 in bPVP and 1.06 or 1.25 in sPVP due to the different
methods. The ratio of elastin to collagen is 0.02 or 0.09 in bPcm
and 0.17 or 0.11 in SIS (Table 2).

Immunofluorescence Microscopy
Collagen and elastin in the various tissues were visualized under
immunofluorescence microscopy. The collagen in bPVP and
sPVP was denser on the mesothelial basal lamina and lesser in
the middle and parenchyma sides (Figures 2A,D). The elastin
was dense throughout the thickness of both bPVP and sPVP as
robustly visualized (Figures 2B,E). The fluorescence images of

collagen and elastin in bPVP and sPVP were merged and are
shown in Figures 2C,F. The collagen in bPcm was evenly
distributed throughout the thickness of the section, and the
collagen fibers were easily observed (Figure 2G). The elastin
fibers in bPcm were sparsely found in the middle and a little
robust in the posterior (Figure 2H). The collagen was unevenly
distributed in the SIS, that is, it was denser in the adjacent regions
toward mucosa and muscularis externa than that in the middle
region (Figure 1J). The elastin fibers were sparsely observed in SIS
(Figure 2K). The fluorescence images of collagen and elastin in
bPcm and SIS were merged and are represented in Figures 1I,L.

Uniaxial Mechanical Property
The Cauchy stress–stretch relations and stress relaxation of the
PVP, SIS, and bPcm are represented in Figure 3. The
stress–strain relation of the sPVP was close to the bPVP
where the slope increased from 0 to 0.5 when stretched
(Figure 3A). The stress of the bPVP at a strain of 0.49 was
262.8 ± 48.3 kPa, which was not significantly larger than 219.7 ±
38.9 kPa of the sPVP (p > 0.05). The stress–strain relations of the
bPcm and SIS are represented in Figure 3B. The stress–strain
relation of the bPcm was larger than the SIS in the range of strain
0–0.5 (p < 0.05, two-way ANOVA). The stress of the bPcm at
strain 0.49 was 4,262.8 ± 657.3 kPa, which was significantly larger
than the 2,516.3 ± 976.1 kPa of the SIS (p < 0.05). The stress of the
SIS at strain 0.49 was approximately 10-fold of the stresses of the
bPVP and sPVP.

The typical curves for stress relaxation are represented in
Figure 3C, which differed for sPVP, bPVP, SIS, and bPcm. The
time-independent elastic modulus (E0), the modulus and
relaxation–time pairs for a fast-response element (E1 and t1),
and the modulus and relaxation–time pairs for a slow-response
element (E2 and t2) are represented in Table 2. The goodness-of-
fit parameter for the fitted curves (R2) indicates a satisfactory
representation of the data (Table 3). The viscoelastic parameters
of sPVP and bPVP are significantly different from bPcm and SIS
(p < 0.05). The Erelax(t) for sPVP, bPVP, SIS, and bPcm is
represented in Figure 3D, which shows that Erelax(t) for bPcm
and SIS is one order magnitude higher than that for sPVP
and bPVP.

In Vitro Cytotoxicity
Cell viability (%) is represented in Figure 4A. Fibronectin-coated
wells served as blanks of in vitro cytotoxicity. Cell viability on SIS
and sPVP slightly decreased in the 5-day experimental period in

TABLE 2 | Dry weights of elastin and collagen in the tissues.

Unit: μg/mg Elastin-CI Elastin-IS Collagen E-CI/Col E-IS/Col

bPVP 252.1 ± 30.1 361.4 ± 38.6 216.7 ± 27.9 1.18 ± 0.24 1.46 ± 0.51
sPVP 247.8 ± 27.3 325.7 ± 35.9 237.3 ± 29.1 1.06 ± 0.21 1.25 ± 0.39
bPcdm 9.3 ± 1.8* 54.8 ± 9.2* 410.3 ± 59.8* 0.02 ± 0.01* 0.09 ± 0.08*
SIS 61.2 ± 9.5# 19.5 ± 4.3# 373.5 ± 43.6# 0.17 ± 0.04# 0.11 ± 0.05#

*: p<0.05 in comparison with the elastin in bPVP.
#: p<0.05 in comparison with the elastin in sPVP.
bPVP, bovine pulmonary visceral pleura; sPVP, swine pulmonary visceral pleura; bPcdm, bovine pericardium. SIS, swine small intestine submucosa; elastin-CI, converted insoluble to
soluble elastin to measure; elastin-IS, insoluble elastin was measured; E-CI/Col, ratio of elastin-CI to collagen; E-IS/Col, ratio of elastin-IS to collagen.
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comparison with control (p > 0.05), that is, a negligible
cytotoxicity in SIS and sPVP. Figures 4B,C show global views
of the cells on the SIS and the PVP for 5 days, respectively. The
living cells (green, calcein AM labeled) on the SIS and PVP are
shown in Figures 4D,E, respectively.

In Vivo Biocompatibility
An example of conduit guidance before implantation and postop
12 weeks is shown in Figures 5A,B. The SFI slightly varied between
−2 and −7 through postoperative 12 weeks (Figure 5C), when the
sciatic nerve was not injured but only exposed (sham), and then the
skin was closed (Wang et al., 2015b; Ma et al., 2014). The SFI
decreased from −2.9 ± 4.1 for the non-injury of the sciatic nerve to
−80.1 ± 5.1 for the transection of the sciatic nerve. The SFI after

implanted PVP guidance conduit was slightly recovered to −58.9 ±
7.6 at postoperative 12 weeks (p < 0.05, Figure 5C). The recovery in
SFI indicates that the sciatic nerve function was improved by the
PVP guidance conduits. In contrast, the SFI slightly varied between
−85 and −95 through postoperative 12 weeks (Figure 5C), when the
sciatic nerve (~10mm) was excised and no guidance conduit was
implanted for the connection of two stumps (Ma et al., 2014; Wang
et al., 2015b). The tetanic contraction of the gastrocnemius muscle
(contractility) was represented as the ratio of the force in the
ipsilateral sPVP nerve guidance conduit to the contralateral non-
traumatic sciatic nerve (Figure 5D). There was no difference of the
ratio for stimulation at proximal or distal ends of the sPVP nerve
guidance conduit (p > 0.05). The ratio of wet gastrocnemius muscle
mass is 0.50 ± 0.035. Based on immunofluorescence microscopy, the

FIGURE 2 | Collagen and elastin fibers in bPVP, sPVP, bPcm, and SIS. (A–C) Collagen, elastin, and merged collagen and elastin in bPVP, respectively. (D–F)
Collagen, elastin, and merged collagen and elastin in sPVP, respectively. (G–I) Collagen, elastin, and merged collagen and elastin in bPcm, respectively. (J–L) Collagen,
elastin, and merged collagen and elastin in SIS. Red: anti-collagen; green: anti-elastin; blue: nuclei. Objective: ×60.
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axonal numbers and width ofmyelinated axons (MA) were analyzed
and are represented in Figures 5E,F. Histological analysis showed
that the sPVP nerve guidance conduit was filled with regenerative
tissues (Figures 6C–H), and Figures 6A,B show sciatic nerve fibers.
The positive fluorescence signals of neurofilament light polypeptide
and myelin basic proteins in the sPVP nerve guidance conduit
confirm that the regeneration of axons bridges the proximal and
distal stumps of the sciatic nerve (Figures 7C–H), and Figures 7A,B
show sciatic nerve fibers.

In a skin substitute with sPVP, no infection or complications
were observed in the rats postoperation. The neo-dermal
regeneration under the sPVP had filled the wound at 4 weeks
postoperative (Figure 8A). The immunofluorescence microscopy

represented keratinocyte lining on the basal lamina of native skin
(Figure 8B). Neo-keratinocyte lining on the basal lamina (collagen
IV, red) was observed in the regenerative skin (Figure 8C), which
implicates the epidermal layer was formed in the regenerative skin
(Figure 8C). Based on immunofluorescence microscopy, the
numbers of keratinocyte in unit length (mm) were 92 ± 31/mm
for native skin and 106 ± 37/mm for neo-derma (p > 0.1).

DISCUSSION

We found that the bPVP and sPVP are composed of abundant
collagen and elastin. Specifically, the elastin contents are

FIGURE 3 | Relationship of Cauchy stress-to-strain and stress relaxation of bPVP, sPVP, bPcm, and porcine SIS. (A) The relations of bPVP and sPVP. (B) The
relations of bPcm and SIS. (C) Typical curves for stress relaxation of sPVP, bPVP, SIS, and bPcm. (D) Time-dependent modulus Erelax(t) for sPVP, bPV, SIS, and bPcm.

TABLE 3 | Viscoelastic parameters of the tissues’ best fit with the Maxwell–Wiechert model.

E0 (MPa) E1 (MPa) E2 (MPa) τ1 (s) τ2 (s) R2

sPVP 0.31 ± 0.11*# 0.02 ± 0.01*# 0.03 ± 0.01*# 2.57 ± 1.65*# 48.3 ± 18.5 0.99 ± 0.01
bPVP 0.44 ± 0.16*# 0.04 ± 0.02*# 0.04 ± 0.02# 1.73 ± 1.15# 47.3 ± 12.6 0.96 ± 0.04
SIS 1.7 ± 0.8 0.18 ± 0.15# 0.18 ± 0.17# 1.57 ± 0.15 46.3 ± 10.4 0.99 ± 0.01
bPcm 3.2 ± 1.8 0.72 ± 0.43 0.74 ± 0.46 0.67 ± 0.21 47.7 ± 11.2 0.99 ± 0.01

* p < 0.05 in comparison with SIS; #, p < 0.05 in comparison with bPcm.
E0: the time-independent elastic modulus. E1 and τ1: the modulus and relaxation–time pairs for a fast-response element.
E2 and τ2: the modulus and relaxation–time pairs for a slow-response element. R2: the goodness-of-fit parameter for the fitted curves.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org March 2022 | Volume 10 | Article 7960767

Lu et al. Elastin–Collagen ECM Biomaterial

75

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


approximately equal to the collagen in the bPVP and sPVP. The
thick and dense fibers of elastin were robustly observed in
immunofluorescence microscopy. Therefore, the bPVP and
sPVP can be defined as an elastin- and collagen-based ECM in
comparison with primarily collagen-based ECM biomaterials
such as swine SIS and bovine pericardium. The biomechanical
analyses of stress–strain and stress relaxation confirm that the
compliance of bPVP and sPVP is greater than bPcm and SIS.
Furthermore, we found low cytotoxicity of PVP in the in vitro
study and excellent biocompatibility in the in vivo implantation of
the PVP as nerve guidance conduit and skin substitute.

Strengths of Elastin–Collagen ECM
Collagen and elastin are known as the critical ECM and regulate
cellular proliferation and functionalization. Therefore, ECM is a
desirable biomaterial in the reconstruction of organs or tissues, such
as bPcm and SIS, which are known as collagen-based ECM and
diversely utilized in the clinic. In the present study, we verified that
the contents of elastin and collagen are approximately equivalent in
the PVP. Therefore, we introduce PVP as an elastin- and collagen-
based ECM, and expect that both collagen and elastin can enhance
cellular proliferation and functionalization in organ or tissue

FIGURE 4 | In vitro cytotoxicity of sPVP in comparison with SIS. (A)
Cellular viability (%). (B–C) NIH 3T3 cells on sPVP and SIS, respectively.
Objective: ×4. (D–E) Calcein marked (green) NIH 3T3 cells on the PVP and
SIS, respectively. Objective: ×60.

FIGURE 5 | Nerve conduit guidance and parameters of nerve
regeneration in sciatic model of rats. (A) An example of conduit guidance
before implantation. (B) An example of conduit guidance at postop
12 weeks. (C) Biweekly changes of SFI in rodent sciatic nerve. Sham:
non-injury to the sciatic nerve during the sciatic nerve exposure and skin
closure. PVP guidance conduit: The sPVP nerve guidance conduit
implanted when the sciatic nerve excised. Non-conduit: no guidance
conduit implanted when the sciatic nerve was excised. (D) Ratios of the
ipsilateral tetanic contractions of sPVP nerve guidance conduit to
contralateral tetanic contractions of the gastrocnemius muscle. Proximal
and distal: a bipolar electrode was placed at the proximal or distal end of the
sPVP nerve guidance conduit, respectively. (E) The number of myelinated
axons in the proximal, middle, and distal regions of the sPVP nerve guidance
conduit, respectively. (F) The average width of myelinated axons in the
proximal, middle, and distal regions of the sPVP nerve guidance conduit,
respectively. SFI: sciatic function index. MA: myelinated axons. *: p < 0.05.
NS: p > 0.05.
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reconstruction. It is well accepted that a biological material must be
strong, flexible, and durable. Collagen-based ECMhasmanifested its
excellent characteristics. Collagen may be further cross-linked to
resist MMPs’ degradation. Elastin fibers in the PVP further enhance
the flexibility and durability of collagen-inherent characteristics. It is
known that elastin fiber is extensively cross-linked in ECM, which
renders elastin for the protein’s insolubility and contributes to its
longevity (Mecham, 2018). Shapiro et al. estimated the life span of
elastin using aspartic acid racemization at 14°C that turnover to be
~80 years in humans (Shapiro et al., 1991). Studies using sensitive
immunological techniques to measure elastin peptides in the blood
or desmosine cross-links excreted in the urine suggest that <1% of
the total body elastin pool turns over in a year (Starcher, 1986;
Mecham, 2018). Another factor contributing to the longevity of
mature elastin is its relative resistance to proteolysis. Since there are
few lysine or arginine residues in the fully cross-linked protein, and
few amino acids with large aromatic side chains, elastin is not
degraded by trypsin- or chymotrypsin-like proteases. In the present
study, the immunofluorescence microscopy reveals that the thick
fibers of elastin densely distribute through the PVP (Figures 2B,E).
The thick fibers of elastinmay retain the elastic property of the PVPs
for long term.

Mechanical Mismatch
Mechanical property is a critical feature of biomaterials. Mechanical
and structural mismatches between the biomaterial and native tissue
may alter the local mechanical environment and contribute to
abnormal growth and remodeling (Zilla et al., 2007; Shi and
Tarbell, 2011). It is known that mechanical mismatch is a cause of
poor performance of a vascular graft (Zilla et al., 2007; Sánchez et al.,
2018). The compliance mismatch of the graft with an adjacent blood
vessel can result in altered blood flow, platelet activation, and
thrombus formation (Malek et al., 1999; Zilla et al., 2007). The
reductions of intramural stress may mitigate propensity for
mineralization such as in bioprosthetic heart valves (Munnelly
et al., 2012). Therefore, the similarity of mechanical and structural
properties of biomaterials and host is critical for successful tissue
reconstruction (Zilla et al., 2007).

FIGURE 6 |HEof the sPVPnerveguidanceconduit in sciaticmodel of rats. (A)
Sciatic nerve fibers at low magnification (objective: ×4). (C, E, and G) The proximal,
middle, and distal regions of the sPVP nerve guidance conduit at low magnification
(objective: ×4), respectively. (B) Sciatic nerve fibers at high magnification
(objective: ×40). (D, F, and H) The proximal, middle, and distal regions of the sPVP
nerve guidance conduit at high magnification (objective: ×40), respectively.

FIGURE 7 | Immunofluorescence images of the sPVP nerve guidance
conduit in sciatic model of rats. (A) Sciatic nerve fibers at low magnification
(objective: ×4). (C, E, and G) The proximal, middle, and distal regions of the sPVP
nerve guidance conduit at low magnification (objective: ×4), respectively. (B)
Sciatic nerve fibers at high magnification (objective: ×60). (D, F, and H) The
proximal, middle, and distal regions of the sPVP nerve guidance conduit at high
magnification (objective: ×60), respectively. Red: anti-MBP (myelin basic proteins);
green: anti-NFLP (neurofilament light polypeptide); blue: nuclei of cells. Objective:
×60. The white lines and arrows indicate the measurement of axonal width.
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In this study, we verified that the incremental moduli in
stress–strain curves and relaxation moduli in the
Maxwell–Wiechert model of sPVP and bPVP were approximately
one-tenth of bPcm and SIS. The prostheses made of sPVP and bPVP
may mitigate some of the complications due to mechanical mismatch
with biological tissues. The mechanical properties of fibrous tissues
stem from their constituents, that is, collagen and elastin fibers
(Lokshin and Lanir, 2009; Wang et al., 2015a). A proper content
of elastin and collagen is necessary to render ideal mechanical
properties for a biomaterial. Previous studies indicated that the
PVP consists of more elastin (~25% dry weight) and maintains
one-fifth as much collagen as the parenchyma, which serves the
role of PVPmechanics (Oldmixon and Hoppin, 1984; Starcher, 1986;
Fraser et al., 2005). The PVP has been viewed as a complex structure
that adds to tissue disparity (Michailova, 1997). The
immunofluorescence microscopy reveals the microstructure of
PVP tissues, which is consistent with the macroscopic mechanical
responses, where the stress–strain curve of the PVP becomes non-
linear at a larger stretch ratio with higher stress level than at the lower
loads as shown in Figure 3A. Specifically, the PVPmicrostructure and
mechanical properties indicate that it is a highly compliant material.
Hence, the PVPmay be different for bioprosthetic applications, where
the mechanical compliance needs to be adopted.

In Vivo Biocompatibility
There is no doubt that collagen and elastin have excellent
biocompatibility because collagen and elastin are the major
constituents of ECM and provide the mechanical environment of
cell proliferation and biological functions. Therefore, it is not surprising
that the cytotoxicity of the PVP is as low as that of SIS (Figure 4). It is
well known that the in vivo experiment is the proper test for
biocompatibility of biological prosthesis. In fact, the in vivo
experiment is also an appreciated test for mechanical coupling of
biomaterials to native tissues. In the present study, we designed in
vivonerve conduit guidance and skin substitute for the evaluation of the
biocompatibility and mechanical coupling of the PVP. Although the
autologous nerve graft remains the gold standard treatment for repair of
peripheral nerve defects (Schmidt and Leach, 2003; Daly et al., 2012),

there is a limitation of tissue harvest numbers and dimensions where
extensive reconstruction is required (Schmidt and Leach, 2003). Nerve
guidance conduit is used as an alternative autologous nerve graft for
peripheral nerve repair. Although biological and synthetic materials are
used for nerve guidance conduit, axonal regenerative capacity in
existing nerve guidance conduit is often incomplete and functional
recovery is limited. Novel biomaterials for nerve guidance conduit are
needed to improve the functional and structural outcomes in nerve
repair. ThePVPmechanical compliance allows thePVPnerve guidance
conduit to assimilate into adjacent tissues. Furthermore, both collagen
and elastin are ameliorative to support nervous regeneration
(Waitayawinyu et al., 2007; Whitlock et al., 2009; Hsueh et al.,
2014). In the rodent model, we demonstrate that the PVP nerve
guidance conduit is suitable for peripheral nerve repair/reconstruction.

The skin covers the body to provide protection and receive sensory
stimuli from the external environment. Minor wounds can heal well,
but severe wounds need rapid repair to prevent scar invasion and
water loss. Although skin transplantation is the “gold standard” for
repair/reconstruction, artificial skin is frequently used to repair
wounds when an autologous donor is not available. Typical
artificial skin is composed of collagen to promote regeneration of
skin and accommodate epidermal cell migration and proliferation for
re-epidermalization on the wound. Considering skin is an elastin-
abundant organ, the abundant elastin in the PVP skin substitute can
minimize the mechanical mismatch between the substitute and native
skin. The abundant elastin can suppress the overgrowth of fibroblast
during neo-dermal regeneration to mitigate scar formation because it
has been demonstrated that scarring could bemitigated by controlling
fibroblast plasticity (Plikus et al., 2015; Chan and Longaker, 2017).We
demonstrated in rodentmodels that the PVP skin substitute promoted
wound healing, and scars did not form during the period of the study.

Study Limitation
We employed acid hydrolysis plus TPPS dye and alkaline treatment
for the analyses of elastin contents in various tissues. The variations of
elastin contents in the same tissue require discussion. In acid
hydrolysis, the thick fibers of insoluble elastin may diminish the
efficacy to convert insoluble elastin to soluble elastin. Therefore, the

FIGURE 8 | HE staining and fluorescence microscopic images to represent skin regeneration after the wound created in rats. (A) HE stain of neo-dermal
regeneration (black hollow arrow) and native skin (black solid arrow). Objective: ×4. (B) Native skin. (C)Neo-dermal regeneration filled in the wound. Objective: ×40. Red:
green: sialic acid. Blue: nuclei. Collagen type IV. Bar: 50 μm. White solid arrows indicate collagen type IV in the basal lamina. White hollow arrows indicate keratinocytes
which were proliferating during skin regeneration.
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elastin contentsmay be underestimated in the PVP since the insoluble
elastin may not be completely converted to soluble elastin. In alkaline
treatment, the microfibrils of insoluble elastin may be rinsed out from
loose ECM such as the SIS, which may result in underestimation of
insoluble elastin in the SIS. The mechanical property of the PVP in
comparison with the bPcm and SIS may provide additional
parameters to verify an abundant elastin in the PVP.

CONCLUSION

The abundant collagen and elastin contents in sPVP and bPVP
confer the merits of an elastin- and collagen-based ECM, including
the mechanical compliance, cytotoxicity, biocompatibility, and
regulation of cellular proliferation. In vitro studies indicate that
the PVP has minimal cytotoxicity. In vivo studies indicate excellent
PVP biocompatibility andminimal inflammation. Hence, the PVP is
a suitable biological material for the repair/reconstruction of soft
tissues due to its abundant collagen and elastin contents, structural
characteristics, and mechanical compliance.
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Emerging evidence points to coordinated action of chemical and mechanical cues during
brain development. At early stages of neocortical development, angiogenic factors and
chemokines such as CXCL12, ephrins, and semaphorins assume crucial roles in
orchestrating neuronal migration and axon elongation of postmitotic neurons. Here we
explore the intrinsic mechanical properties of the developing marginal zone of the pallium in
the migratory pathways and brain distribution of the pioneer Cajal-Retzius cells. These
neurons are generated in several proliferative regions in the developing brain (e.g., the
cortical hem and the pallial subpallial boundary) and migrate tangentially in the preplate/
marginal zone covering the upper portion of the developing cortex. These cells play crucial
roles in correct neocortical layer formation by secreting several molecules such as Reelin.
Our results indicate that the motogenic properties of Cajal-Retzius cells and their perinatal
distribution in the marginal zone are modulated by both chemical and mechanical factors,
by the specific mechanical properties of Cajal-Retzius cells, and by the differential stiffness
of the migratory routes. Indeed, cells originating in the cortical hem display higher migratory
capacities than those generated in the pallial subpallial boundary which may be involved in
the differential distribution of these cells in the dorsal-lateral axis in the developing
marginal zone.

Keywords: Cajal-Retzius cells, cortical development, mechanical cues, marginal zone, atomic force microscopy,
traction force microscopy

Edited by:
Rajprasad Loganathan,

Johns Hopkins Medicine,
United States

Reviewed by:
Yuki Hirota,

Keio University School of Medicine,
Japan

Achira Roy,
Jawaharlal Nehru Centre for

Advanced Scientific Research, India

*Correspondence:
José Antonio del Río

jadelrio@ibecbarcelona.eu

Specialty section:
This article was submitted to
Cell Adhesion and Migration,

a section of the journal
Frontiers in Cell and Developmental

Biology

Received: 28 February 2022
Accepted: 25 April 2022
Published: 16 May 2022

Citation:
López-Mengual A, Segura-Feliu M,
Sunyer R, Sanz-Fraile H, Otero J,

Mesquida-Veny F, Gil V, Hervera A,
Ferrer I, Soriano J, Trepat X, Farré R,

Navajas D and del Río JA (2022)
Involvement of Mechanical Cues in the
Migration of Cajal-Retzius Cells in the

Marginal Zone During
Neocortical Development.

Front. Cell Dev. Biol. 10:886110.
doi: 10.3389/fcell.2022.886110

Frontiers in Cell and Developmental Biology | www.frontiersin.org May 2022 | Volume 10 | Article 8861101

ORIGINAL RESEARCH
published: 16 May 2022

doi: 10.3389/fcell.2022.886110

81

http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2022.886110&domain=pdf&date_stamp=2022-05-16
https://www.frontiersin.org/articles/10.3389/fcell.2022.886110/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.886110/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.886110/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.886110/full
http://creativecommons.org/licenses/by/4.0/
mailto:jadelrio@ibecbarcelona.eu
https://doi.org/10.3389/fcell.2022.886110
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2022.886110


INTRODUCTION

Cajal-Retzius (CR) cells were first described by Santiago Ramón y
Cajal and Gustaf Retzius (in 1890 and 1892, respectively) (Gil
et al., 2014; Martinez-Cerdeno and Noctor, 2014). These cells are
early-generated neurons located in cortical marginal zone/layer I
that split from the embryonic preplate to form the marginal zone
and the subplate when the cortical plate develops during early
cortical development [(e.g., see (Soriano and Del Rio, 2005;
Villar-Cervino and Marin, 2012; Kirischuk et al., 2014;
Martinez-Cerdeno and Noctor, 2014; Marin-Padilla, 2015)].
Although several differences in CR cell phenotype, markers,
physiology, and fate have been described in different
mammals [e.g., (Cabrera-Socorro et al., 2007; Meyer, 2010;
Meyer and Gonzalez-Gomez, 2018)], Reelin expressed by
mouse CR cells during cortical development modulates the
appropriate migration of cortical plate neurons, actively
participating in neuronal network activity in developing
marginal zone/layer I [e.g., (Soriano and Del Rio, 2005)]. In
rodents, CR cells have the capacity to generate action potentials,
establishing synaptic contacts in the marginal zone/layer I and
receiving excitatory and GABAergic and non-GABAergic inputs
(Frotscher et al., 2003; Soriano and Del Rio, 2005; Frotscher et al.,
2009; Marin et al., 2010; Myakhar et al., 2011; Villar-Cervino and
Marin, 2012; Quattrocolo and Maccaferri, 2013; Gesuita and
Karayannis, 2021). Mouse CR cells are mainly generated in
three neurogenic areas: the cortical hem (CH) (Takiguchi-
Hayashi et al., 2004; Garcia-Moreno et al., 2007), the septum
retrobulbar area (SR), and the pallial subpallial boundary (PSB)
(Bielle et al., 2005). Shortly after generation, CR cells migrate
through the preplate/marginal zone to populate the entire cortical
surface following specific rostro-caudal and latero-tangential
processes (De Carlos et al., 1995; Yamazaki et al., 2004; Bielle
et al., 2005; Garcia-Moreno et al., 2007; Griveau et al., 2010;
Miquelajauregui et al., 2010; Villar-Cervino et al., 2013). This
dorsal-ventral migration of CR cells as well as subplate neurons
thorough the preplate has been reported to play a crucial role in
regionally defining the developing neocortex (Saito et al., 2019).
Birthdates of cortical CR cells are between embryonic days 8.5
and 13.5 (E8.5-13.5) in the mouse, with a maximum between E9.5
and E12.5 (del Rio et al., 1995; Hevner et al., 2003; Gu et al., 2011),
although a recent study points to a supply of CR cells from the
olfactory bulb at protracted embryonic stages (de Frutos et al.,
2016). During the first and second postnatal week, mouse CR cells
disappear from layer I by programmed cell death [e.g., (Del Río
et al., 1995; Del Rio et al., 1996)]. In fact, both their distribution
and their differential disappearance play a role in neocortical
regionalization and maturation (Ledonne et al., 2016; Riva et al.,
2019).

Genetic screening of CR cells has revealed that a large number
of factors are involved in their generation, migration, and
maturation, such as p73, p21, Zic1-3, Lhx5, and Fgf8, Tbr1, and
2, MDGA1, Emx1, and Emx2, Nectin1, Dmrt, Dbx1, Foxg1, Ebf2,
Foxc1, LIM-homeobox genes, and miRNA9, among others
(Mallamaci et al., 1998; Hevner et al., 2001; Hevner et al., 2003;
Muzio and Mallamaci, 2005; Zhao et al., 2006; Hanashima et al.,
2007; Takeuchi et al., 2007; Abellan et al., 2010; Zimmer et al., 2010;

Chiara et al., 2012; Zarbalis et al., 2012; Gil-Sanz et al., 2013; Hodge
et al., 2013; Kikkawa et al., 2020). Concerning migration, several
molecules have been identified as regulators of CR cell migration
and distribution in the marginal zone, e.g., CXCL12, Eph/Ephrins,
or Pax6 (Borrell and Marin, 2006; Paredes et al., 2006; Ceci et al.,
2010; Villar-Cervino et al., 2013; Kaddour et al., 2020). In fact,
CXCL12 (also termed Stromal Derived Factor 1, SDF-1), secreted
by meningeal cells, is considered to be mainly responsible for CH-
derived CR cell migration through CXCR4 and CXCR7 receptors
expressed in CR cells. Surprisingly, the migration at the subpial
position of CR cells in CXCR4−/−, CXCR7−/−, and CXCL12−/−
mice, although affected, is largely maintained at dorsal pallial levels
(Stumm et al., 2003). This is in contrast to other studies displaying
relevant changes in CR cells location and cortical layering after the
chemical removal of meningeal cells or genetic modification,
suggesting that other factors associated with meninges are
involved in CR cells migration and distribution (Super et al.,
1997; Paredes et al., 2006; Dasgupta and Jeong, 2019).
Angiogenic factors present in the outermost cortical blood
vessels associated with meninges such as VEGF, Sema3E, and
Ephrins have emerged as important cellular cues regulating the
migration of CR cells, as is the case in other developmental
processes [e.g., (Skaper et al., 2001; Mackenzie and Ruhrberg,
2012; Bribian et al., 2014)].

In addition, evidence emerging from recent research shows
that, in parallel to chemical cues, neural morphogenesis, neuronal
migration, and axon navigation are processes also governed by
sensing the mechanical properties of the extracellular milieu (e.g.,
Young’s modulus and topography) and neighboring cells during
development [e.g., (Franze, 2013; Gangatharan et al., 2018; Javier-
Torrent et al., 2021; Oliveri et al., 2021)]. These interactions
influence the maturation and differentiation of particular
neurons based on transduction of those external mechanical
forces into intracellular biochemical signaling via a
mechanical-transduction process (De Vincentiis et al., 2020;
Javier-Torrent et al., 2021). This mechanical-transduction
process involves the action of integrins and other elements
linking extracellular matrix (ECM) to cellular cytoskeleton
dynamics [see (Elosegui-Artola et al., 2018) for review]. In
addition, specific signaling mechanisms such as
mechanosensory receptors (e.g., Piezo1) and Hippo/YAP
pathways are players in the mechanical transduction process
in several cell types and tissues [e.g., (Nguyen-Lefebvre et al.,
2021; Wu and Guan, 2021)], including neural tissue [e.g., (Sahu
and Mondal, 2021)]. Considering matrix stiffness during mouse
cortical development, Iwasita and coworkers measured, by means
of Atomic Force Microscopy (AFM), the values for Young’s/
Elastic modulus (E) of the cortical plate (CP), the intermediate
zone (IZ), the subventricular zone (SVZ), and the ventricular
zone (VZ) in coronal sections of the prospective parietal cortex of
the mouse at different postnatal stages (from E12.5 to E18.5)
(Iwashita et al., 2014). In a broad sense, all values (for all cortical
layers) increased from E12.5 with a peak at E16.5 and then
decreasing (see Figures 1, 2 in (Iwashita et al., 2014)) at late
(E18.5) embryonic stages. Young’s modulus values ranked (for
the CP) from 30.1 Pa at E12.5 to a maximum of 108.4 Pa (E16.5),
decreasing to 57.4 Pa at E18.5. However, preplate and their
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derivatives: the molecular layer/layer I were not thoroughly
analyzed in the study.

Concerning CR cell migration, a pioneer study described
differences in the migratory properties of these cells depending
on their origin (rostral vs. medial) after ectopic transplantation in
different areas of the embryonic cortical hem (Ceci et al., 2010).
Thus, the study revealed, for the first time, that the local
environment in parallel to guidance molecules can modulate

the migration of CH-derived CR cells (Ceci et al., 2010). In
addition, Barber et al. (2015). demonstrated differences in
migratory speed of subsets of CR cells. In fact, using in vitro
experiments of the complete pallium, Barber et al. (2015).
described how SR-derived and CH-derived CR cells migrate
and then stop their migration at the dorsal pallium levels;
whereas PSB derived CR cells migrate in the rostral caudal
axis in the lateral part of the pallium (Barber et al., 2015).

FIGURE 1 | Differential stiffness between dorsal and lateral regions of the pallial marginal zone in developing mouse embryos (A) Scheme illustrating the procedure
of placement of the telencephalic hemispheres of the embryo (E12.5). (B) Illustration showing the procedure for Atomic ForceMicroscopy (AFM), in which the whole brain
embryo was first embedded in agarose to obtain dorsal and lateral measurement using the BIO-AFM. (C,D) Scheme (C) and highmagnification photograph (D) obtained
from the BIO-AFM illustrating the location of the V-shaped cantilever (circle in C and arrows in D) in the surface of the marginal zone. (E) Histogram showing the
results of the BIO-AFM experiments; E values are displayed in the y axis in Pa. (F) Rheometric values obtained after the analysis of three different hydrogels. The
concentration of the total protein of the analyzed hydrogels is shown in the x axis. (G) Bar plots comparing the amount of differential migration of CR cells (obtained from
CH or PSB) for gradually higher Matrigel™ concentrations (H–J) Examples of CH (H–J) and PSB (I) cultured explants in different Matrigel™ concentrations (5.8 and
7.8 mg/ml) immunostained against CALR to identify CR cells. CH: cortical hem; PSB: pallium subpallium boundary. Data in (E,F,G) are presented as mean ± s.e.m.;
***p < 0.001 and ****p < 0.0001. Scale bars: C = 1 mm, D = 500 μm, H and J = 300 μm and I = 300 μm.
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In this study, we aimed to explore whether putative differences in
the mechanical properties between dorsal and lateral parts of the
developing marginal zone/layer I also influenced the migration and
distribution of CR cells derived from the CHand the PSB of themouse.
Our data reveal that both the stiffness differences between medial and
lateral regions of the pallial marginal zone as well as the intrinsic
mechanical properties ofCR cells contribute to theirmigration from the
CH and PSB in the dorsal and lateral parts of the developing neocortex.

MATERIAL AND METHODS

Animals
The following mice and rat strains were used in the present study:
OF1 mice (E12.5) (RRID: MGI:5649743) and Sprague Dawley

rats (E14.5) (RRID: MGI:5651135) were purchased from Charles
River laboratories (Paris, France). In addition, the mTmG mice
(ROSAmT/mG; RRID: IMSR_JAX:007576; The Jackson
Laboratories; Bar Harbor, ME, United States) were also used.
Plxnd1-eGFP mice were obtained from the Mutant Mouse
Regional Resource Center (MMRRC; RRID: MMRRC_015415-
UCD; University of California, CA, United States). mTmG and
Plxnd1-eGFP mouse genotypes were verified by observing a tail
fragment under a fluorescence microscope (BX61; Olympus
Corporation). In addition, CXCR4-eGFP transgenic mice
(RRID: MMRRC_015859-UCD; kindly provided by J.H.R.
Lubke [Germany) (Anstotz et al., 2014)] were used. All the
animals were kept in the animal facility of the Faculty of
Pharmacy at the University of Barcelona under controlled
environmental conditions and were provided food and drink

FIGURE 2 | TFMmeasurements of CH and PSB-derived CR cells in PAA gels (A,B) Examples of CR cells stained using CALR antibodies derived from CH (A) and
PSB (B). (C–F) Phase contrast (c and e) and constraint force maps (D and F) of CR cells derived fromCH (C,D) and PSB (E,F) after TFM analysis. Forces triggered by the
CR cells are color-coded according to their intensity. The shape of the CR cells is outlined with a yellow contour in the constraint maps to better visualize their extent.
Thesemaps reveals that the highest traction values aremorphologically located at the tips of their neurites, for both CH- and PSB-derived CR cells (G)Results of the
Traction Force Microscopy (TFM) analysis. The bar plots show the mean pressure (force per unit area) generated by the different CR cells. The pressure values are
obtained by dividing the measured forces by the total area pixels occupied by the analyzed CR cells. CH: cortical hem; PSB: pallium-subpallium boundary. Data in (g) are
presented asmean ± s.e.m.. The indicated p value was obtained by using the one-tail permutation test. Scale bars, A = 50 μmpertains to B, C = 50 μmpertains to (D–F).
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ad libitum. For AFM experiments, OF1 pregnant mice were
housed in the animal facility of the Faculty of Medicine at the
University of Barcelona. All the experiments were carried out
following protocols of the Ethics Committee for Animal
Experimentation (CEEA) of the University of Barcelona
(OB47/19, C-007, 276/16, and 47/20).

CH and Pallial Subpallial Boundary Explant
Dissection
In order to obtain CH and PSB regions, embryonic brains (E12.5)
were covered with a mixture of L15 medium (31415-029,
Invitrogen) containing 4% low melting point agarose (50111,
Lonza) which was then allowed to solidify at 4°C for a few
minutes. After gelation, 300 µm-thick coronal sections were
obtained using a vibratome (VT1000S, Leica). Free-floating
slices were collected in cold 0.1 M PBS containing 0.6%
glucose and selected under a dissection microscope, and the
explants of CH or PSB were dissected.

Culture of CH and Pallial Subpallial
Boundary-Derived Explants on Hydrogels
For explants embedded in hydrogels, a sandwich procedure was
used using a base of homemade rat tail type I collagen (Gil and del
Rio, 2012) and a top of Matrigel™ (354434, Corning, Cultek). To
prepare the Matrigel™ at different densities, cold Neurobasal™
media (21103-049, Invitrogen) was used to dilute Matrigel™
stock solution. One explant per preparation was placed on a
homogeneous collagen base and then another layer of Matrigel™
was added on top. Before theMatrigel™ gels, explant position was
verified and correctly positioned under the dissecting microscope.
Once the explant was seeded, the gel was allowed to coagulate at
37°C, 5% CO2 before adding the supplemented medium. At
2 days in vitro (DIV), explants were fixed for 1 h with cold 4%
buffered paraformaldehyde (PFA) before washing with 0.1 M
PBS, and then stored at 4°C prior to immunocytochemistry or
photodocumentation. The number of cells that migrated out of
the explants was counted, and the maximum distance migrated
from the cell body to the explant edge was also determined using
Fiji™ software, using as calibration pictures of a millimetric
eyepiece at the same magnification. In some experiments, CH-
derived explants were treated with 4 μg/ml of Cytochalasin D
(C8273, Sigma-Aldrich), 10 μM Nocodazole (M1404, Sigma-
Aldrich), or 0.5 μg/ml of Blebbistatin (1760, Tocris).

In vitro Transplantation of CH or Pallial
Subpallial Boundary Explants in
Telencephalic Slices
Brain slices were obtained from E12.5 wild-type mice and the CH
and the PSB from E12.5 mTmGmouse embryos as described [see
also (Bribian et al., 2014)]. Slices were transferred to collagen-
coated culture membrane (PICM0RG50, Millipore) in 1.2 ml of
medium BME-F12 1:1 (41010-026, Invitrogen), glutamine
(25030-024, Invitrogen), 5% horse serum (26050-088;
Invitrogen), penicillin, streptomycin (15140122, Invitrogen),

and 5% bovine calf serum (12133C, Sigma-Aldrich). The CH
and PSB from wild-type slices were removed and replaced with
the dissected CH or the PSB from mTmG mice slices. After
several hours, the medium was changed to Neurobasal™medium
supplemented as above and cultured for up to 48 h before
analysis.

In situ Hybridization
In situ hybridization was carried out as described previously
(Mingorance et al., 2004; Mata et al., 2018) on 50 μm vibratome
fixed brain sections of E12.5 embryos. Both sense and antisense
riboprobes against Wnt2b (provided by P. Bovolenta) and Reln
(provided by T. Curran) were labelled with digoxigenin,
according to the manufacturer’s instructions (Roche Farma).

Immunocytochemical Methods
The processing of each in vitro model was determined by its
culture characteristics (hydrogel, coverslip, or brain slice).
Although the general procedure was similar for all conditions,
the incubation times and mounting methods for analysis differed.
The general procedure started with fixing the tissue samples with
4% PFA, then washing them with 0.1 M PBS and a blocking
solution composed of 10% Fetal Bovine Serum (FBS; 10500064,
Invitrogen) and 0.1 M PBS with Triton X-100 (Sigma-Aldrich)
(concentration determined by each model). After washing with
PBS-Triton X-100, the primary antibody was incubated with 7%
FBS and PBS−0.2% gelatin and Triton X-100. This was followed
by the Alexa-tagged secondary antibodies (Alexa 488; A21206,
Invitrogen) diluted in 7% serum (FBS) and PBS 0.1 M containing
gelatin 0.2% and 0.1% Triton X-100. Afterwards, nuclear staining
was performed using Hoechst (1 μg/ml; B2261, Sigma-Aldrich).
The antibody used for CR cell labeling was Calretinin (CALR; 1:
1,000; 7,697, Swant Antibodies). Details of the
immunocytochemical procedures in each model are briefly
explained below. For explant cultures growing in Matrigel™
0.5% Triton X-100 was used in all steps and long incubation
times were observed. After fixation for 1 h at 4°C with 4% buffered
PFA and blockade for 4 h at room temperature, the primary
antibody was incubated for 2 overnights at 4°C and the secondary
antibody for 1 overnight at 4°C with gentle shaking. Finally,
nuclear labeling with Hoechst was developed for 20 min before
washing with 0.1 M PBS and mounting with Mowiol™ (475904,
Calbiochem). For primary cultures of CH or PSB-derived CR cells
growing on polyacrylamide (PAA) gels for Traction Force
Microscopy (TFM) experiments, a short fixation time (5 min)
with 2% buffered PFA (removing half of the medium), and
10 min in 4% buffered PFA at 4°C, was developed in selected
preparations. Thereafter, fixed neurons were incubated at room
temperature for 1 h with blocking solution, 2 h with primary
antibodies, and 1 h for the secondary antibodies, at room
temperature with gentle shaking. Hoechst staining was run for
10 min before washing with 0.1 M PBS after
immunohistochemistry and photodocumentation. For slice
cultures, coronal slices after CH or PSB transplantation (see
above) were fixed for 1 h with 4% buffered PFA, and after this
detached from the transwell membrane and free-floating
processed with gentle agitation. All the immunohistological
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solutions contained 0.5% Triton X-100 and the samples were
incubated for longer times. Thus, slices were treated with
blocking solution for 4 h, incubated with primary antibodies
for 48 h, and then for 12 h with secondary antibodies at 4°C
with gentle shaking. Finally, the Hoechst solution was incubated
for 20 min before washing with 0.1 M PBS and mounting with
Mowiol™; double labelled CALR-mTmG-positive CR cells were
photodocumented using a Zeiss SLM800 confocal microscopy.

Viscoelastic Properties of Matrigel™
Hydrogels Analysed With Rheometry
The different densities checked in the study were obtained from a
Matrigel™ stock with known total protein concentration diluted
in cold Neurobasal™ medium. The dilutions were different for
different batches of Matrigel™: 12.72 mg/ml (Lot no: 9294006),
12.6 mg/ml (Lot no: 8015325), 11.95 mg/ml (Lot no: 9021221),
and 9.8 mg/ml (Lot no: 9148009). To obtain the hydrogels, a
minimum of 100 µl of mixture was needed per dish, carefully
depositing the mixture and leaving it to gel for 2–4 h at 37°C.
Once gelled, complete Neurobasal™medium was added to cover,
and left in an incubator at 37°C and 5% CO2. At 2 DIV the dishes
were carefully lifted and placed on a rheometer plate previously
heated to 37°C and calibrated. For rheometry measurement of the
hydrogels, an ∅ 8 mm Peltier (Peltier plate Steel — 108990)
coupled to a Discovery Hybrid Rheometer HR-2 (Discovery HR-
2; 5,332-0316; TA instruments) was used. To prevent
evaporation, rapeseed oil was used as a solvent-trap after
applying loading gap to the sample and deleting medium and
excess hydrogel. Finally, the geometry was taken to the gap to
geometry and the chosen measurement began. With the TRIOS
program (v. 5.0.0.44608) the Frequency sweep test using a gap of
0.5 mm (previously determined) was selected. To obtain the
elastic modulus E, we first measured the storage and loss
moduli in experiments at 1 Hz frequency sweep, which
provided a strain modulus G given by the equation:

G �
������������
(G′)2 + (G′′)2

√

Where G′ corresponds to storage modulus and G″ to loss
modulus. Once G was obtained, the elastic modulus E values
were determined as equation:

E � 2G(1 + υ)
Where υ is the Poisson’s ratio, defined as the ratio of transverse
contraction strain to longitudinal extension strain, and that was
assumed to be 0.5 for low stiffness hydrogels.

Atomic Force Microscopy Experiments
For in situ AFM measurements, whole E12.5 mouse embryonic
brains were carefully dissected without damaging the cortical
surface. Then, a 4% agarose (SeaPlaque™ GTGTM Agarose,
50111; Lonza) solution was prepared in 0.1M PBS and left at
45°C in a dry bath. The whole brain was dissected and examined
at dorsal and lateral regions of the pallium for AFM analysis
(Figure 1). Two brain orientations were generated in embedding
the whole brain in specific orientation with agarose to achieve

dorsal and lateral AFM measurements of the brain surface
avoiding the supallial areas (Figure 1B). Briefly, a large plate,
with a glass slide for AFM calibration, containing 2–3 mm
thickness of 4% agarose, was prepared. Once jellified, one
hemisphere was carefully placed over the agarose surface
adding more agarose to embed the subpallial brain regions,
leaving the dorsal pallial area to develop the dorsal AFM
measurements (Figure 1B). In parallel experiments, the other
whole hemisphere was placed laterally over the bottom agarose
with the medial brain portion in contact with agarose, being
leaving the lateral part of the pallium of the agarose-embedded
brain for AFM measurement (Figure 1B). After gelling, the plate
was covered with complete Neurobasal™ medium and placed in
the incubation chamber at 37°C.

Measurements were carried out on a custom-made BIO-AFM
mounted on an inverted optical microscope (TE 2000; Nikon).
AFM was equipped with a V-shaped silicon nitride cantilever
(0.01 N/m nominal spring constant) terminating in a 6 μm-radius
borosilicate spherical tip (Novascan Technologies). The
cantilever deflection was measured by using the optical lever
method, and the sensitivity of the photodiode was calibrated prior
to probing each sample by using the agarose semi-embedded glass
slide in the preparation as reference. For each measurement
(dorsal or lateral), 4 separate probing points were selected by
laterally displacing the AFM probe 40 µm between
measurements. For each probing point, the E modulus was
calculated from the force-displacement curves by adjusting the
Hertz model for the tip-surface contact (Alcaraz et al., 2018).
From these 4 separate values, the average was calculated, and data
were represented by mean ± standard error of the mean (s.e.m.)
for each brain at the different positions.

Primary Cultures and Traction Force
Microscopy Measurements of CH or Pallial
Subpallial Boundary-Derived CR Cells
Pieces of CH and PSB were obtained as above and collected in cold
dissection media (0.1M PBS (14200, Invitrogen) containing 0.65%
glucose (G8769, Sigma-Aldrich)) and centrifuged for 5 min at
800 rpm. After removal of the dissection media, 3 ml of
dissection medium containing 10X trypsin (15400-054,
Invitrogen) at 37°C for 15 min was added. After digestion and
inactivation with heat-inactivated normal horse serum (1:3 ratio);
10X DNase (AM2222, Ambion) diluted in fresh dissection media
was added, and incubated for 15 min at 37°C. Finally, 10 ml of
dissection medium was added and centrifuged for 5 min at
800 rpm. The pellet was resuspended in complete Neurobasal™
medium, and the cells were seeded on the plate. Then cell density
was approximately 100,000 cells per 9.5 cm2 plate. For acrylamide
gels, a Matrigel™ coating (diluted 1:40) was made the day before
and incubated at 37°C overnight. The next day, the surface was
rinsed with Neurobasal™ medium. For the TFM assay, only
isolated cells with clear morphology of CR cells (see below)
were analysed to avoid interference from traction forces
between different cells. PAA gels with different stiffness were
generated by modifying the proportion of acrylamide 40%
(1610140; BioRad) and Bis-acrylamide Solution (2% w/v;
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10193523; ThermoFisher) and the level of crosslinking in the gel
(between ≈40 Pa up to supraphysiological values) (Nocentini et al.,
2012). To detect gel displacements due to CR cell mediated forces,
the PAA gels was labelled with FluoSpheres® Carboxylate-
Modified Microspheres 0.2 µm [(625/645) F8806;
LifeTechnologies]. In order to generate a good homogeneous
Matrigel™ coating for CR cells, the PAA gels were treated with
SulfoSANPAH (803332; Sigma-Aldrich). Thus, 0.1 M PBS was
removed and a mixture of SulfoSANPAH (and 20 µl of reagent
diluted in 480 µl bidistilled water) was added. After two rinses with
0.1M PBS, treated gels were coated overnight at 37°C. The
following day, coated gels were washed with the fresh culture
medium and allowed to stabilize for a few minutes before seeding
with CR cells. Once adhered to the PAA gel, isolated CR cells were
selected ( × 40 objective, inverted Olympus microscope I×71). For
image acquisition and data processing, a Matlab™ script was used
(see (Reginensi et al., 2015) for details), and the displacements were
represented on the bright field image of the cell.

Calcium Analysis in Cultured CR Cells With
Fluo4-AM
To develop analysis of the changes in Ca2+ levels in CR cells, CH-
derived explants were cultured on Matrigel™ coated dishes as
indicated above. In order to enhance explant adhesion and
correct CR migration, culture media contained 1%
methylcellulose. In previous experiments, we determined the
appropriate concentration of methylcellulose maintaining the
morphology of CALR-positive cells (Supplementary Figure
S1). After 24 h of culturing, explants were incubated for
30 min with the cell–permeant calcium-sensitive dye Fluo4-
AM (F14201, Molecular Probes). The culture was washed with
fresh medium after incubation and finally placed in a recording
chamber for observation. The recording chamber was mounted
on an IX71 Olympus inverted microscope equipped with a
Hamamatsu Orca Flash 4.0 CMOS camera (Hamamatsu
Photonics). Cultures were recorded and images (1,024 × 1,024
pixels) were captured using a 20× objective and 470 nm
wavelength (CoolLED’s pE-300white, Delta Optics) every 50 ms
for 1 min using the CellSens™ software (Olympus). The
recordings were analyzed offline using the Matlab™ toolbox
NETCAL (www.itsnetcal.com). Identified CR cells were
associated with a single region of interest (ROI). The average
fluorescence Fi (t) in each ROI (CR cell) i along the recording was
then extracted, corrected for global drifts and artifacts, and finally
normalized as (Fi (t) — F(0,i)) / F(0,i) = fi (t), where F0,i is the
background fluorescence of the ROI. The time series of fi (t) was
analyzed with NETCAL to determine sharp calcium transients
and that reveal neuronal activity. Obtained movies were edited in
Fiji™ and the lockup table “physics” was applied. In this
experiment, the mechanosensory channel inhibitor GsMTx-4
(ab141871, Abcam) was used at a final concentration of 10 μg/
ml during video recording.

Statistical Analysis
Data in this manuscript are expressed as mean ± s.e.m. of at least
four independent experiments unless specified. Means were

compared using the Mann-Whitney U non-parametric test.
The asterisks pp, ppp and pppp indicate p < 0.01, p < 0.001
and p < 0.0001, respectively. For TFM and AFM analysis, a
permutation test (one tail) was performed and p, pp indicate p <
0.05 and p < 0.01, respectively was considered statistically
significant. Statistical test and graphical representation were
performed with Prism v.8 (GraphPad Software), RStudio
(RStudio, PBC), and R software (The R Foundation).

RESULTS

Dorsal to Lateral Stiffness (E) Differences
are Present in Developing Marginal Zone of
Developing Mouse Cortex
As a first set of experiments, we developed BIO-AFM
measurements in dorsal and lateral parts of the pallial surface
of embryonic mice (E12.5) (Figure 1). At this embryonic stage, a
lateral growth of the pallium takes place (Jacobson and Rao, 2005)
and CR cells tangentially migrate through the marginal zone and
cover the entire pallial surface (see introduction for references). In
our experiments we focused on the dorsal and lateral portions of
the pallium, avoiding the most ventral/subpallial regions of the
telencephalon. By placing the brain semi-embedded on agarose,
we can immobilize the brain without disrupting the whole
preparation and leaving a free-agarose zone for the BIO-AFM
measurements (Figure 1B). A representation of the dorsal zone is
showed in low magnification and at higher magnification the
cantilever can be seen across the brain tissue (Figures 1C,D). Our
BIO-AFM results indicate clear differences in stiffness between
the dorsal and lateral portions of the pallial surface (dorsal:
128.1 ± 12.08 Pa vs. lateral: 52.46 ± 12.08 Pa, mean ± s.e.m.,
pppp = 0.0002) (Figure 1E) (n = 9 for each condition).

Differential Migration of CH and
PSB-Derived CR Cells in Different
Matrigel™ Concentrations
Next, we aimed to explore whether these stiffness differences
might affect the migration of CR cells (Figures 1F–J). Classical
studies analyzing CR cell migration used 3D-Matrigel™
hydrogels as a migration substrate [e.g., (Borrell and Marin,
2006; Bribian et al., 2014)]. In order to determine whether the
stiffness of the environment could modulate the migration of CR
cells in a region-specific manner, we first analyzed the stiffness of
different Matrigel™ concentrations using rheometric analysis
(Figure 1F). We selected the Matrigel™ concentrations taking
into account the total protein level in the different batches
obtained from the supplier (see Materials and Methods for
details) in terms of the generation of a homogenous hydrogel
at each of these concentrations [see (Gil and Del Rio, 2019) for
example]. Data illustrate that, as expected, high Matrigel™
concentrations led to significantly higher Elastic moduli E
(Figure 1F), with E decreasing from 12.6 mg/ml to 3.8 mg/ml
Matrigel™ dilutions. Measured E at 1 Hz for 12.6 mg/ml was
268 ± 10.11 Pa (n = 6), for 7.8 mg/ml it was 45.39 ± 8.93 Pa (n =
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5), and for 3.8 mg/ml it was 13.34 ± 3.02 Pa (n = 4), data as
mean ± s.e.m. (Figure 1F). When comparing the elasticity of the
hydrogels with those previously obtained in BIO-AFM, E values
obtained using 12.6 mg/ml of Matrigel™ were around 2 times
than those measured in the in vivo BIO-AFM. However, the data
obtained using 7.8 mg/ml were similar to those observed in lateral
regions of the apical surface and the values using 3.8 mg/ml were
4 times lower than the lateral telencephalic portion of the
marginal zone. For this reason, we used three different
concentrations of Matrigel™ ranging around physiological
values as measured: 5.8 mg/ml, 7.8 mg/ml, and 9.8 mg/ml.

As indicated in several studies, CR cells derived from the CH
and PSB showed an overlapping distribution in the developing
marginal zone-layer I [e.g., (Barber and Pierani, 2016)]. Taking
this into account, we cultured CH and PSB-derived explants in
Matrigel™ hydrogels with different concentrations. CH-derived
CR cells were able to migrate longer distances in 5.8 mg/ml,
7.8 mg/ml, and 9.8 mg/mlMatrigel™ dilutions (values for 9.8 mg/
ml: CH = 113.4 ± 1.7 μm (n = 1632) vs. PSB = 72.86 ± 1.3 μm (n =
915). Values for 7.8 mg/ml: CH = 131.7 ± 2.1 μm (n = 1471) vs.
PSB = 88.52 ± 1.4 μm (n = 1911). Values for 5.8 mg/ml: CH =
137.1 ± 2.2 μm (n = 1737) vs. PSB = 92.35 ± 2.2 μm (n = 1194); all
mean ± s.e.m.) (Figure 1G; SupplementaryMaterials movies S1,
S2). This suggests that 1) CH-derived CR cells have greater
motogenic capacity than PSB-derived CR cells when migrating
in hydrogels with the same E value, and 2) CH-derived CR cells
are able to migrate greater distances in hydrogels displaying E
values closer to those observed in the dorsal portion of the
pallium in contrast to PSB-derived CR cells. In Figures 1H–J
we offer some examples of the distribution of CALR-positive CR
cells after completing their migration for 2 DIV in different
Matrigel™ concentrations.

Hem-Derived CR Cells Displayed Greater
Mechanical Forces Than PSB-Derived CR
Cells in PAA Gels
In a next set of experiments, we aimed to determine whether
these migratory differences could be attributed to intrinsic
differences between CH- or PSB-derived CR cells in order to
generate mechanical forces when cultured on PAA substrates.
First, we generated PAA gels with very low E using the protocol
published in (Sunyer et al., 2012; Sunyer et al., 2016). We
obtained soft PAA gels with E values around ≈ 40–100 Pa.
This E value is the lowest stiffness that allowed us to obtain good
distribution of the nanoparticles used in TFM. Below these
values the PAA is not stable and does not generate reliable TFM
measurements. We aimed to analyze the behavior of CH- and
PSB-derived CR cells when cultured on these low-Pa PAA gels.
CR cells adhered to the PAA gel and did not migrate but
generated forces on the substrate (Figure 2). In some cases,
due to the absence of a 3D-hydrogel environment, CR cells
modify their morphology from the typical unipolar to a more
bipolar shape as also observed in other studies in 2D-cultures
(Villar-Cervino et al., 2013). In previous experiments we also
categorized the cell morphologies as CR cells in PAA gels using
CALR immunostaining (Figures 2A,B). Thus, we developed the

TFM measures in isolated CR cells with these morphologies
(Figures 2C, F) and did not analyze TFM in cells with
multipolar morphology nor did we group them to compare
equal populations. TFM results demonstrated, as expected, that
CR cells independently of their origin, do not generate large
forces to the PAA substrates compared to other cell types [e.g.,
endothelial cells or fibroblasts, (Roca-Cusachs et al., 2017)].
TFM analysis reported that CH-derived CR cells can develop
greater forces on the substrate when compared to PSB-derived
ones (p = 0.0346, one tail permutation test, n = 18 and 14,
respectively) (Figure 2G). This also points to differing intrinsic
mechanical properties between CH and PSB-derived CR cells
that might allow CR cells to sense the different stiffness of the
marginal zone. One potential mechanism to sense stiffness is the
expression of mechanosensory channels (Roca-Cusachs et al.,
2017). To assess this, we developed a loss of function experiment
using the mechanosensory channel inhibitor GsMTx-4
(Gnanasambandam et al., 2017) (Figure 3). This compound
is a spider venom that inhibits cationic mechanosensitive
channels. In fact, although the specific mechanisms of the
drug have not been fully determined, when GsMTx-4 is
applied to several cell types expressing mechanosensitive
channels (e.g., Piezo channels) Ca2+ influx is blocked
(Jacques-Fricke et al., 2006). Taking this into account, we
cultured hem-derived explants, and after 40 h in order to
obtain isolated CR cells, cultures were incubated with Fluo4-
AM. After incubation, the changes in the Ca2+ waves in CR cells
were analyzed using NETCAL Software (Orlandi et al., 2014).
First, we checked the health status of cultured CR cells in 1%
methylcellulose containing medium by analyzing their
depolarization, using KCl (Figures 3A–C). After KCl
treatment, an increase in the fluorescence ΔF/F0 values was
observed in all analyzed CR cells (Figure 3C). Next, we
developed similar experiments, first incubating CR cells with
the inhibitor GsMTx-4 and then after that with KCl
(Figure 3D–E). Results demonstrated that treatment with
GsMTx-4 transiently decrease intracellular calcium levels in
CH-derived CR cells, reducing their migration (CH, Veh = 130,
8 ± 2.5; GsMTx-4 = 124, 4 ± 3.5, mean ± s.e.m., ppp = 0.0015, n =
1,218 and 782, respectively) (Figures 3E,F). On the graph
(Figure 3E) there is a first fluorescence increase by GsMTx-4
application by medium disruption, but after that, the cell senses
the inhibitor and react with a second peak. As a result of the
inhibitor entry, the cell decreases their calcium activity and
decrease their levels under the baseline. For PSB, CR-cell
migration was lower after incubation with the inhibitor but
did not reach statistical significance (p = 0.063, n = 1,289 for
GsMTx-4, and n = 382 for vehicle) (Figure 3F). In addition, we
analyzed whether the blockage of cytoskeletal proteins and
myosin II also impaired their migration. These experiments
showed, as expected, that inhibiting tubulin (Nocodazole;
pppp < 0.001, n = 21) and myosin II (Blebbistatin; ppp =
0.0032, n = 22) almost blocked the migration of CR cells
(Figure 3G). In addition, when inhibiting actin dynamics, we
also achieved an inhibition of CH-derived CR cell migration
(Cytochalasin D, 4 μg/ml; ppp = 0.0045, n = 9; Figure 3G).
Taken together, the present data demonstrate that CR cells can
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generate mechanical forces to the substrate (CH > PSB-derived
CR cells), but that cytoskeletal disruption impairs their
migration on Matrigel™ hydrogels.

Ectopic Transplantation of CH and
PSB-Derived CR Cells Demonstrates
Intrinsic Mechanical Properties in Vitro.
Due to the above illustrated data, we aimed to develop ectopic
transplantation experiments in an in vitro preparation of
telencephalic slices (see Materials and Methods for details)
(Figure 4). Thus, coronal embryonic telencephalic slices
(E12.5) from wild-type mice were cultured on transwells,

essentially as described (Bribian et al., 2014), and the
endogenous CH and PSB were removed, while the CH and
PSB from mTmG reporter mice were transplanted
(Figure 4D). Migrated CR cells generated after explant
transplantation could be easily identified by their red
fluorescence protein (tdTomato) expression, but also by using
double labeling with CALR antibodies. Results demonstrated that
CH-derived CR cells transplanted in their original position are
able to migrate long distances tangentially in dorsal and medial
marginal zones of the slices (mTmGCH in CH location = 565.7 ±
101.3 μm, n = 9, mean ± s.e.m) (Supplementary Figure S2).
However, PSB-derived CR cells were unable to migrate longer
distances in dorsal portions of the pallium (mTmG PSB in CH

FIGURE 3 | Involvement of mechanosensory receptors in the migration of CH-derived CR cells (A–C) Fluorescent calcium imaging experiments demonstrating that
CR cells are able to depolarize in the presence of KCl. The images in panel A corresponds to representative neuronal cultures of CH on methylcellulose-containing
medium (A). The same image is shown in panel B together with the detected regions of interest (ROIs, colored patches) and that ascribed as neuron (B). (C) The
application of 0.1 M KCl is indicated with an arrow. The abrupt increase in fluorescence reveals neuronal response to the chemical stimulation. (D) Fluorescence
images at preset time points (2, 5, 15, and 40 s) from identified CR cells illustrating the changes in Ca2+ upon application of GsMTx4 (at 5 s) and KCl (at 40 s). Images
were extracted from the Supplementary Material Movie S3). Fluorescence images were color edited to visually enhance the transient decrease in Ca2+ after GsMTx4
(at 5 s) and KCl (at 40 s). White arrows help identifying the fluorescence evolution of four neurons (E) Fluorescent traces for 10 representative neurons upon treatment
with GsMTx4 (at 5 s) and KCl (at 40 s), highlighting their strong response to stimulation (F) Bar plots comparing the effect of GsMTx4 treatment on the migration of CH-
and PSB-derived CR cells, and relative to untreated, control cells. CR cells exhibit a larger migration distance as compared to PSB ones (G) Bar plots comparing the
migration capacity of control CR cells with those treated with cell-mobility blockers, namely cytochalasin D, Nocodazole, and Blebbistatin. For panels (F,G), data are
presented as mean ± s.e.m.. Veh: Vehicle; CytoD: Cytochalasin D; Noco: Nocodazole; Bleb: Blebbistatin; CH: cortical hem; PSB: pallium subpallium boundary. The
specific p values are included in (F), and **p < 0.01 and ***p < 0.001 in (F,G), respectively. Scale bar A = 300 μm pertains to B; D = 50 μm.
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FIGURE 4 | Examples of the differential behavior of CH- and PSB-derived CR cells after transplantation experiments in telencephalic slices (A) Example of an E12.5
coronal section showing the location of the CH after Wnt2b in situ hybridization (B,C) Scheme (B) and low-power fluorescence photomicrographs (C) illustrating the
microdissection procedure for theCHand the PSB using the reportermTmGmice (D,E)Scheme (D) and confocalmicrocopy photomicrographs (E) illustrating the location of
the transplanted CH and PSB in telencephalic slices (F) Photomicrographs illustrating the migratory stream of CH-derived CR cells after their lateral transplantation. The
dashed labelled box is depicted in panels G-I (G,I) Representative images of double-labelled CR cells identified with CALR antibodies (left) and mTmG (center), together with
the resulting combined image (right). White arrows mark cells that are both CALR- and mTmG-positive, while arrowheads point to CALR-positive cells. The panels highlight
the large number of double-labelled cells thatmigrate ventrally to the transplantedCH, that contrastswith the fewer CALR-positive cells (J)Bar plots of the migration distance
of double-labelled (CALR-mTmG) CR cells in transplantation experiments, comparing the extent of migration of PSB and CH-derived cells transplanted in the natural CH

(Continued )
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location = 200.7 ± 72.7 μm, n = 12; mean ± s.e.m.) (Figures
4D–E). In contrast, when mTmG CH explants were transplanted
in the PSB location, a large number of double-labeled CR cells
(mTmG + CALR) could migrate dorsally as well as towards
ventral portions (mTmG CH in PSB location, lateral-dorsal
migration = 603.1 ± 55.0 μm; lateral-ventral migration =
706.7 ± 79.5 μm; n = 17; mean ± s.e.m.) (Figure 4F–K). In
parallel, mTmG PSB transplanted in the PSB location showed
increased migration when compared after transplantation in the
CH (mTmG PSB in PSB, dorsal migration = 310.5 ± 44.25 μm;
ventral migration = 232.9 ± 30.94 μm; n = 11; mean ± s.e.m.)
(Figures 4J–K). From these experiments we may conclude that
PSB dorsal migration is ≈ 1.55 times greater when transplanted in
PSB than in CH regions. In contrast, CH showed ≈ 1.25 times
greater migration distances when transplanted in the PSB than in
the CH. These data agree with previous TFM results indicating
that CR cells originating from the CH were able to generate
stronger mechanical forces to the substrate and they migrate in
hydrogels ranking from 5.8 mg/ml to 9.8 mg/ml greater than
PSB-derived CR cells. Thus, CH-derived CR cells, when
transplanted in PSB, were able to strongly migrate both due to
the lesser stiffness of the region (as compared to dorsal regions)
and to their intrinsic mechanical properties. In contrast, PSB-
derived CR cells migrate less towards or within dorsal pallial
regions with increased stiffness. Taken together, the present data
suggest that both the differing stiffness in marginal zone/layer I
(dorsal vs. lateral) of the developing pallium and the intrinsic
differences in the motogenic properties of the CR cells depending
on their origin play a role in determining their distribution in the
developing marginal zone as observed in vivo.

DISCUSSION

Several studies in the literature combines lineage analysis, in vitro
cultures, and CR cell markers, and have revealed the migratory
routes of CR cells in developing pallium have been revealed [see
among others (Takiguchi-Hayashi et al., 2004; Bielle et al., 2005;
Yoshida et al., 2006; Zhao et al., 2006; Garcia-Moreno et al., 2007;
Imayoshi et al., 2008; Ceci et al., 2010; Gu et al., 2011; Villar-Cervino
et al., 2013; Barber et al., 2015)]. To summarize these studies, CH-
derived CR cells migrate in the marginal zone expanding to dorsal
and medial parts of the neocortex with a preponderance in the
medial level in the caudal axis [see (Barber and Pierani, 2016) as
example], since the more rostral levels are mainly populated by SR-
generated CR cells. In contrast, PSB-derived CR cells are more
confined to lateral portions of the pallial marginal zone with a
decreased presence in the medial and dorsal regions [see (Barber
and Pierani, 2016) as example]. However, the limits of their
distribution in the marginal zone are no hardly defined and
these CR populations overlaps in their distribution.

Several groups have focused their attention on defining
chemical factors that mediate the migration of the different
sets of CR cells (see Introduction). Concerning migration
properties of subsets of CR cells, an elegant study carried out
by Barber et al. (2015). demonstrated in vitro using whole
flattened cortical vesicles that CR cells originating in the CH
showed increased migratory speed compared to PSB-derived CR
cells. The difference (≈ 18%–20% at E10.5) was also associated
with differences in VAMP3 expression (increased in CH-derived
CR cells with respect to PSB-derived ones). VAMP3 is involved in
endocytosis, a crucial process that modulates membrane
dynamics at the leading edge of migrating neurons and axons
(Kamiguchi and Yoshihara, 2001; Kawauchi, 2015) as occurs in
other cell types (Llanses Martinez and Rainero, 2019). In
addition, the authors showed that CH-derived CR cells
migrate towards the dorsal pallium while PSB-derived CR cells
migrate laterally in the rostro-caudal axis (Barber et al., 2015).
Our current data corroborate these results.

Concerning expansion of the CR cells in marginal zones, several
hypotheses have been proposed. For example, Villar-Cervino et al.
(2013), indicated that the distribution of different CR cells is
mediated by a contact repulsion process. These effects were not
observed when they analyzed groups of CR cells growing in
Matrigel™ (Bribian et al., 2014), nor were they seen in present
results. However, Barber et al. (2015). suggested that, after analysis of
their experiments and time-lapse results, factors other than contact
repulsion might regulate CR cell expansion and trajectories in the
developing pallium. Our present results are in line with their study,
since we show that mechanical factors might contribute to the
distribution of CR cells in the dorsal-lateral axis of the
developing marginal zone. As indicated, emerging evidence
demonstrates that, in parallel to chemical cues, mechanically-
mediated processes play relevant roles in axonal guidance,
neuronal migration, neurite growth, and brain development [e.g.,
(Franze, 2013; Gangatharan et al., 2018; Javier-Torrent et al., 2021)].
Concerning pallial morphogenesis, recently published studies from
the Miyata’s lab reported new results. In fact, a study of Nagasaka
and Miyata (2021) analyzed the stiffness differences between the
ventricular zone and the pallium and subpallial ganglionic eminence.
Relevantly, in this study the authors reported greater E values in the
pallial vs. the subpallial ventricle, which could be a factor involved in
pallial folding (Nagasaka and Miyata, 2021). Our present results
reinforce and expand these observations, demonstrating a significant
difference for E values between the dorsal part of the marginal zone
and the lateral regions of the pallium. However, we cannot rule out
the possibility that these differences are also linked to those observed
in the ventricular zone. From a developmental point of view, during
the early stages of cortical development, the pallium expands in
thickness with the addition of postmitotic neurons, generating the
cortical plate in a lateral-to-medial gradient, but it also expands
laterally [see (Bayer and Altman, 1991)]. Concerning the lateral-to-

FIGURE 4 | location (K) Bar plots of migration distance of double-labelled cells in the dorsal and ventral regions of the CH and PSB transplants after a lateral transplantation.
Data on panels (J,K) are presented asmean ± s.e.m.. ****p < 0.0001. Abbreviations: Cp = choroid plexus; CH = cortical hem; Hp = hippocampal primordia; LGE andMGE =
Lateral and medial ganglionic eminences; NCx = neocortex; SE = septal region; Str = striatum; PSB = pallial subpallial boundary. Scale bars, A = 300 μm pertains to C; E =
200 μm pertains to F and G = 50 μm pertains to (F–I).
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ventral expansion of the neocortex, a study by Saito et al. (2019).
described how a migratory stream of the early generated (E10.5)
dorsally preplate cells (mainly subplate cells) participated strongly in
this lateral pallial expansion, as evidenced by a dorsal-to-lateral
migration, andmost probably acting on the orientation of radial glial
cells and generating axon tensions at the level of subpallium, at E14.5
(Misson et al., 1988). The presence of these subplate corticofugal
axons (labelled with anti-GABA antibodies or 1,1′-Dioctadecyl-
3,3,3′,3′-Tetramethylindocarbocyanine Perchlorate (DiI) tracing)
at E14.5 was also reported by a number of pioneering studies
(De Carlos and O’Leary, 1992; Del Rio et al., 1992; Del Rio et al.,
2000). Under this scenario, the lateral part of the pallium which is
closest to the ganglionic eminence will allow the tangential migration
of these preplate-derived cells (Saito et al., 2019). However, whether
these early generated VZ-derived subplate cells with monopolar
morphology also show mechanical differences with the non-
monopolar cells located in the medial-dorsal portions of the
subplate warrants further study and is of interest in fitting their
functions and behavior into the stiffness differences observed in the
developing pallium.

With respect to CR cells, these studies of Miyata’s lab did not
focus on this cell type. Our results demonstrate that CH-derived CR
cells can migrate long distances in the marginal zone in both the

lateral and the dorsal part of the pallium. Interestingly, theywere able
to migrate more in the lateral than the dorsal regions in our
transplantation experiments. In contrast, PSB-derived CR cells
showed reduced migration when transplanted into dorsal regions
of the neocortex. This observation is likely related to their migratory
properties in the differing stiffness of the dorsal vs. lateral parts of the
marginal zone (BIO-AFM experiments) as corroborated in our
Matrigel™ experiments. Taking this into account, our
observations and those of Saito et al. (2019). suggest that the
migration of CR cells follows the changes in cortical stiffness
generated between E10.5 and E12.5. This is of relevance since in
the absence of these coordinated actions, CR cell mechanical
properties, dorsal-lateral E differences in the ventricular and
marginal zones, as well as the described dorsal-lateral stream of
preplate-derived cells, might trigger altered neocortical development.
In fact, it is widely recognized that correct CR cell distribution in
marginal zone-layer I is a crucial factor in both radial glia
maintenance (Super et al., 2000) and neuronal radial migration
(Rice and Curran, 2001). With altered CR cell distribution, changes
in cortical plate development and layer specification might occur
[e.g., (Super et al., 2000; Alcantara et al., 2006; Villar-Cervino et al.,
2013)]. Our study describes for the first time how subsets of CR cells
can also be characterized by their mechanical properties which,

FIGURE 5 | Mechanical and chemical cues modulate the migration of PSB- and CH-derived CR cells. Data presented in this figure illustrate some of the cues
involved in the CR-cell migration (A–D) Scheme (A) and eGFP immunostaining using immunoperoxidasemethods of PlexinD1 in transgenicPlxnd1-eGFPmice. PlexinD1
is present in blood vessels as well as in CR cells in the complete marginal zone (arrows in B-D). The specific location of the PSB is labelled in (D) and illustrates the
absence of PlexinD1 in this region. This demonstrates that its expression is postmitotic and linked to its position in marginal zone (E,F) Reln in situ hybridization (E)
and eGFP fluorescence in CxCR4-eGFP mice (F), respectively, illustrating their distribution in the developing pallium. Asterisks and dashed regions in (F) illustrate the
absence of Reln and CXCR4 in the proliferative regions, especially the PSB (G) Scheme summarizing the results observed in our studies (see Discussion for details).
Abbreviations as in Figure 4 in addition to Bv = blood vessel; dTh = dorsal thalamus; GE = ganglionic eminence; MZ = marginal zone; PCx = piriform cortex; V = lateral
ventricle; VZ = ventricular zone. Scale bars, B = 50 μm pertains to (C,D); E = 300 μm pertains to (F).
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along with the differential dorsal-lateral stiffness of the marginal
zone and additional chemical cues, allow the orchestrated dorsal-
lateral migration of two different CR-cell populations (CH and PSB-
derived) leading to a specific regional distribution that plays a role in
cortical development and maturation.

Coordinated Action of Mechanical and
Chemical Cues Modulates the Dorsal-
Lateral Migration and Distribution of CH and
PSB-Derived CR Cells: A Putative Scenario
in Early Neocortical Development
In Figure 5we hypothesize a putative scenario for the dorsal-lateral
CR-cell migration generated in the CH and the PSB. This summary
includes results published by several research groups [among
others (Bielle et al., 2005; Borrell and Marin, 2006; Bribian
et al., 2014; Barber and Pierani, 2016)] and the present results.
In this scheme, the dorsal-medial difference in pallial stiffness is
illustrated (present results) and the presence of CXCL12 and
Sema3E is illustrated. In addition, we include data related to the
expression of CXCR4 as well as PlexinD1. In this hypothesis,
during development, SR-, CH-, and PSB-derived CR cells are
generated in parallel. However, neither the CH nor the PSB
express PlexinD1 or CXCR4 (Figures 5A–D,F). In contrast, in
the marginal zone, both CH- and PSB-derived CR cells express
PlexinD1 and CXCR4, as well as Reelin (Figures 5A–F). Due to the
differing stiffness of the pallium, PSB-derived CR cells can migrate
in their lateral portions to themarginal zone, while being blocked in
dorsal pallial regions displaying greater stiffness and increased
Sema3E expression. In contrast, CH cells with greater
mechanical properties can migrate in dorsal portions but are
also progressively affected by the action of Sema3E (Figure 5G).
Both CR-cell populations are positioned in the marginal zone by
the action of CXCL12, and their final distribution in the dorsal-
lateral axis is promoted by the inhibition of CXCL12/CXCR4
signaling by Sema3E, as demonstrated in (Bribian et al., 2014),
along with their differences in intrinsic mechanical properties and
the stiffness of the developing pallium (present results). In addition
to this, other factors such as the expression of VAMP3 leading to
intrinsic differences in CR-cell migration as well as other repulsive
actions described in other studies play crucial roles in parallel to
accomplish their regional distribution in the rostral-caudal and
medial-lateral axis of the pallium (see Introduction for details).
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Background: Williams Beuren syndrome (WBS) is a recurrent microdeletion disorder

that removes one copy of elastin (ELN), resulting in large artery vasculopathy. Early

stenosis of the pulmonary vascular tree is common, but few data are available on

longer-term implications of the condition.

Methods: Computed tomography (CT) angiogram (n = 11) and echocardiogram

(n = 20) were performed in children with WBS aged 3.4–17.8 years. Controls (n

= 11, aged 4.4–16.8 years) also underwent echocardiogram. Eln+/− mice were

analyzed by invasive catheter, echocardiogram, micro-CT (µCT), histology, and pressure

myography. We subsequently tested whether minoxidil resulted in improved pulmonary

vascular endpoints.

Results: WBS participants with a history of main or branch pulmonary artery (PA)

stenosis requiring intervention continued to exhibit increased right ventricular systolic

pressure (RVSP, echocardiogram) relative to their peers without intervention (p < 0.01),

with no clear difference in PA size. Untreated Eln+/− mice also show elevated RVSP

by invasive catheterization (p < 0.0001), increased normalized right heart mass (p <

0.01) and reduced caliber branch PAs by pressure myography (p < 0.0001). Eln+/−

main PA medias are thickened histologically relative to Eln+/+ (p < 0.0001). Most Eln+/−

phenotypes are shared by both sexes, but PA medial thickness is substantially greater
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in Eln+/− males (p < 0.001). Eln+/− mice showed more acute proximal branching

angles (p < 0.0001) and longer vascular segment lengths (p < 0.0001) (µCT), with

genotype differences emerging by P7. Diminished PA acceleration time (p < 0.001)

and systolic notching (p < 0.0001) were also observed in Eln+/− echocardiography.

Vascular casting plus µCT revealed longer generation-specific PA arcade length (p <

0.0001), with increased PA branching detectable by P90 (p < 0.0001). Post-weaning

minoxidil decreased RVSP (p < 0.01) and normalized PA caliber (p < 0.0001) but not

early-onset proximal branching angle or segment length, nor later-developing peripheral

branch number.

Conclusions: Vascular deficiencies beyond arterial caliber persist in individuals with

WBS who have undergone PA stenosis intervention. Evaluation of Eln+/− mice reveals

complex vascular changes that affect the proximal and distal vasculatures. Minoxidil,

given post-weaning, decreases RVSP and improves lumen diameter, but does not alter

other earlier-onset vascular patterns. Our data suggest additional therapies including

minoxidil could be a useful adjunct to surgical therapy, and future trials should

be considered.

Keywords: pulmonary, elastin, minoxidil, Williams syndrome, vasculopathy, pulmonary artery, sex as a biological

variable

INTRODUCTION

Elastin insufficiency produces distinctive vascular abnormalities
that include both focal stenosis in proximal elastic arteries and
general large vessel arteriopathy consisting of narrow, stiff blood
vessels throughout the body. People with elastin insufficiency,
such as those withWilliams Beuren syndrome [WBS; as reviewed
by Kozel, Barak (1)] have prominent vascular features. The
pathognomonic lesion for diseases of elastin insufficiency is a
focal stenosis of the ascending aorta, also known as supravalvar
aortic stenosis (SVAS), but long segment stenosis also occurs
commonly. The proximal pulmonary arteries, descending aorta
and its branches may also be impacted by stenosis (2). Estimates
vary by study methodology, but show pulmonary vascular
abnormalities in ∼40–60% of individuals with WBS (3, 4). They
usually self-resolve in those with mild stenosis and some with
“moderate” stenosis, but it’s unclear whether those with resolving
moderate stenosis were truly moderate (5, 6).

Less than half of individuals with pulmonary vascular
abnormalities are thought to require surgical intervention.
Catheter-based intervention has been successful in some cases,
but surgical options are considered superior (7). Less is known
about the impact and extent of peripheral pulmonary vascular
lesions in WBS, as these vessels are more difficult to image
with echocardiography and sometimes even with computed
tomography (CT) angiography. Previous investigations in
rodents showed potential for minoxidil, a KATP channel opener
and vasodilator, to induce elastin production and generate
remodeling that improved blood flow to organs in systemic
circulation (8, 9). While a clinical trial with this medication
did not show improvement in intima media thickness of the
carotid artery, the primary endpoint for this study, an increase
in lumen diameter was noted (10). Because pulmonary vascular

abnormalities are particularly complex to treat through surgical
intervention, we questioned whether minoxidil may add benefit
to those receiving intervention for hemodynamically significant
pulmonary vascular abnormalities.

To evaluate the impact of pulmonary vascular disease in
elastin insufficiency, we examined elastin heterozygous (Eln+/−)
mice. In addition to expanding previously published findings in
the proximal vasculature using in vivo and ex vivo methods, we
also investigated the impact of elastin deficiency in more distal
vasculature over a broad developmental window. In addition,
we focused on sex as a biological variable, given the propensity
for vascular disease in WBS to be more severe in males (11).
Finally, we tested the impact minoxidil has on the proximal
and distal pulmonary vasculature and discussed the possibilities
and limitations for using minoxidil to treat pulmonary vascular
disease in WBS patients.

MATERIALS AND METHODS

Human Subjects’ Approvals and Inclusion
Oversight for the human subjects’ research was provided by
the Institutional Review Board of the National Institutes of
Health. Data for all subjects and controls were obtained under
the protocol ‘Impact of Elastin Mediated Vascular Stiffness on
End Organs’ (ClinicalTrials.gov Identifier: NCT02840448). Legal
guardians for the pediatric patients signed consent. Assent was
obtained from participants as appropriate. This study recruits
people with WBS, WBS-like conditions and controls. Here, we
analyze data from controls and those with WBS aged 3.4–17.8
years. To be considered for this analysis, an individual with WBS
must have clinical or research molecular testing that confirms
deletion of one copy of the ELN gene, using one of several
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methods equivalent to the clinically used fluorescent in situ
hybridization (FISH) test for WBS. Not all participants were able
to complete all tests.

Human Echocardiographic Examination
Complete transthoracic echocardiograms (n = 48, 35 WS
+ 13 control) were performed using commercially available
systems and measured according to American Society of
Echocardiography guidelines. Portions of that data are reported
elsewhere (12, 13). When available, tricuspid regurgitant (TR)
peak velocity (TRVmax) was recorded. It can be transformed
using the modified Bernoulli equation to estimate RV systolic
pressure RVSPe=4∗(TRVmax)

2
+ right atrial (RA) pressure.

However, for simplicity, we report only the TRVmax. If the initial
research study failed to show a TR jet (n = 20, 18 WBS + 2
control), data from a second later research echocardiogram (n =

2 WBS) or concomitant clinical study (n=1 WBS) in which a jet
was present were used instead, leading to 20 WBS and 11 control
measures. In the past it has been assumed that most patients
with clinically significant pulmonary hypertension would have
a have measurable TRV jet (14, 15). As such, it may be safe to
assume that RVSPe would not be significantly elevated in those
participants (N = 1 WBS with history of PA intervention, N =

14 WBS with no history of PA intervention and N = 2 controls
with no appreciable TR jet). Of note, the percentage of missing
TRVmax was not different between the cases and controls and
those with and without TRVmax measures were not statistically
different in age, sex, and BMI distribution (data not shown).

CT Analysis of Proximal and Peripheral
Lung Vasculature
Pediatric participants with WBS underwent a neck to pelvis
vascular contrast enhanced CT scan (Canon Aquilion ONE,
Tokyo, Japan) with iopamidol-370 (Isovue-370, Bracco
Diagnostics, Monroe Township, NJ). Images were reconstructed
with 2mm slice thickness and 1mm slice increments.

Vitrea Advanced Visualization 7.11.5.29 (Vital Images Inc.,
Minnetonka, MN) was used to post-process and analyze
compiled CT data. Vascular aorta mode was used to generate
vessel cross sections with multi-planar reformatting. The
midpoint of each vessel segment was identified using the ruler
tool and electronic calipers were used to collect short and
long axis lumen diameter measurements of the main, left, and
right PAs.

Due to concerns about radiation exposure, pediatric controls
were not scanned. Thus, PA diameters were converted to
standardized effective diameter Z-scores and compared to a
published control population (16). Briefly, predicted diameters
based on participant height and sex were calculated and used to
establish a Z-score. Not all children were able to lay still for the
unsedated study.

Animal Studies
All procedures described herein were approved by the
Institutional Animal Care and Use Committee of the National
Heart Lung and Blood Institute orWashingtonUniversity School
of Medicine. Institutional guidelines for animal experimentation

and welfare were followed. The Elntm1Dyl mouse (17), was
originally created in a 129x1/Sv; C57Bl/6 background but was
further backcrossed to C57Bl/6 prior to these studies to remove
129x1/Sv genetic material that is known to influence phenotype
(18). Studies were performed in male Eln+/− and Eln+/+ mice
ranging in age from postnatal (P) day ∼1–90. Females were
studied at ∼P90. A subset of mice were treated with minoxidil
(Sigma, St. Louis, MO) diluted in drinking water to provide ∼20
mg/kg/day (8) from approximately postnatal day 21 to ∼P90.
Not all experiments could be performed in every mouse.

Right Ventricular Hemodynamic
Measurements
Mice were restrained on a heated holder to maintain body
temperature, while anesthesia was induced at 2.5% isoflurane
(Florane, Baxter, San Juan, PR). After induction anesthesia was
reduced to 1.5%. Upon achieving a level plane of anesthesia,
a pressure catheter (1.4-Fr, model SPR671, Millar Instruments,
Houston, TX) was inserted into the jugular vein and advanced
into the right ventricle (RV). At the time of pressure collection,
anesthesia was further reduced to 1% and pressures were
recorded using Chart 5 software (AD Instruments, Colorado
Springs, CO). By closely observing the hemodynamic trace
for a standard ventricular waveform, and monitoring physical
resistance during catheter advancement, we were able to
advance the catheter comfortably beyond the tricuspid valve and
avoid over-advancing into the apex. This allowed for optimal
catheter placement within the ventricular chamber. Animals were
monitored for discomfort or over-sedation.

Pressure-Diameter Testing
The left pulmonary artery (LPA), from the pulmonary trunk to
just proximal to the first bifurcation, was excised post-euthanasia.
Vessels were mounted on a pressure arteriograph (Danish
Myotechnology, Copenhagen, Denmark) in balanced physiologic
saline at 37◦C, pressurized, and longitudinally stretched three
times to in vivo length prior to data capture. Vessels were then
transilluminated under a microscope connected to a charge-
coupled device camera and computerized measurement system
(Myoview, Danish Myotechnology) to allow for continuous
recording of vessel diameters (further details on the pressure
arteriography procedure can be found in (8). Intravascular
pressure was increased from 0 to 70 mmHg in 10-mmHg steps.
At each step, the outer diameter of the vessel was measured and
manually recorded.

Histology
Main pulmonary trunk arteries (MPA) were collected and fixed
(unloaded) in 10% buffered formalin (Fisher Scientific,Waltham,
MA) overnight at 4◦C, and then progressively dehydrated in
ethanol. Vessels were embedded in paraffin and 5µm cross-
sections cut. Sections were subsequently stained using Verhoeff
van Gieson stain (k059, Poly Scientific R&D, Bay Shore, NY)
to visualize elastin. Slides were scanned using the Hamamatsu
NanoZoomer 2.0-RS digital slide scanner. Images were captured
at 40x with embedded scale using the Hamamatsu NDP.view2
viewing software (Hamamatsu Photonics, Hamamatsu, Japan).
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Lamellar number, circumference, and media wall thickness were
measured as previously described (8).

Cardiac Mass Measurements
Prior to sacrifice, body mass (BM) was recorded for each mouse.
Post euthanasia, the heart was dissected from the chest cavity
and the auricles removed. The heart was then carefully rolled on
an absorbent surface to remove excess blood without crushing
the tissue/disturbing the interstitial fluid. The RV was then
detached from the left ventricle/septum (LV) and each segment
was weighed separately. Using digital calipers, tibia length (TL)
was recorded from the tibia head (exposed after the patellar
tendon is severed) to the space within the ankle exposed after
severing the Achilles tendon. The ratios of right ventricular heart
mass (RVHM) and left ventricular/septal heart mass (LVHM)
normalized to both body mass (RVHM/BM; LVHM/BM) and
tibia length (RVHM/TL; LVHM/TL) were then calculated to
assess relative changes in heart size.

In vivo Murine Micro-Computed
Tomography (CT) Imaging
Mice were placed in an induction chamber and anesthesia was
induced using 4% isoflurane. Mice were transferred to a platform
where a level plane of anesthesia at 2% isoflurane was achieved via
nosecone. Ophthalmic ointment was applied and 80 microliters
of ViscoverTM ExiTronTM nano 12,000 contrast agent (Miltenyi
Biotec, Bergisch-Gladbach, Germany) was delivered via standard
tail vein injection. The platform with the secured mouse was
transferred to the QuantumGX µCT chamber (PerkinElmer,
Waltham, MA) and 4min post-injection, the scan was initiated.
A 4-min scan simultaneously capturing cardiac and respiratory
rhythms was performed, and scans were reconstructed, gated to
systole (19, 20).

Murine in vivo µCT Image Analysis
To evaluate PA caliber, µCT scans (cardiac gated to systole)
were uploaded to Horos (Horosproject.org, Annapolis, MD) and
arterial caliber of the MPA, right pulmonary artery (RPA) and
LPA were assessed using the 3D multiplanar reformation tool on
an oblique slice. The pulmonary trunk was assessed distal to the
valves, where the vessel becomes most uniformly circular. The
RPA and LPA were assessed just distal to the branch point from
the MPA. For all segments, the lumen diameter was measured
in four evenly spaced intervals around the circumference of the
vessel and averaged to account for variations in the vessel shape.
The angle of branching between the RPA and LPAwas assessed in
an oblique slice where the trunk and both branching vessels were
in view using the Horos angle tool. For all measures, still images
were captured, and measurements were recorded.

Pulmonary Artery and Left Ventricular
Imaging by Echocardiogram
Cardiac imaging was performed using a high-frequency,
high-resolution ultrasound system (Vevo2100, FUJIFILM
VisualSonics Inc., Toronto, Canada) and a 40 MHz transducer
probe (VisualSonics, MS-400). Mice were lightly anesthetized
with isoflurane during the examination with HR maintained

above 450 bpm. The mice were placed in a supine position over
a heated imaging platform and rail system. Body temperature
was maintained between 35 and 37 degrees Celsius as assessed
by rectal probe. Color Doppler was applied to visualize PA flow
from a modified long axis view; the parasternal long axis of
the right ventricular outflow tract which visualizes the right
ventricular outflow tract (RVOT), pulmonic valves and PA.
Peak pulmonary artery velocity (mm/s), gradient (mm Hg), and
pulmonary artery acceleration time (PAAT, s) were measured
from the Pulsed Wave (PW) Doppler waveforms. PW Doppler
samples were then taken parallel to MPA flow just distal to the
pulmonic valve leaflets. Left ventricular measurements were
made from the standard 2D and M mode images acquired from
the parasternal long axis and mid-papillary short axis views.

Polymer Infusion and µCT Imaging of
Young and Adult Mice
MicrofilTM (Flow Tech Inc., Carver, MA) injections were
performed as previously described (21). Approximate postnatal
day 1 (P1), 7 (P7), 30 (P30), and 90 (P90) mice were used
for these experiments. Briefly, after removal of the anterior
chest wall and diaphragm, the PA was catheterized via the RV.
The pulmonary vasculature was then flushed with phosphate
buffered saline containing sodium nitroprusside (10−4 M) to
clear and dilate the vessel network. The lungs were then inflated
to 20mm Hg following tracheal cannulation, while still in the
body cavity. At this point, MicrofilTM was slowly infused into
the arterial vascular network. Once the infusion was complete,
the polymer was allowed to cure before the heart lung block was
fixed in 10% formalin at 4◦C for 24 h. The heart and lungs were
then removed from the thoracic cavity en bloc and scanned by
uCT. It should be noted that the inability to statically control
intraluminal pressure during the delivery and polymerization of
the MicrofilTM precludes accurate vessel diameter measures.

Ex vivo µCT Imaging
Fixed mouse heart and lung samples were imaged using
the Quantum GX µCT scanner (PerkinElmer, Waltham,
MA). Based on field of view and specimen size, µCT scans
were sub-reconstructed at 40µm (P90), 35µm (P30), 30µm
(P7), or 25µm (P1). Both genotypes in each group were
post-processed at the same resolution. Additional sub-
reconstructions were used to achieve higher resolution
for the left upper lobe with a focus on the left upper
lobar feed artery (LULFA, see Figures 7C,D, arrowhead) at
resolutions of 20µm (P90), 15µm (P30), 12µm (P7), and 10µm
(P1), respectively.

Ex vivo µCT – Proximal Vascular Analysis
To extract the proximal vasculature, sub-reconstructed images of
heart/lung samples were loaded into Amira 6.7.0 (ThermoFisher
Scientific). Segmentation was performed using ‘Magic Wand’,
a tool that connects all voxels within a manually denoted
intensity range. A voxel at the center of the MPA was
chosen as the “seed” and propagated to subsequent voxel
connections of similar intensity. An upper threshold was then
imposed on the reconstruction to simultaneously preserve

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 May 2022 | Volume 9 | Article 886813100

Horosproject.org
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Knutsen et al. Elastin-Mediated Pulmonary Vascular Disease

the proximal conducting vasculature and exclude more distal
vessels (see Figures 7C,D). Vessel length analysis was completed
by selecting vessel segments stretching from the origin of
the LPA or RPA and extending to the fourth branchpoint
(Left Pulmonary Lobar Artery; LPLA) in the left lung and
the sixth branchpoint (Right Pulmonary Lobar Artery; RPLA)
in the right (see Figures 7C,D for details). “Graph Info”
generated and compiled data for each vessel segment to measure
path and Euclidean length along the extracted centerline.
The ratio of path length to Euclidean length is defined
as tortuosity. The branch angle formed between the LPA
and RPA immediately as they branch off the MPA was
also measured.

Ex vivo µCT – Distal Vascular Tree Analysis
The higher resolution sub-reconstructions were used to examine
the smaller vasculature of the LULFA, chosen for its consistent
size, branching pattern, and even filling across samples.
A seed voxel was planted in the main proximal artery
feeding the LULFA. After propagation of the vasculature using
‘Magic Wand’ and assignment of the volume to a material,
the label image was created and skeletonized to find the
centerline tree. To fully preserve the data from the smallest
branches, the original vascular tree was not manually altered.
Generation was assigned by selecting the LULFA’s primary
branch off the main artery and labeling it as the “root”
of the tree, which allowed Amira to automatically assign
increasing generations to the remainder of the tree. At each
generation, the total length of vascular segments and total
number of branches could then be quantified and compiled
using “graph info.” The subsequent output yielded a single
cumulative vascular arcade length and branch number for each
generation. Data was an average of several mice/genotype at
each generation.

Statistics
Statistical analyses were performed using GraphPad
Prism version 9 (GraphPad Software, San Diego, CA,
www.graphpad.com.) One- or two-way ANOVA were employed
as appropriate depending on the number of independent
variables. The null hypothesis was rejected if ANOVA p<0.05
and multiple comparison testing was then performed with
corrections for multiple testing by Tukey or Dunn (reported
in figure legend for each graph). Comparison data are shown
for pairwise testing based on genotype, sex, age or minoxidil
treatment (Tx). Data for not scientifically relevant comparisons
(e.g., Eln+/+ male vs. Eln+/− female) were computed but
not displayed.

For single variate analyses, unpaired t-tests were used for
normally distributed data and Mann-Whitney testing was used
with non-normally distributed data. Untreated Eln+/− males in
the sex-based experiments were also utilized as the untreated
cohort in the minoxidil experiments.

Chi-square analysis was used to evaluate the relationship
between genotype and the presence of a mid-systolic notch.

RESULTS

Elevated RVSPe Persists in WBS Subjects
Requiring Intervention
To further evaluate pulmonary vascular status in WBS, we
performed echocardiograms and CT angiograms with IV
contrast in subjects electing to undergo these procedures.
See Supplementary Table 1 for demographic information.
Briefly, complete echocardiogram with doppler was
performed on 35 children with WBS and 13 controls. Of
those, 20 echocardiograms from WBS participants and 11
echocardiograms from controls exhibited a measurable TRV
jet to approximate RVSPe (see methods) for analysis in Fig.
1A. The resulting groups were of similar age, sex at birth, and
BMI. Thirty-five percent of those with WBS (7 children) had
previously undergone a pulmonary intervention.

TRVmax was elevated among children with WBS who
had undergone PA reconstruction, compared to those with
WBS who hadn’t had the procedure and healthy controls
(Figure 1A, Kruskal-Wallis ANOVA p < 0.01, followed by
multiple comparison testing by Dunn’s, WBS with history of PA
procedure median (interquartile range, IQR) = 3.1 (0.8) m/s;
WBS without history of PA procedure = 2.0 (0.3) m/s; Control
= 2.2 (0.2) m/s). In this respect, we saw a bi-modal distribution,
with four WBS subjects with history of PA procedure having
very significantly elevated TRVmax, including one subject who
had undergone extensive PA reconstruction beyond the hilum
and was planned for follow up surgical procedure. Following
this study, that patient underwent clinically indicated cardiac
catherization with balloon dilation angioplasty, which did result
in significantly diminished MPA pressures (29/13/20 mmHg)
with deliberate fracture of previously placed stents in the RPA and
LPA, later reflected on echocardiogram by diminished TRVmax

to 2.6 m/s. That subject’s exertional fatigue symptoms resolved
following intervention and planned follow up surgeries were
delayed for 1–2 years. TRVmax measures for subjects who did not
undergo PA reconstruction was not significantly different from
matched control (Dunn).

Right and left branch pulmonary artery diameter was
quantified from cardiac gated CT angiograms and converted
to Z-score (9), and groups compared by two-way ANOVA
(Figure 1B). No statistically significant pulmonary artery caliber
dimension Z-score difference was seen between those who did or
did not have PA reconstruction surgery.

Elastin Insufficiency Induces Increased RV
Systolic Pressure in Male and Female Mice
and Increased Right Heart Mass to Tibial
Length That Is More Severe in Females
Pulmonary pressures were first assessed by invasive catheter
measurement in untreated 3-month-old male and female mice.
Right ventricular systolic pressure (RVSP) was higher in Eln+/−;
(two-way ANOVA, genotype effect, p < 0.0001; Figure 2A)
and in males (sex effect: p < 0.05), with no sex X genotype
interactive effect. Multiple comparison testing showed RVSP
was significantly elevated in both male (9.9 mmHg higher, p <
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FIGURE 1 | Residual increased right ventricular pressure estimate in WBS participants with history of pulmonary artery intervention. (A) shows the TRVmax recorded

by echocardiogram. RVSPe can be approximated from TRVmax using Bernoulli’s equation as RVSPe=4*(TRVmax)
2
+ right atrial (RA) pressure. (B) illustrates Z-scored

measures of main (MPA), left (LPA) and right (RPA) pulmonary artery lumen diameter. In both figures, WBS participants with a history of PA intervention are red, WBS

participants with no PA intervention are black and controls are gray. A mean line +/- SD line is shown for each group. Open circles represent individuals who had

SVAS repair. Closed circles are used for those not requiring SVAS repair. Multiple comparison testing (after ANOVA) by Tukey. * p < 0.05, ** p < 0.01.

0.0001) and female (7.1 mmHg higher, p < 0.01) Eln+/− mice as
compared to same sex Eln+/+ mice (Figure 2A). Additionally,
RVSP was significantly elevated in male Eln+/− compared to
female Eln+/− mice (4.5 mmHg higher, p < 0.05). There were
no statistically significant differences between Eln+/+ males
and females. There were not statistically significant differences
in right ventricular end-diastolic pressure (RVDP) by two-way
ANOVA (Figure 2A).

Heart rate (HR) was higher in males (two-way ANOVA, sex
effect, p < 0.05; Figure 2B) but was not different based on
Eln genotype; no interactive effects were identified. Multiple
comparison testing revealed no statistically significant differences
between genotype or sex-based pairs.

The right ventricular heart mass to tibia length (RVHM/TL)
ratio was higher in Eln+/− mice, (two-way ANOVA, genotype
effect, p <0.01; Figure 2C), but there were no sex or sex X
genotype interactive effects. On multiple comparisons testing,
female Eln+/− mice exhibit elevated RVHM/TL ratios compared
to female Eln+/+ (p < 0.05; Figure 2C), but the male
comparisons were not significantly different and there were
no differences in male-female pairs of the same Eln genotype.
The left heart, by comparison, showed higher heart mass to
tibia length ratio (LVHM/TL) in males (two-way ANOVA, sex
effect, p 0.0001; Figure 2D), but no genotype or sex X genotype
interactive effect. In this case, both Eln+/+ and Eln+/− males
had larger LVHM/TL ratios than genotype matched females
(p < 0.0001 for Eln+/+ and p < 0.001 in Eln+/−). Some of
the cardiac differences may have been influenced by genotype-
mediated differences in tibia length (Eln+/− had shorter TL p
<0.001; Figure 2E; no sex or sex X genotype interactive effects

for TL) in the normalization. Multiple-comparisons testing
show male Eln+/− mice have significantly smaller tibias than
male Eln+/+ mice (p < 0.05), with the female comparison
trending smaller, but not significant. When heart mass is
instead normalized to body mass, RVHM/BM is again higher
in Eln+/− mice (two-way ANOVA, genotype effect, p < 0.01;
Supplementary Figure 1A), but no sex or sex X genotype
interactive effects are seen. On multiple comparisons testing,
female Eln+/− mice exhibit elevated RVHM/BM ratios compared
to female Eln+/+ (p < 0.05; Supplementary Figure 1A),
but the male comparisons were not significantly different
and there were no differences in male-female pairs of
the same Eln genotype. LVHM/BM, in contrast, showed
no effects by two-way ANOVA (Supplementary Figure 1B).
Predictably, female mice weighed less than males (two-way
ANOVA, p < 0.0001; Supplementary Figure 1C). There were
no genotype or interactive effects. Multiple comparisons testing
confirms male Eln+/+ (p < 0.001) and Eln+/− (p < 0.001;
Supplementary Figure 1C) are significantly larger than females
of the same genotype.

Elastin Insufficiency Produces Decreased
PA Diameter With Increased Wall
Thickness That Is Most Severe in Male
Eln+/− Mice
To assess PA diameter, LPAs were excised and evaluated on
a pressure myograph. In male and female cohorts, multiple-
comparisons testing following two-way ANOVA (group effect,
pressure effect and pressure X group interactive effect all p <
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FIGURE 2 | Sex and Eln genotype differences in hemodynamic parameters. (A) shows RVSP in closed circles and RVDP in open circles in male and female Eln+/+

and Eln+/− mice. (B) depicts HR in the same groups. (C–E) report heart mass as normalized to tibial length findings. (C): RVHM/TL, (D): LVHM/TL (this measure

includes the interventricular septum and the LV in the LVHM measure), (E): tibial length. Eln+/+ data are presented in black and Eln+/− in red in all figures. A mean line

+/- SD is shown for each sex/genotype combination. Multiple comparison testing (after ANOVA) by Tukey. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, and

ns is not significant.

0.0001) showed consistently decreased Eln+/− outer diameters
compared to Eln+/+ (Figure 3A). There were no significant
differences between sexes of the same genotype.

Histologic sections from unloaded male Eln+/+ (Figure 3B),
male Eln+/− (Figure 3C), female Eln+/+ (Figure 3D), and
female Eln+/− (Figure 3E) MPAs were assessed for structural
differences. More elastic lamellae are seen in Eln+/− (two-
way ANOVA, genotype effect, p < 0.0001; Figure 3F), but no
sex or sex X genotype interactive effects were seen. Multiple-
comparison testing confirmedmale (p< 0.0001) and female (p<

0.001) Eln+/− have significantly more elastic lamellae than same
sex Eln+/+, but there were no statistically significant differences
between genotype-based pairs.

MPA internal medial circumference, a proxy for unloaded
lumen size, was smaller in Eln+/− mice (two-way ANOVA,
genotype effect, p < 0.0001; Figure 3G), without sex or
interactive effect. Multiple-comparison testing confirmed Eln+/−

inner circumference is smaller than Eln+/+ in both males (p <

0.0001) and females (p < 0.001, Figure 3G), but there were no
statistically significant differences between genotype-based pairs.

Interestingly, media thickness was increased in Eln+/− as
compared to Eln+/+ (two-way ANOVA, genotype effect, p <

0.0001) and in males compared to females (sex effect p < 0.001)
effects; no interactive effects were seen (Figure 3H). MPA wall
thickness was increased in male Eln+/− (p < 0.0001, Fig 3H)
and female Eln+/− (p < 0.0001) compared to their sex matched
Eln+/+ counterparts. However, male Eln+/− MPA medial wall
thickness was also notably thicker than female Eln+/− (p <

0.001). A trend toward increased media thickness in male vs.
female controls was noted as well (p= 0.06, males thicker).

Treatment With Minoxidil Increases ex vivo
and in vivo Pulmonary Artery Caliber in
Eln+/− Mice
To test minoxidil’s therapeutic potential on the pulmonary
vasculature, treatment (Tx) was initiated in Eln+/− mice
immediately post-weaning (∼P21) to ∼P90. Because no
interactive effect was seen for sex for any of the measures tested,
Tx was evaluated in male mice only. Consistent with aortic
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FIGURE 3 | Sex and Eln genotype differences in pulmonary artery morphology. (A) reports the relationship between intravascular pressure (x axis) and LPA diameter (y

axis). (B–E) show VVG stained images of male Eln+/+ (B), male Eln+/− (C), female Eln+/+ (D), and female Eln+/− (E) main pulmonary artery. (F) shows lamellar

number. (G) is the MPA internal medial circumference and (H) shows the medial thickness for the various sex-genotype groups. Eln+/+ data are presented in black

and Eln+/− in red in all figures. In (A), mean +/- SD are shown for all points. Males are shown as dashed lines and females as solid lines. For (F–H), a mean line +/-

SD is shown for each sex/genotype combination. Multiple comparison testing (after ANOVA) by Tukey. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, and ns

is not significant.

studies, minoxidil appeared to increase PA outer diameter at all
pressures as measured by pressure myography (two-way repeated
measures ANOVA, treatment effect, p < 0.0001; Figure 4A).
Higher pressure was associated with increased diameter in
all groups (pressure effect, p < 0.0001). There was also a
borderline interaction (p 0.06) between Tx and pressure for
PA outer diameter, with higher pressures generating greater
differences between the treated and untreated cohorts. Multiple-
comparisons testing showed that the treated Eln+/− cohort
had larger PAs compared to untreated Eln+/− mice, across all
pressures (Figure 4A).

While histology confirmed increased internal circumference
in treated male Eln+/− vessels compared to untreated Eln+/−

(unpaired t-test, p < 0.05; Figure 4B), Tx did not alter the

established lamellar number (Figure 4C) or medial thickness
(Figure 4D).

In parallel with the ex vivo myography studies, we also
performed in vivo analyses using cardiac gated µCT angiogram.
Following confirmation of a statistically significant genotype
effect by one-way ANOVA, (MPA: p < 0.05, LPA: p < 0.01 and
RPA: p < 0.01), multiple comparisons confirmed smaller lumen
diameter in untreated Eln+/− than Eln+/+ PAs, across all three
vessels (MPA: p < 0.05, Figure 4E; LPA: p < 0.05, Figure 4F;
RPA: p < 0.01, Figure 4G). Tx results in PA lumen diameter
increase in treated Eln+/− vessels compared to untreated Eln+/−

across all three vessels (MPA: p < 0.05; LPA p < 0.05; RPA p
< 0.05). No pairwise differences were seen between Eln+/+ and
treated Eln+/− in any vessel type.
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FIGURE 4 | Minoxidil increases pulmonary artery caliber. (A) reports the relationship between intravascular pressure (x axis) and LPA diameter (y axis) for treated and

untreated Eln+/− mice. (B–D) depict measures collected from unloaded histological sections of main pulmonary arteries. (B) shows the internal medial circumference.

(C) is lamellar number and (D) shows the medial thickness. (E–G) show in vivo arterial diameter measures for the main (E), left (F) and right (G) pulmonary arteries.

Eln+/+ data are presented in black and Eln+/− in red. Untreated mice are depicted with closed circles and treated (Tx) mice are shown with open circles. In (A), mean

+/- SD are shown for all points. A mean line +/- SD is shown for each treatment/genotype combination in (B–G). Unpaired t-tests were used in (B–D). Multiple

comparison testing (after ANOVA) by Tukey [(A) and (E–G)]. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 and ns is not significant.

Minoxidil Reduces RVSP as Measured by
Invasive Pressure Catheterization in Eln+/−

Mice
In the Eln+/− cohort, Tx reduced RVSP (6.1 mmHg difference,
unpaired t-test, p < 0.01; Figure 5A) as measured by invasive
pressure catheterization and yielded no difference in RVDP

(Figure 5A). No Tx effect was detected in Eln+/− HR
(Figure 5B).

Despite an apparent reduction of ventricular pressure and
lumen size, minoxidil increased both RVHM/TL (Mann-
Whitney; p < 0.01; Figure 5C) and LVHM/TL (Mann-
Whitney, p < 0.001; Figure 5D) in Eln+/− mice. There
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FIGURE 5 | Minoxidil reduces right ventricular pressure and increases heart size in Eln+/− mice. (A) shows RVSP in circles and RVDP in squares in treated and

untreated Eln+/− mice. (B) depicts HR in the same groups. (C,D) report heart mass as normalized to tibial length findings. (C): RVHM/TL and (D): LVHM/TL (this

measure includes the interventricular septum and the LV in the LVHM measure). (E) depicts Estimated Left Ventricular Mass Index (LVMI) assessed using

echocardiogram. Eln+/+ data are presented in black and Eln+/− are in red. Untreated mice are depicted with closed circles and minoxidil treated (Tx) mice are shown

with open circles. A mean line +/- SD is shown for each Tx/genotype combination. Unpaired t-test was used for (A) and (B), Mann-Whitney for (C) and (D), and

one-way ANOVA for (E). Multiple comparison testing (after ANOVA) by Tukey. * p < 0.05, ** p < 0.01, *** p < 0.001, and ns is not significant.

was no difference in tibia length between male Eln+/− and
Eln+/− Tx (Mann-Whitney; Supplementary Figure 2A). Similar
effects were seen in RV with normalization to body mass:
Tx increased both RVHM/BM (Mann-Whitney, p < 0.01;
Supplementary Figure 2B) and LVHM/BM (Mann-Whitney, p
< 0.01; Supplementary Figure 2C) in Eln+/− mice with no
apparent difference in body mass identified between groups
(Mann-Whitney; Supplementary Figure 2D).

Echocardiogram demonstrated similar findings. Following
confirmation of statistically significant group effects for the
echocardiogram measures by one-way ANOVA (data not
reported), we performed pairwise comparisons. Echocardiogram
estimated left ventricular heart mass indexed to body mass
(LVMI) was indeed larger in the Eln+/− Tx group than in
either the Eln+/+ or the untreated Eln+/− groups (p<0.05
for both comparisons, Figure 5E). Individual measures of wall
thickness (left ventricular posterior wall thickness at systole
(LVPWs) and interventricular septal wall thickness at systole
(IVSs)) were also detectably larger in the Eln+/− Tx group (See
Supplementary Table 2 for details). Left ventricular chamber
end diastolic dimension (LVIDd) was also larger in the

treated Eln+/− Tx mice as compared to Eln+/+ (p < 0.05;
Supplementary Table) but was not larger than untreated Eln+/−.

Eln+/− Mice Exhibit Systolic Notching and
Reduced Pulmonary Artery Acceleration
Time (PAAT) by Echo Doppler; Neither
Resolve With Minoxidil
Notching is thought to be caused by an abnormal wave reflection
that occurs in the setting of elevated PA impedance (22).
Compared to the traditional parabolic trace in the Eln+/+

(Figure 6A), we see the emergence of systolic notching in
the Eln+/−. This observation consistently presents as either a
distinct “shelf ” (white arrow, Figure 6B) or a second inflection
(red arrow, Figure 6C). A notch was present in 0 out of 7
Eln+/+, 7 of 8 Eln+/−, and 8 of 8 Eln+/− Tx echocardiograms
(Chi-Square, p < 0.0001 χ

2; Figure 6D), suggesting increased
PA impedence. Diminished echocardiogram-based PAAT is an
indication of elevated pulmonary systolic blood pressure and
may imply increased resistance (23). Multiple comparison testing
following one-way ANOVA (p < 0.001) shows that untreated
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Eln+/− mice have decreased PAAT relative to Eln+/+ (p < 0.001;
Figure 6E), but minoxidil does not rescue that decrease in the
Eln+/− Tx group

Branching Patterns and Vessel Lengths of
the Main Conducting Vessels Are Altered in
the Eln+/-
To evaluate phenotypic features that might influence
vascular resistance, we utilized a polymer casting technique
we recently optimized (21) to visualize the length and
branching pattern of the pulmonary architecture using
µCT at several developmental timepoints. A representative
Eln+/+ (Figure 7A) and Eln+/− (Figure 7B) P90 volume
rendering shows the entire PA vascular arcade. After
thresholding to remove distal vasculature, the resulting
rendering (Eln+/+ Figure 7C and Eln+/− Figure 7D)
was used for analysis. Previous investigation showed that
alterations in branching patterns off the MPA trunk can
affect hemodynamic performance altering both flow/pressure
distribution and creating areas of high wall shear stress
(24, 25). The angle formed between the RPA and LPA was
more acute in Eln+/− mice compared to Eln+/+ (two-way
ANOVA, genotype effect, p < 0.0001; Figure 7E), but no age or
interactive effect was present. Multiple-comparisons revealed
a reduced Eln+/− branching angle at both P7 (p < 0.05) and
P90 (p < 0.01), with a borderline difference noted at P30
(p= 0.08).

We know that, in addition to diminished lumen size, conduit
length also increases resistance (26). Proximal pulmonary
lobar arteries (see methods and Figures 7C,D for measurement
boundaries) were all longer in Eln+/− mice as compared to
Eln+/+ (two-way ANOVA, genotype effect, LPLA: p < 0.0001,
Figure 7F and RPLA: p < 0.001, Supplementary Figure 3A).
All vessels lengthened with age (LPLA p < 0.0001 and RPLA
p < 0.0001). However, Eln+/− proximal lobar artery segments
appear to lengthen more over time compared to their Eln+/+

counterparts [genotype X time interactive effect, LPLA (p< 0.05)
and RPLA (p< 0.05)], suggesting another possible contributor to
vascular resistance in Eln+/− mice. Multiple-comparison testing
showed longer Eln+/− proximal arteries at P7 (p < 0.01), P30 (p
< 0.001), and P90 (p< 0.0001) for the LPLA. Similarly, the RPLA
showed an effect at P30 (p < 0.05) and P90 (p < 0.001).

Previous studies have shown increased tortuosity in
systemic vessels affected by elastin insufficiency (27).
The Eln+/− pulmonary arteries exhibit evidence of mild
tortuosity. The LPLA was more tortuous in Eln+/− mice
as compared to Eln+/+ (two-way ANOVA, genotype
effect, p < 0.0001, Figure 7G). Additionally, the LPLA
exhibits more tortuosity at younger ages (two-way
ANOVA, age effect, p < 0.0001). Multiple-comparison
testing showed strong effects of Eln genotype at P1 (p <

0.01) and P7 (p < 0.001). Although the Eln+/− RPLA
(Supplementary Figure 3B) trended toward increased
tortuosity, it was not significant.

Eln+/− Mice Exhibit Early Delays in
Peripheral PA Branching, With Later
Recovery and Evidence of Increased
Branches
For the peripheral analysis, we performed a higher resolution
sub-reconstruction on the P1, P7, P30, and P90 LULFA
(Figures 7C,D white arrow) and analyzed both generation
specific arcade length (Figures 8A–D) and branch number
(Figures 8E–H) for 15 generations. The pulmonary vascular
bed can be seen as a tree that starts as a trunk (here we
initiate measures in the LULFA) that then splits with successive
generations. The generation-specific arcade length (GSAL) is
the sum of the lengths of all the arterial segments in a given
generation, while generation-specific branch number (GSBN) is
the total number of branches in that generation in the vascular
network supplied by the LULFA.

At P1, Eln genotype did not influence GSAL (two-way
ANOVA repeated measures, genotype effect, p=NS; Figure 8A).
However, P1 GSAL did differ with generation number, as it
does at all ages studied (generation effect, p < 0.0001 in all
comparisons). At P7, Eln+/− GSAL is generally shorter than that
of Eln+/+mice (genotype effect, p < 0.05, Figure 8B), although
multiple testing shows no significant pairwise comparisons.
By P30, there is again no difference in GSAL based on Eln
genotype (genotype effect, p = NS, Figure 8C). However, by
P90, the Eln+/− GSAL is markedly longer than the Eln+/+

measure (genotype effect, p < 0.0001, Figure 8D) with an
increased difference between the genotypes notable at more distal
generation levels (genotype by generation interactive effect, p <

0.05). Pairwise comparisons are shown in the figure.
The increased GSAL could simply represent longer vascular

segments (as noted in the proximal vasculature) or more
branches per generation. As expected, GSBN varies by generation
(two-way ANOVA repeated measures, generation effect, p <

0.0001 for all ages; Figures 8E–H). Decreased GSBN was noted
in Eln+/− at P1 (genotype effect, p < 0.05; Figure 8E) and P7
(genotype effect, p < 0.05; Figure 8F). As with GSAL, there
was no impact of Eln genotype on GSBN at P30 (genotype
effect, p = NS; Figure 8G), but a robust increase in branches
noted by P90 (genotype effect, p < 0.0001; Figure 8H). Pairwise
comparisons are shown in the figure. When the P90 GSAL
is normalized to GSBL, we see that proximal segment lengths
are longer in Eln+/− pulmonary trees. In the periphery where
arteriolar mechanical function is less dependent on elastin, the
segment lengths per branch are similar across genotypes (See
Supplementary Figure 4).

Later Administration of Minoxidil Cannot
Reverse Proximal Lobar Vessel Length,
Tortuosity, LPA-RPA Angle or Generation
Specific Peripheral Vascular Measures
As in humans with WBS and elastin insufficiency, typically
diagnosed postnatally after the cardiovascular changes become
apparent, we initiated Tx in mice post-weaning (∼P21–
P90). As such, we only evaluated the Tx effect at P90
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FIGURE 6 | Eln+/− mice display evidence of increased vascular resistance, not impacted by minoxidil. Panels A-C show pulmonary artery pulse wave Doppler. The

typical parabolic trace is seen in the Eln+/+ (A), while a shelf-like systolic notch is present in the majority of treated and untreated Eln+/− mice (B) white arrow. In some

cases, a second distinct systolic inflection, consistent with human systolic notching, becomes apparent (C) red arrow. Chi-square analysis (D) reports the frequency of

notching in this cohort. (E) shows pulmonary artery acceleration time (PAAT). PAAT is associated with elevated pulmonary pressure and vascular resistance. In (D),

Eln+/+ data are presented in black, untreated Eln+/− in red, and treated Eln+/− in blue. Mice without a notch are shown in solid bars and those with systolic notching

have open bars. In (E), Eln+/+ data are presented in black and Eln+/− are in red. Untreated mice are depicted with closed circles and minoxidil treated (Tx) mice are

shown with open circles. A mean line +/- SD is shown for each Tx/genotype combination. Multiple comparison testing (after ANOVA) by Tukey. *** p < 0.001 and ns is

not significant.

using polymer injected lung mounts imaged by µCT. In
this case, Tx did not reduce the length of any Eln+/−

lobar arteries (unpaired t-test, p = NS; LPLA Figure 9A and
RPLA Supplementary Figure 5A). Additionally, treatment had
no impact on vessel tortuosity (unpaired t-test, p=NS; LPLA
Figure 9B and RPLA Supplementary Figure 5B).

Similarly, post-weaning Tx did not widen the acute Eln+/−

LPA-RPA angle (unpaired t-test, Figure 9C). Replication of LPA-
RPA angle measurement using in vivo CT angiogram revealed
similar findings across all genotypes (One way ANOVA, followed
by pairwise comparisons, Supplementary Figure 5C), suggesting
the findings are not just a byproduct of our casting process.

Finally, evaluation of the peripheral arcade in polymer
injected lungs by two-way ANOVA repeated measures showed
the previous patterns of generation-level GSAL and GSBN
(Figures 9D,E, p < 0.0001 in both evaluations). However, there
was no Tx effect.

DISCUSSION

Elastin haploinsufficiency causes significant morbidity and
mortality in affected individuals. While SVAS is the most
common vascular lesion in people with WBS (OMIM #194050)
and ELN-related SVAS (OMIM #185500), ∼40–60% of
individuals with these conditions have stenosis in the pulmonary
tree (3, 4). The natural history for pulmonary vascular disease
in elastin insufficiency is for eventual resolution in most mild
cases, while moderate or severe disease usually requires surgical
intervention (6). Smooth muscle cells in elastin insufficient
vessels display abnormal circumferential growth (28) and fail
to remodel appropriately with attempted percutaneous dilation
(4, 29). Success rates for primary catheter-based palliation of

branch PA disease have been reported at 51%, with frequent
need for subsequent surgical intervention (30, 31). As such
these procedures are now predominantly used as a temporizer
before or between surgeries. Because the condition tends to
impact multiple levels of the pulmonary vasculature from the
hilum into the periphery, the surgery is exceedingly complex
and the number of centers willing to attempt such approaches
is vanishingly small. The reports of successful palliation in
these centers, however, are encouraging (7, 32). Still, there is
room for alternate approaches, if only because the availability of
such specialized care is so limited. Additionally, data presented
here show persistently elevated RVSPe in a subset of patients
even after intervention. Figure 1, for example, includes one
individual who benefited from extensive PA reconstruction
beyond the hilum, but whose pressures remain high even
though the proximal vascular measurements are relatively
normal. Consequently, additional therapeutic options should
be explored. The aim of this study was to characterize Eln+/−

pulmonary vasculature structure from the branch pulmonary
arteries to the periphery and to evaluate whether treatment
with KATP channel opener, minoxidil, could mitigate pulmonary
vascular abnormalities seen in Eln+/− mice. Minoxidil was
initially developed as an anti-hypertensive owing to its inhibition
of excitation-contraction coupling in muscle resulting in primary
vasodilatory effect. However, subsequent studies showed that
when given chronically, it induced expression of connective
tissue genes that stabilize the vessel in its new dilated state.

Our analysis shows that Eln+/− mice display cardiovascular
defects at all levels of the pulmonary vascular tree. RVSP is
increased in the Eln+/−, as assessed by both direct invasive
catheterization (Figure 2A) and indirect echocardiographic
assessment (Figure 6E). Furthermore, the right heart exhibits
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FIGURE 7 | Elastin insufficiency reduces PA branching angle and increases proximal arterial segment length. (A) (Eln+/+) and (B) (Eln+/−) contain a volume

reconstruction of a lung set generated through ex vivo vascular casting and microCT. (C) (Eln+/+) and (D) (Eln+/−) are the same lung sets thresholded for large vessel

analysis. The LPLA (asterisk denotes fourth branch) and RPLA (star marks the sixth branch) are noted with red lines to illustrate a typical path length measured by the

software for each vessel. An arrowhead notes the position of the LULFA for small vessel analysis (see Figure 8) and yellow lines are an approximation of the angle

formed between the LPA and RPA. This branch angle is evaluated in (E) at P1, P7, P30, and P90. The LPLA length (F) and tortuosity (G) are shown at the same time

points. In (E–G), Eln+/+ data are presented in black and Eln+/− are in red. A mean line +/- SD are shown for each age/genotype combination. Multiple comparison

testing (after ANOVA) by Sidak. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 and ns is not significant (n = 5–8/group).
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FIGURE 8 | Elastin insufficiency shows diminished vascular branching early in development giving rise to increased branching in adults. Generation-specific arcade

length [GSAL; (A–D)] and generation-specific branch number [GSBN; (E–H)] were evaluated at P1, P7, P30, and P90. Eln+/+ data are presented in black and Eln+/−

are in red. Mean +/- SD are shown for each age/genotype combination. Multiple comparison testing (after ANOVA) by Sidak. * p < 0.05, *** p < 0.001, and ns is not

significant (n = 5–8/group).

increased normalized mass (Figure 2C). Of note our data exhibit
a smaller elastin insufficiency-associated increase in RVSP (9.94
(male) and 7.07 (female), and 8.62 (male and female combined)
mmHg in this study, respectively vs. 34.8mm Hg in Shifren
et al. (33)). Reasons for this difference in magnitude may include
genetic background, anesthetic choice, catheter characteristics,
and general drift in mutant pressure over time. The initial
publication of the Eln+/− model in 1998 showed an average
systemic systolic blood pressure of 165 mmHg (34), while
more recent publications report an average of 127 mmHg (8),
potentially implicating epigenetic phenomena (35).

In vivo CT angiogram and ex vivo pressure-diameter testing
by pressure myography confirm reduced Eln+/− inner and outer
PA diameters, with the decreased slope of the myography-
assessed pressure-diameter curve over the working range of the
vessel (0–40mmHg in the Eln+/− mouse, Figure 3A) suggesting
increased arterial stiffness. Likewise, histological analysis revealed
medial hypertrophy in Eln+/− PAs (Figure 3H). Wall thickening
such as this is commonly seen in humans with pulmonary
vascular disease (36, 37) and may synergize with the primary
elastin insufficiency defect to increase stiffness. Such features may
suggest that the Eln+/− vasculopathy may limit vascular carrying
capacity (both in the form of blood volume and oxygen/nutrient
delivery). Indeed, previous studies evaluating the brain perfusion
in the Eln+/− mouse also endorse reduced end organ
flow (8).

In addition to the proximal caliber measures, our latex
injection-µCT studies yielded evidence of abnormal proximal
branching angles (Figure 7E), increased pulmonary arterial

segment length (Figure 7F), increased tortuosity (Figure 7G)
and evidence of altered peripheral branching (Figure 8).
Figure 10 illustrates the two notable developmental phases. Early
in post-natal life (P1 and P7), the Eln+/− LULFA displays
reduced branching. But then later, as the lungs grow and
mature, the rate of branching increases, catching (P30) and
eventually surpassing (P90) their Eln+/+ counterpart. Reduced
early branching was previously reported by Hilgendorff et al.,
who assessed pulmonary microvasculature in ventilated and
unventilated P5-7 Eln+/− mice, showing an overall reduction
in small vessel (<20µm) number, relative to their Eln+/+

counterparts (38), with no change in alveolar number. The
authors suggest that decreased arteriolar number may contribute
to early pulmonary hypertension in their model. Indeed, many of
the measures shown here may contribute to increased pulmonary
pressure and possibly increased pulmonary vascular resistance
in the Eln+/− pup. While we were unable to measure mouse
pulmonary vascular resistance (PVR) directly, we did note several
indirect measures suggestive of elevated PVR in mutant mice,
including systemic notching and reduced PAAT, even at later
ages after the branch number had normalized or surpassed the
Eln+/+ (39–41).

The phenomenon of altered branching remains unexplained.
It is possible that early reduced vessel number represents a
primary developmental abnormality of the Eln+/−, with later
vessel proliferation a compensatory response to decreased tissue
perfusion. It is also possible that the later change in vascular
patterning instead indicates a response to elastin mediated
disease in the lung parenchyma. Recent studies have begun
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FIGURE 9 | Minoxidil does not impact post-natal branching patterns in Eln+/− mice. A lack of treatment effect for minoxidil is evident in P90 left pulmonary lobar

artery (LPLA) length (A), tortuosity (B) and LPA-RPA branching angle (C). Similarly, no treatment differences are noted in generation-specific arcade length (D) or

branch number (E). Untreated Eln+/− values are in closed circles and treated Eln+/− values are depicted with open circles. In (A–C), a mean line +/- SD are shown for

each timepoint/genotype combination. In (D,E), mean +/- SD are shown for all points. ns is not significant and n = 5–6/group for (D,E).

to show evidence of air trapping and obstruction in humans
with WBS and elastin insufficiency (42, 43) and altered lung
compliance in the Eln+/− mouse (44, 45). More investigation
is needed to understand this complex phenotype and how it
may relate to the resolution of mildly elevated pulmonary artery
pressures seen in many children with WBS over their first few
years of life.

In this study, we also evaluated sex as a biological variable. In
general, genotype X sex interactions were rare. The most notable
exception was in medial thickness. While thickened abdominal
aortic media has been reported in Wagenseil et al. (46), not all
authors have reported thicker Eln+/− vessels, especially when
using full wall, rather than media-only measures (33, 47, 48).
Interestingly, our data showed more robust medial thickening
in male Eln+/− pulmonary arteries than female, although both
sexes exhibited this phenotype (Figure 3H). This sex effect is
clinically relevant as males with elastin insufficiency as a result
of WBS are reported to have more severe vascular disease than
females (11). A recent genetic study confirmed this sex difference
in SVAS outcomes (49), but it has not been specifically examined
in terms of pulmonary vascular outcomes. Systemic arterial wall
thickness, in general, has been reported as higher in adult and
pediatric males, and increases with age (50). As noted above,
medial thickening is often seen in PAs that have been chronically

exposed to higher pulmonary pressures. Indeed, male Eln+/−

do exhibit the highest RVSP of all groups. It is possible that
there are certain pressure thresholds reached bymale Eln+/−, but
not female Eln+/− mice that accelerate this outcome. Additional
investigation of molecular signatures that differ between Eln+/−

male and female pulmonary arteries is warranted as it may reveal
factors that could serve as rational therapeutics for this condition.

Finally, and most importantly, we endeavored to evaluate
minoxidil, a KATP channel opener and vasodilator (51, 52), as
a treatment of pulmonary vasculopathy in people with WBS.
Previous work with this drug showed that chronic administration
increased arterial caliber in Eln+/− mice, decreased systemic
blood pressure and led to systemic large artery remodeling,
first by vasodilation and then with increased elastin and
other connective tissue molecule deposition in the extracellular
space (8). Moreover, these changes in vessel phenotype and
composition persisted weeks after the drug had been removed.
Similar functional improvements were seen in the treatment
of wildtype mice who had experienced elastin loss due to
age (9). A clinical study using minoxidil in a small number
of individuals with WBS showed no improvement of the
intima-media thickness in the carotid artery. The same study
did, however show an increase in carotid lumen diameter in
the same participants (10), suggesting that it may still prove
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FIGURE 10 | Developmental time-course of Elastin haploinsufficient

vasculature. Early (P1 and P7) in development, distal Eln+/− PAs exhibit less

branching than the Eln+/+. As the lungs grow and mature, the distal

vasculature in the Eln+/− branch more - catching and eventually surpassing

the Eln+/+ counterpart later (P30 and P90) in development. This suggests a

possible compensatory response to elastin insufficiency mediated changes in

pulmonary physiology that occur over a wide developmental window.

useful in the treatment of elastin-mediated disease if used for
different indications.

As such, we compared pulmonary vascular findings in
Eln+/− mice administered minoxidil in their drinking water
from weaning until 3 months of age to an untreated cohort.
Encouragingly, we saw a drop in RVSP (Figure 5A) and an
increase in proximal PA caliber by in vivo CT and ex vivo
myography and histology (Figure 4) with minoxidil. However,
markers suggestive of increased pulmonary vascular resistance
in Eln+/− mice [PAAT and systolic notching, (41)] were not
impacted by the drug (Figures 6D–E). The lack of improvement
in these areas, underscores the multi-dimensional impact of
elastin insufficiency on vessel physiology. Branching angle,
arterial segment length, tortuosity, and differences in peripheral
branching can all influence flow and vascular resistance patterns
(24–26) and had already been established as abnormal in the
Eln+/− as early as P7 (Figures 7E–G and Figure 8). While
slight trends toward improvement of these measures were noted
with Tx initiated at weaning (Figures 9A–C), the effect was not
statistically significant, potentially because therapy was initiated
too late. Earlier intervention should be prioritized in future trials.

In addition to the noted vascular features, minoxidil also
increased heart mass. Given that minoxidil successfully decreased
RVSP and increased lumen size, one would have predicted
decreased RV mass to result from this. Interestingly, multiple
authors do note cardiac hypertrophy as a common off-target
effect of this drug, specifically in rodent models (53, 54). Review
of those studies shows a trend toward larger cardiomyocyte
cross-sectional area in treated WT animals, with more severe
features noted in the RV. Subsequent work using KATP gain
of function mutants suggest increased L-type calcium current
accompanies increased KATP current, suggesting a possible
mechanistic impetus underlying cardiac hypertrophy seen here

(55–57). Regardless, we believe this to be an off-target effect of the
medication that appears most pronounced in rodents. Of note,
cardiac hypertrophy was not noted in the previous minoxidil
trial in WBS (10), nor was it seen consistently in human subjects
with Cantu Syndrome, which arises from KATP gain of function
channel mutations (57).

Taken together, these findings suggest that elastin insufficiency
produces a complex collection of vascular findings in the
lung that are not limited to the proximal vasculature. Thus,
optimal treatment for vascular disease in elastin insufficiency
will require interventions which impact vessels at multiple levels
and coincide with relevant developmental timelines. Our data
show that minoxidil effectively improves proximal arterial caliber
in elastin haploinsufficiency, but when delivered post-weaning
in mice does not completely reverse vascular abnormalities.
Consequently, to be used therapeutically, early diagnosis and
treatment of elastin mediated pulmonary disease may yield
more efficacious results. Our experience with treatment of mice
in systemic circulation suggested that minoxidil could induce
transcriptional changes that led to meaningful remodeling of
Eln+/− vessels. As such, minoxidil could be considered for the
treatment of younger children with severe pulmonary vascular
disease as an adjunct to surgical intervention to improve
lumen dimensions beyond the surgical field. Earlier treatment
may influence other still developing contributors to vascular
resistance such as branching angle and segment length. While
it is likely that the hypertrophy seen here is a consequence
of peculiarities of mouse physiology, cardiac size should be
monitored and long-term use minimized to avoid off-target drug
effects including hirsutism and skeletal bone remodeling.
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GLOSSARY

WBS, Williams Beuren syndrome; CT, Computed Tomography;

µCT, micro-CT; PA, Pulmonary Artery; RVSPe, Right
Ventricular Pressure estimate; RVSP, Right Ventricular

Systolic Pressure; SVAS, Supravalvar Aortic Stenosis; TR,

Tricuspid Regurgitation; LPA, Left Pulmonary Arteries; MPA,

Main Pulmonary trunk Arteries; BM, Body Mass; LV, Left
Ventricle/septum; TL, Tibia Length; RVHM, Right Ventricular
Heart Mass; LVHM, Left Ventricular Heart Mass; RPA, Right
Pulmonary Artery; RVOT, Right Ventricular Outflow Tract;
PAAT, Pulmonary Artery Acceleration Time; PW, Pulsed Wave;
P, Postnatal; LULFA, Left Upper Lobe Feed Artery; LPLA, Left
Pulmonary Lobar Artery; RPLA, Right Pulmonary Lobar Artery;
Tx, Treatment; LVESV, Left Ventricular End Systolic Volume;

LVEDV, Left Ventricular End Diastolic Volume; LVIDs, Left
Ventricular Inner Diameter Systole; LVIDs, Left Ventricular
Inner Diameter Diastole; LVAWs, Left Ventricular Anterior
Wall Systole; LVAWd, Left Ventricular AnteriorWall Diastole;
LVPWs, Left Ventricular Posterior Wall Systole; LVPWd, Left
Ventricular Anterior Wall Diastole; IVSs, Intraventricular
Septum Systole; IVSd, Intraventricular Septum Diastole;
LVM, calculated Left Ventricular Mass; LVMI, calculated
Left Ventricular Mass Indexed to body mass; LVEF, Left
Ventricular Ejection Fraction; LVFS, Left Ventricular Fractional
Shortening; LVOT, Left Ventricular Outflow Tract; RVDP,
Right Ventricular Diastolic Pressure; HR, Heart rate; GSAL,
Generation-Specific Arcade Length; GSBN, Generation-Specific
Branch Number; COPD, Chronic Obstructive Pulmonary
Disease, SD, Standard Deviation.
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The morphological method—based on the topology and singularity theory and originally
developed for the analysis of the scattering experiments—was extended to be applicable
for the analysis of biological data. The usefulness of the topological viewpoint was
demonstrated by quantification of the changes in collagen fiber straightness in the
human colon mucosa (healthy mucosa, colorectal cancer, and uninvolved mucosa far
from cancer). This has been done by modeling the distribution of collagen segment angles
by the polymorphic beta-distribution. Its shapes were classified according to the number
and type of critical points. We found that biologically relevant shapes could be classified as
shapes without any preferable orientation (i.e. shapes without local extrema), transitional
forms (i.e. forms with one broad local maximum), and highly oriented forms (i.e. forms with
two minima at both ends and one very narrow maximum between them). Thus, changes in
the fiber organization were linked to themetamorphoses of the beta-distribution forms. The
obtained classification was used to define a new, shape-aware/based, measure of the
collagen straightness, which revealed a slight and moderate increase of the straightness in
mucosa samples taken 20 and 10 cm away from the tumor. The largest increase of
collagen straightness was found in samples of cancer tissue. Samples of healthy individuals
have a uniform distribution of beta-distribution forms.We found that this distribution has the
maximal information entropy. At 20 cm and 10 cm away from cancer, the transition forms
redistribute into unoriented and highly oriented forms. Closer to cancer the number of
unoriented forms decreases rapidly leaving only highly oriented forms present in the
samples of the cancer tissue, whose distribution has minimal information entropy. The
polarization of the distribution was followed by a significant increase in the number of quasi-
symmetrical forms in samples 20 cm away from cancer which decreases closer to cancer.
This work shows that the evolution of the distribution of the beta-distribution forms—an
abstract construction of the mind—follows the familiar laws of statistical mechanics.
Additionally, the polarization of the beta-distribution forms together with the described
change in the number of quasi-symmetrical forms, clearly visible in the parametric space of
the beta-distribution and very difficult to notice in the observable space, can be a useful
indicator of the early stages in the development of colorectal cancer.
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INTRODUCTION

Tumors are no longer considered an isolated population of cancer
cells. It is now known that cancer cells widely interact with a
surrounding environment and that these interactions are
numerous and multidirectional. The cancer cells are
interacting with a variety of tissue-resident cells, infiltrating
host cells, and extracellular matrix proteins, which all together
form the tumor microenvironment. These interactions between
cancer cells and all components of the tumor microenvironment
are influencing every step of tumor development, progression,
and tumor response to different therapy modalities [1,2].

Extracellular matrix (ECM) is a dynamic network comprised
of fibrous proteins and ground substance components. The most
abundant component of ECM is a network made of collagen
fibers, especially collagen type I. Both physical and chemical
properties of collagen fibers are sensed by cancer cells and host
cells from the tumor microenvironment and converted into
downstream cellular responses which influence cell
polarization, proliferation, migration, secretion, and survival
[3,4]. On the other hand, all cells within the tumor
microenvironment (including cancer cells), are involved in
collagen fibers remodeling. The profound remodeling of
collagen fibers (thus, change in synthesis, degradation, and
cross-linking) accompanies all stages of tumor progression [5].

Colorectal cancer (CRC) is the third leading cause of cancer
death in the world [6]. Like other solid tumors, CRC is a complex
heterocellular system, in which mutated epithelial cells are
constantly, from the very beginning, interacting with all
components of the tumor microenvironment, including
collagen fibers. In CRC, the remodeling of collagen fibers,
including increased deposition, cross-linking, alignment, and
straightness have been described [7]. The remodeling of
collagen fibers, resembling that in cancer, has also been
described in the uninvolved human colon mucosa, as far as
10 and 20 cm away from the CRC [8,9].

In the previous work, the identification of straight collagen
segments was based on curvelet and Fourier transforms [10,11].
Each identified segment is associated with a phasor of unit length
whose phase angle is equal to the angle between the
corresponding collagen segment and some predetermined axis.
The straightness of collagen fibers was expressed as the length of
the phasor sum divided by the number of segments [10,11]. In
simpler words, straightness is defined as a fraction of collagen
segments sharing the same orientation.

Although straightforward to implement, this approach is
unsatisfactory because any permutation of phasors will
produce the same sum but will correspond to a completely
different organization of collagen fibers. To elucidate further
mechanisms of collagen remodeling, with potential application
in CRC screening in mind, a new shape-aware method of
characterization of collagen fibers is needed.

It can be said that the primary task of any experimentalist is to
extract useful information out of the shape of the measured
signal. In some cases, like in measuring the length or thickness
of individual fiber, this task is straightforward and trivial.
However, it can be very difficult when one tries to quantify

the organization of the collagen fibers that form tissue. One of the
main reasons for this is the large variation of the possible forms,
that is, characteristic of any biological data. Because of this,
scientists are never truly certain whether their hypothesis is
merely a consequence of the statistical fluctuations and noise.

The standard approach to overcome this difficulty is to analyze
a very large data set, to cover all possible cases. This method was
successfully applied on numerous occasions and its validity is
guaranteed by the laws of large numbers. However, it is very time-
consuming, labor-intensive, and often challenging to implement.
Additionally, population sizes of large statistical ensembles in
biology and medicine are small compared to the sizes of statistical
ensembles used in mathematics and physics, where population
sizes of the Monte-Carlo simulations or the number of processed
events in the CERN experiments are measured in billions. As a
result, the standard approach requires the use of very advanced
statistical methods, tailored for moderate sizes of the sample
space, which can be also very difficult to implement.

Here we will investigate an alternative approach, inspired by
topology and singularity theory. Note that topologists are not
focused on one particular object, but on the whole family of
objects that can be obtained from the original one by scaling,
stretching, twisting, turning, or in general by applying certain
kinds of allowed transformations. They group all objects sharing
the same topological properties that are invariant on a specified set of
transformations, regardless of how pronounced these properties are.
In other words, topological classification should be highly immune/
resistant to disturbing effects such as noise or statistical fluctuations
since the exact shape of the object is not relevant at all.

A similar approach proved its usefulness in the scattering
theory where the existence of the rainbow effect forces regular,
abrupt metamorphoses (or in this case catastrophic changes [12])
of the angular distribution. The shape analysis was at the core of
the newly developedmorphological method [13], which was being
used for the determination of the proton-graphene interaction
potential and characterization of graphene samples [13,14].

It will be shown how to use the morphological method for the
classification of collagen fiber samples that allows easy
identification of the changes in its organization. Obtained
distribution of shapes will be analyzed from the standpoint of
the classical information theory. Determined classification will be
used to define a shape-aware measure of the straightness of
collagen fibers, which will be used to characterize collagen
fibers in the healthy colon, CRC, and uninvolved human colon
mucosa 10 and 20 cm away from the CRC. Finally, the obtained
result will be compared with the results of previous studies.
Although our focus is on collagen straightness, the presented
model can be simply extended for the analysis of other collagen
parameters such are fiber width, porosity, density, alignment, etc.

TABLE 1 | Demographic characteristics of patients included in the study.

Patients Number Age (years) Gender

Male Female

Cancer 10 72,5 5 5
Healthy 15 73,2 8 7
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THEORETICAL AND EXPERIMENTAL
METHODS

Tissue Samples
Tissue samples were obtained during diagnostic colonoscopy
at the Department of gastrointestinal endoscopy, University
Hospital Center “Dr. Dragiša Mišović-Dedinje”, Belgrade,
Serbia, as previously described [9]. Briefly, tissue samples
from the colorectal carcinoma, and tissue samples from
healthy-looking colon mucosa 10 and 20 cm away from the
carcinoma in the caudal direction, were obtained from
10 patients (Table 1). The diagnosis of colorectal
adenocarcinoma was confirmed by an experienced
pathologist. For all patients, it was a newly discovered
cancer, so they have not received any kind of treatment for
the malignant disease before.

Samples of colon mucosa of 15 healthy patients of the
corresponding age and gender (Table 1) were collected during
colonoscopy in the same institution. In this group of patients,
colonoscopy was indicated because of weight loss, rectal
bleeding, or refractory anemia. Only patients in which
colonoscopy didn’t show any pathological findings or
patients diagnosed with uncomplicated hemorrhoids were
included in the study. Patients with inflammatory bowel
disease, infections colitis, and diverticular disease of the
colon were excluded from the study. Our study was
approved by the Ethics Committee of University Hospital
Center “Dr. Dragiša Mišović-Dedinje”, Belgrade, Serbia (18/
10/2017). All methods were carried out in the accordance with
relevant guidelines and regulations.

Second-Harmonic Imaging of Collagen
Fibers in Colon Tissue Samples
For the second harmonic imaging of collagen fibers in the label-
free colon tissue samples, an original lab frame nonlinear laser-
scanning microscopy (NLM) was used as previously described in
[9,15,16]. In brief, the tunable mode-locked Ti: sapphire laser
(Coherent’s MIRA900) has been the source of the infrared
femtosecond pulses. The laser light was directed onto the
sample by a short-pass dichroic mirror (having a cut-off
wavelength of 700 nm) and collected by the objective lens
(Zeiss’s EC Plan-Neofluar 40 × /1.3 NA Oil DIC M27). The
laser wavelength was set to 840 nm. The second harmonic
generation (SHG) was detected in the back-reflection arm, and
recorded by the active-pixel CMOS-sensor camera (Canon, EOS
50D). The narrow bandpass filter at 420 nm (Thorlabs’s FB420-
10, FWHM 10 nm) blocks the scattered laser light and
autofluorescence and passes only the second harmonic at
420 nm. The average laser power on the sample was 30 mW.
The pulse duration (160 fs) and repetition rate (76 MHz) sets the
peak laser power to be 2.5 kW.

Manual Segmentation of Collagen Fibers
On each SHG image three regions of interest (ROIs) with size
350 × 350 px were cropped. Each ROI was located near crypts and
contained collagen fibers. To characterize the straightness of
collagen fibers in ROIs, the following method was developed:
On each image, the collagen fibers were identified by a
histopathologist. Each fiber was additionally split into smaller
segments and the relative frequency of its orientation with respect
to the positive x-axis ware determined. In the final step, obtained
distribution of the orientation angles was fitted by the appropriate
statistical model.

Elements of the Singularity Theory
Let us consider a family of continuous, differentiable functions
where each member is a mapRn → R, that is parameterized bym
continuous parameters. This family can be represented by a single
continuous differentiable function

F(x1, x2, . . . , xn; c1, c2, . . . , cm), (1)
where maps Rn+m → R. In the singularity theory variables
x1, . . . , xn ∈ R, are called state variables, c1, . . . , cm ∈ R system
parameters, while numbers n and m are known as corank and
codimension, respectively [17]. The critical points of the family
are points satisfying the following system of equations

zxiF(x1, . . .xn; c1, . . . , cm) � 0, for 1≤ i≤ n, (2)
while the degenerate critical points are critical points that
additionally satisfy the following equation

det[z2xixjF(x1, . . . , xn; c1, . . . , cm)] � 0, for 1≤ i, j≤ n, (3)

here [z2xixjF] stands for the matrix of the second derivatives,
i.e., for the Hessian matrix of the function F.

The singularity theory studies the behavior of the function
family in the vicinity of its critical points and classifies
members of the function family into structurally stable
equivalence classes [12,17]. In simple words, the catastrophe
theory lists inequivalent ways how a variation of the system
parameters changes the number and type of the family
member’s critical points. The critical values of the
parameters, for which redistribution occur, partition the
parametric space into equivalence classes according to the
number of the critical points the corresponding family
members have.

If system dynamics force parameters of a certain family
member to cross the boundary of its equivalence class and to
enter into a subspace of another equivalence class, then that
function undergoes the significant transformation that is called
the metamorphose, or in V. I. Arnol’d’s term perestroika [17].
Metamorphose is a more general term that includes bifurcations
of the degenerate critical points and induction of unrelated
isolated singularities.
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Elements of the Multivariate Statistics
Let, p1 � (x1, y1), . . . , pN � (xN, yN) be arbitrary points in the
plane. The center of the sampled data points is given by the
arithmetic mean

μ � (μx, μy) � 1
N

∑N
i�1
pi. (4)

The unbiased covariance matrix of the sampled points is a matrix
composed of the mean values of the products of marginal
deviations of respective data points from its mean values, with
Bassel’s correction

Σ � 1
N − 1

∑N
i�1
⎡⎣ (xi − μx)(xi − μx) (xi − μx)(yi − μy)(yi − μy)(yi − μy) (yi − μy)(yi − μy) ⎤⎦ (5)

The characteristic ellipse of the data point distribution is given by
the equation

(p − μ)T · 1
2
Σ−1 · (p − μ) � 1. (6)

When the distribution of data is bivariate Normal, the
characteristic ellipse encloses 63.21% of the data points. In the
general case, the percentage of the enclosed data points can be
different. Nevertheless, it represents a convenient measure of the
spread of the data points.

The Beta-Distribution
The probability density function of the beta-distribution is given
by the following expression [18].

f(φ; α, β) � 1
2πB(α, β) (

φ

2π
)α−1(1 − φ

2π
)β−1

, α, β≥ 0. (7)

The sample space of the state variable is φ ∈ [0, 2π], α and β are
shape parameters, while B(α, β) stands for the beta-function [19]
and represents the normalization factor. The first and the second
statistical moments of this distribution are

�φ � ∫
2π

0

φf(φ; α, β)dφ � 2πα
α + β

; σ2
φ � ∫

2π

0

φ2f(φ; α, β)dφ − �φ2

� 4π2αβ

(α + β)2(α + β + 1). (8)

From the singularity theory perspective, Eq. 7 defines the
corank-one, codimension-two function family with the state
variable φ, and parameters α and β which maps [0, 2π] → R+.
It will turn our advantageous to treat the f(φ; α, β) as a family of
plane curves. In that case, the criticality condition simplifies to

zφ f(φ; α, β) � 0, or zφ f(φ; α, β) � ∞. (9)
In other words, critical points of curve f are points where the

graph has a vertical or horizontal tangent. To distinguish between
them we will call solutions of the equation zφ f � 0 the horizontal
critical point, while solutions of the equation zφ f � ∞ will be

called vertical critical points. Depending on the sign of the zφ f
vertical critical point, the function f can be ascending or
descending. Horizontal critical points are further classified as
minima or maxima.

The partial derivative of the function f can be evaluated
analytically and is given by the following expression

zφ f(φ; α, β) � 1

(2π)2B(α, β) (
φ

2π
)α−2(1 − φ

2π
)β−2[(α − 1)

− (α + β − 2) φ

2π
].

(10)
Members of the family can have none, one, two, or three critical
points. The two out of three possible critical points are the boundary
points φ � 0 and φ � 2π exist for α ≠ 1, and β ≠ 1. The third φ �
2π(α − 1)/(α + β − 2) exists only if parameters satisfy the
constrains α≥ 1, 1≤ β, α + β> 2, and α≤ 1, 1≥ β, α + β< 2. The
second partial derivative of the function f

z2φf(φ;α, β)� ( φ
2π)α−3(1− φ

2π)β−3
(2π)3B(α, β)(α+β−2)2{[(α−1)−(α+β−2)

φ

2π
]2

−(α−1)(β−1)
α+β−3 },

(11)
shows that only boundary points φ � 0 and φ � 2π can be double
degenerate critical points. In addition, family members can have
at most two inflection points, and there can’t be degenerate
critical points of the higher-order.

RESULTS

When excited by a strong external electric field, the second
harmonic generation happens only in materials for which a
microscopic polarization field, generated by the local response
of the material’s microscopic constituents called harmonophores,
averaged over all their positions and orientations produces
anisotropic macroscopic polarization. In the case of collagen,
the second-harmonic response originates in slight charge
asymmetry between C=O and N-H groups, acting as a slight
electron donor and acceptor, respectively, that favors oscillations
of delocalized bond electrons along the collagen’s backbone
[20,21]. Since second harmonic generation happens coherently,
an additional amplification of the effect occurs when all
harmonophores are mutually aligned, as is the case for the
harmonophores embedded in the rigid and compact collagen
triple helix [19,21].

Figure 1 shows second-harmonic generation images of a
human colon sample of a healthy mucosa (Figure 1A), colon
mucosa taken 10 cm away from cancer (Figure 1B), and colon
cancer sample (Figure 1C). In all examined cases, the distribution
of the light intensity is dominantly determined by the density of
collagen harmonophores coherently excited by the incoming
laser beam. All other sources of second-harmonic interfere
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destructively, producing small randomly fluctuating components
of the measured light intensity. Thus, regions of the high intensity
show a projection of the collagen network, located in the volume
excited by the laser light, onto the image plane. As we have
previously described [9] in the healthy colon mucosa collagen
fibers are wavy, thin, and spreading in all directions throughout
the lamina propria, around the crypts (Figure 1A). In the cancer
tissue (Figure 1C) collagen fibers are thick and straight. The
colon tissue samples 10 cm away from the cancer are somewhere
in between, they contain regions resembling a healthy colon, but
focally, straight, well-aligned collagen fiber could be observed
(Figure 1B).

Each recorded image was inspected and collagen fibers were
identified by an eye of the experienced histopathologist (Z.
Despotović) using judgment, training, and experience. An
example of the application of the already described manual
segmentation procedure will be shown in the case of the
image shown in Figure 1B.

Figure 2A shows the selected ROI selected in the second
harmonic image of the colon mucosa sample taken 10 cm away

from cancer (code name J10cm 4–2). The regions of high
intensity (sufficiently above the random threshold) were only
examined and the ridge-like maxima were identified. When there
is no overlap between ridges, their route can be identified with the
projection of the individual collagen fiber. In the case of the
overlap between ridge-maxima, such identification is not unique
because of multiple possibilities to connect collagen segments. To
resolve the described ambiguity, the principle of the minimal
curvature was established which states that correct linkage
produces collagen fibers of minimal curvature.

On the backbone of each identified fiber, several control points
were selected sufficient for fitting the fiber by a cubic-spline plane
curve. Obtained collection of the control points and associated
family of plane curves are shown in Figure 2B by the black
squares and red lines, respectively. In the next step, each collagen
fiber was subdivided into a large number of small segments of
equal length and the relative frequency of angle φ measuring the
angle between each spline segment and the positive x-axis was
determined. The adopted resolution of the angular space was set
to be 1 deg.

FIGURE 1 | (color online) The enlarged views of the recorded intensity distribution of second-harmonic light of (A) a healthy control sample (code nameK54S 5–1);
(B) a sample taken 10 cm away from cancer (code name J10cm 4–2); (C) sample of cancer tissue (code name JTU 2–2).

FIGURE 2 | (color online) (A) An image of the human colon mucosa 10 cm away from the tumor, code name J10cm 4-2, recorded by the non-linear second
harmonic microscopy. (B) Black squares show the characteristic points of the identified collagen fibers. Red lines represent the cubic-spline fit of the characteristic
points. (C) A relative frequency of the angles between a small segment of the collagen fiber and x axis. (D) The red line shows the optimal fit of the relative frequencies
(blue points) with the beta-distribution.
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The resulting distribution is shown in Figure 2C. Note that the
reference direction for measuring angles was chosen arbitrarily.
Any other choice of the reference direction, that is for example at
an angle of θ with respect to the positive x-axis, induces the
circular shift of the distribution from Figure 2C by an angle θ.
This means that the domain of the angular variable φ is a circle
and not a line. In the final step, obtained histograms were fitted
with the beta-distribution given by Eq. 7, which is defined on the
interval [0, 2π]. To take into account the periodic boundary
conditions of the obtained distributions, the fitting of the beta-
distribution was performed for all 360 different values of the
circular shift, out of which those values of the beta-function
parameters α and β were selected that correspond to the highest
value of the goodness of the fit. In the case of the distribution
shown in Figure 2C, the optimal fit is shown in Figure 2D. The
optimal value of the circular shift was found to be θ � 19.6 deg,
which correspond to the parameters of the beta-distribution α �
4.15 and β � 9.57. The distribution in Figure 2D has one large
maximum at approximately π/4 , corresponding to the most
probable orientation of the collagen fiber segments from
Figure 2B.

Applying the same procedure to all samples of the collagen
fibers gives the distribution of the beta-distribution parameters
shown in Figure 3. For better clarity, parameters of the beta-
distribution are given in the logarithmic scale. Obtained data
points occupy the rectangle in the parametric space whose lower
left vertex is the coordinate origin, while its upper right vertex is
the point (α � 37.4, β � 57.0). The blue circles correspond to the
colon mucosa samples in the healthy individuals, red squares

correspond to CRC samples, while magenta and cyan diamonds
correspond to tissue samples taken 10 cm (magenta) and 20 cm
(cyan) away from cancer. The red data points (representing CRC
samples) are located in an area far from the coordinate origin. On
the contrary, most of the blue data points (healthy colon mucosa)
are located in the region near the coordinate origin. The cyan and
magenta data points (mucosa 20 and 10 cm away from cancer,
respectively) have a wide distribution. Note that the distribution
of cyan data points overlaps more with the distribution of the blue
data points, while the distribution of magenta data points
overlaps more with the distribution of the red data points. It
could be said that distributions of cyan and magenta points
capture the transition of collagen patterns from the healthy
colon mucosa to the collagen patterns corresponding to the
CRC. This result was expected and is in good agreement with
previous findings [8,9].

DISCUSSION

The Shape Analysis
The straightforward approach for quantification of the fiber
straightness would be to use the standard deviation σφ of the
data from the mean value �φ, given in Eq. 8. The usefulness of
these parameters stems from the fact that they are well-defined
quantities that can be calculated for any kind of distribution.
However, in this case, their use would be misleading for the
following reasons. We have shown that the preferable
orientation of the fiber segments corresponds to the
maximum of the distribution and not to its mean value.
Note that for different values of parameters α and β, beta-
function does not necessarily have one maximum. The most
important reason is that unlike parameters of the distribution
α and β, the statistical moments �φ and σφ carry no information
about the shape of the distribution. For a completely
disordered sample, the distribution of the fiber segments
would be uniform. It is easy to show that in that case mean
value of the angle segment is �φ � π, and the standard deviation
is σφ � �

3
√

π/3. Obtained values are meaningless indications of
the fiber straightness since in the case of the uniform
distribution, there is no ordering of the segments at all.

Therefore, we have devised an alternative strategy that takes into
account the shape of the beta-distribution. We have performed a
detailed inspection of the beta-distribution parametric space to try
to classify the corresponding members of the function family given
in Eq. 7 according to the number and type of critical points.
Figure 4 shows obtained partition of the relevant parametric
subspace into desired equivalence classes. Note that beta-
distribution is invariant to the simultaneous substitution α → β
and φ/2π → (1 − φ⁄ 2π). Therefore, the shapes of the family
members corresponding to points (α, β) and (β, α) are mutually
symmetric under the transformation φ/2π → (1 − φ⁄ 2π). The line
α � β represents the bordering line splitting the parametric space
into shape equivalent halves. In addition, this line corresponds to
the symmetrical beta-distributions where the central critical point is
located at the φ � π.

FIGURE 3 | (color online) The scatter plot of beta-distribution
parameters. The blue circles correspond to the collagen fibers from the
samples of the healthy colon mucosa. The cyan and magenta diamonds
correspond to the samples taken 20 and 10 cm from the colorectal
adenocarcinoma. The red squares correspond to the collagen fibers from the
samples of colorectal cancer tissue.
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Equation 10 shows that for 0< α< 1, regardless of the value of
the parameter β, family members have descending vertical critical
point at φ � 0, becomes ascending for 1< α< 2. For α> 2
ascending vertical critical point at φ � 0 transforms into
ascending horizontal critical point. Because of the symmetry,
the equivalent conclusion holds for the variation parameter β and
boundary critical point at φ � 2π.

Blue lines, labeled as a and a′ in Figure 4, show the
characteristic line α � 1, and its symmetrical image β � 1. In
this subspace, beta-distribution is proportional to the simple
power function. At their intersection is point (1, 1) labeled A
in Figure 4which corresponds to the constant function 1/2π. Red
lines labeled b and b′ in Figure 4 shows another pair of the
mutually symmetric lines α � 2, and β � 2. In the intersection of
lines a and b′ is the point (1, 2), labeled B in Figure 4, for which
function f is proportional to the linear function. Points A, B, and
B′ are the only points in the parametric space free from the critical
points.

These four semi-lines divide parametric space into nine
rectangular areas labeled I, II, . . . , IX. In the region I
function f has a descending vertical critical point at φ � 0, a
horizontal critical point (minimum), and ascending vertical
critical point at φ � 2π, while in the region IX ascending
vertical critical point at φ � 0, descending vertical critical point
at φ � 2π, and maximum. In region II, function f has two
descending vertical critical points at φ � 0, and φ � 2π, and
one inflection point. In the region III, function f has

descending vertical critical point at φ � 0, minimum at φ � 2π,
and one inflection point. In the region IV, function f has
ascending vertical critical point at φ � 0, a maximum, and a
minimum at φ � 2π, while in region V there are two minima at
φ � 0, 2π, one maximum, and two inflection points. The shape of
the function f for parameters in regions VI, VII, and VIII is a
symmetrical image of its shape for parameters in regions II, III,
and IV.

Note that even infinitesimal changes of parameters
(1, 1) → (1 + ϵ, 1 + ϵ) that correspond to the transition from
the point A to the region IX, induces instantly three critical
points at φ � 0, π, 2π, that are not formed by the splitting of the
degenerate critical point. All other metamorphoses of the beta-
distribution behave in the same manner and are of the
induction type.

It should be said that singularities of the beta-distribution do
not have biological relevance. They are mathematical artifacts of
the beta-distribution introduced by our desire for the simplest
normalizable polymorphic function family. Singular peaks do not
exist in any finite segmentation of fibers, nor in our data. When
inspected closely almost all samples whose parameters belong to
regions I, II, III, VII, and VIII, it is very difficult to spot any
particular preferable orientation of the collagen fibers. Therefore,
the preferable orientation exists for beta-distribution parameters
belonging to the regions IV, V, VI, and IX, where the beta-
distribution has a single maximum. A useful measure for the level
of the straightness, in this case, would be full-width-at-half-

FIGURE 4 | (color online) The shape diagram of the beta-distribution. Insets labeled by Roman numerals I-IX show the shape of the beta-distribution for parameters
from the corresponding subspaces labeled by the same symbol. The characteristic lines a, a′, and b, b′ are shown by the blue and red lines, respectively. Points A, B, B′,
correspond to the parameter values for which function f is proportional to the constant, and linear functions, respectively. Horizontal critical points of the function f were
indicated by symbols ▲ and▼, while ascending and descending vertical critical points were denoted by symbols ► and ◄.
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maximum (FWHM) which is a well-defined quantity for finite
maxima and undefined for the singular maxima of the
distribution. The full-width-at-half-maximum is determined by
the solutions of the equation

1
2
f(φm; α, β) � f(φm + δφ; α, β), (12)

where φm � 2π(α − 1)/(α + β − 2) is a position of the maximum,
and δφ is a deviation from the maximum for which its amplitude
reduces by half. This equation has two real solutions (δφ)1 and
(δφ)2, where it is by convention (δφ)2 ≥ (δφ)1. The full-width-at-
half-maximum Δφ of the maximum at φm is given by the
difference Δφ � (δφ)2 − (δφ)1. By algebraic transformations, it
is possible to transform Eq. 12 into the following form

1
2
� (1 + δφ

φm

)
α−1

(1 − δφ

2π − φm

)
β−1

. (13)

that is a transcendental equation without closed-form solutions.
However, for small δφ, equivalently for large α and β, FWHM is
given by the expression

Δφ �
4π

���������������
(α − 1)(β − 1) ln 2√
(α + β − 2)3/2 . (14)

Therefore, for distribution parameters farther from the coordinate
origin, the maximum of the distribution becomes narrower.

Note that the parameter Δφ can have any value from the
interval [0, 2π]. The value Δφ � 0 corresponds to the maximally
possible level of straightness where all collagen segments have the
same orientation, which is achievable for α, β → ∞. Value Δφ �
2π is obtainable for (α, β) � (1, 1) and corresponds to no
ordering at all since all possible orientation angles are equally
represented. Parameter Δφ correctly quantifies the level of
straightness, however, its scale is inverted. Therefore, we will
introduce an equivalent more intuitive measure of the
straightness labeled s and defined by the following equation

s � 1 − Δφ
2π

. (15)

Parameter s, named self-alignment parameter, depends linearly
on Δφ, thus it does not distort information contained in it, while it
achieves the desired scale inversion. Thus, s � 0 corresponds to no

FIGURE 5 | (color online) (A) The scatter-plot of the irreducible beta-distribution parameters. (B) The characteristic ellipses of the healthy samples, samples were
taken 20 and 10 cm from the cancer tissue, and samples of cancer tissue are shown by blue, cyan, magenta, and red lines, respectively. Parts of the curves outside the
irreducible sample space were ignored. The shape distribution of (C) the healthy samples, (D) and (E) samples taken 20 and 10 cm far from the cancer tissue, and (F)
samples of the cancer tissues. The relative frequency of the forms is shown by the different tones of the red color, according to the show colorbar.
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alignment at all, while s � 1 corresponds to the maximal level of
alignment where all collagen segments are parallel.

Now we will perform the analysis of shapes for the family of
beta-distributions shown in Figure 3. To analyze only different
shapes all data points that are located below the symmetry line
α � β were substituted by their symmetrical images obtained by
the transformation (α, β) → (β, α). Figure 5A shows obtained
distribution of inequivalent parameters of the beta-distribution.
For better visibility parameters of the beta-distribution are again
shown in the logarithmic scale.

Centers of the distributions of the blue, cyan, magenta, and red
data points are points μb � (2.47, 5.54), μc � (3.44, 5.87),
μm � (2.55, 5.94), and μr � (4.67, 17.30), respectively. In the
statistics, these points are understood as the most probable
parameters of their corresponding beta-distributions.
Therefore, we can say that the typical beta-distribution of each
class has parameters μb, μc, μm, and μr, respectively. They all
belong to the region V, where corresponding beta-distributions
have one maximum. The respective widths of these maxima are
Δφb � 2.4777, Δφc � 2.4716, Δφm � 2.3714, and Δφr � 1.2709,
while their self-alignment parameters are sb � 0.6057,
sc � 0.6066, sc � 0.6226, and sr � 0.7977.

Note that the typical straightness of the cyan data points
(mucosa 20 cm away from the CRC) is only 0.16% larger than the
typical straightness of the blue data points (healthy mucosa). The
typical straightness of the magenta data points (mucosa 10 cm
away from the CRC) is larger by 2.80% than the corresponding
typical straightness of the healthy colon mucosa, whereas the
typical straightness of the red data points (the CRC mucosa) is
larger by 31.71%. Examination of their typical representatives
implies that the distribution of cyan data points is more similar to
the distribution of blue data points, whereas the distribution of
magenta data points is more similar to the distribution of red data
points. These findings are again in good agreement with previous
findings [8,9].

Now we shall compare the sensitivity of the newly introduced
procedure for measuring collagen straightness with the standard
approach implemented in the software CT-FIRE used in the
previous study [9]. Sensitivity of measurement quantifies the
ability of the measuring apparatus, or measuring procedure, to
amplify the detected signal and produce larger output. In technical
terms, sensitivity is defined as a ratio of the output of themeasuring
apparatus and the corresponding measured input [22]. The direct
application of the definition is impossible in this case since the
input to both procedures are images of the collagen samples and
outputs are numbers obtained by computation. Moreover, the new
procedure determines the FWHM of the beta-distribution peak,
while the standard measure gives a fraction of fiber segments
sharing the common orientation.

However, if the straightness of the healthy samples is taken as a
reference point it is possible to compare the relative sensitivities of
both procedures since considered collagen samples 10 and 20 cm
away from CRC, and healthy controls are the same as in [9]. The
procedure which produces a larger relative change in the output
has greater sensitivity. To have the test of maximal fairness we
shall compare the relative sensitivity of the parameter s with CT-
FIRE’s straightness parameter because both of them have the

same range. Note that the relative sensitivity of the parameter Δφ
is exactly 2π/Δφb − 1 ≈ 1.54 times larger.

In the case of the samples of colon mucosa 20 cm away from
CRC relative variation of the s parameter is 0.16% while a relative
variation of the parameter Δφ is 0.25%. The corresponding
relative variation of the CT-FIRE’s straightness parameter was
reported to be approximately 0.5% [9]. Thus, its sensitivity is
larger than the relative sensitivity of the parameter s, while it is
comparable to the relative sensitivity of the parameter Δφ. In the
case of samples of colon mucosa 10 cm away from CRC relative
variations of parameters s and Δφ were 2.80% and 4.29%,
respectively. Both of them are considerably larger than the
relative variation of CT-FIRE’s straightness parameter which
was reported to be approximately 2% [9]. Therefore, the
relative sensitivity of the new procedure is greater than the
sensitivity of the standard procedure.

Whenever dealing with average values it is necessary to
establish how typical these values are. To do so, we have used
mean values μb, μc, μm, and μr to calculate covariance matrices of
blue, cyan, magenta, and red data points.

Σb � [ 7.81 15.80
15.80 41.13

], Σc � [ 14.20 17.89
17.89 30.56

]
Σm � [ 6.21 11.88

11.88 37.07
], andΣr � [ 9.47 16.90

16.90 149.57
],

and plotted corresponding blue, cyan, magenta, and red
characteristic ellipses in Figure 5B. Note that in the definition
of the characteristic ellipse it is assumed that sample space is an
entire plane. In our case, the irreducible space of the semi-infinite
and is bounded by the conditions α, β≥ 0, and β≥ α. Therefore,
parts of the characteristic ellipses below the lines α � β, β � 0, and
to the left of the line α � 0 should be ignored.

Interestingly blue, cyan, and magenta ellipses have approximately
the same area, while the red ellipse is considerably larger. It has been
found that the blue ellipse contains 83.33% of blue data points, the
cyan and magenta ellipses contain 72.73% and 90.62% of their
respective data points, while the red ellipse encloses 74.07% of the
red data points. Therefore, averages μb, μc, μm, and μr are excellent
representatives of their respective data. Figure 5B also shows the
centers of the ellipses (mean values μb, μc, μm, and μr labeled by blue
circle, cyan andmagenta diamonds, and red square), and lines joining
the center ellipse with its vertex corresponding to the major semi-axes
of the ellipse. Note that if an angle between the ellipse’s major axis and
the symmetry line α � β is small then the abundance of the quasi-
symmetric forms (i.e., forms whose α and β parameters are very close
to the symmetry line α � β, and whose central crytical point is very
close to π) is large. It has been found that angles between major semi-
axes of the blue, cyan,magenta, and red ellipses and the symmetry axis
are: θb � 67.87°, θc � 56.91°, θm � 71.22°, and θr � 80.75°,
respectively. Moving closer to CRC, the number of the quasi-
symmetrical forms increases at first and then starts decreasing
steadily. Therefore, the described initial increase of quasi-
symmetrical forms can be an indicator of an early stadium of
CRC development.

All ellipses cover regions I to IX, however, the distribution of
the points inside them is very different. The distribution of beta-
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distribution forms corresponding to the healthy colon mucosa is
shown in Figure 5C. Note that forms without preferable direction
(whose parameters belong to the regions I, to III) are almost equally
represented as the transitional forms (whose parameters belong to
regions IX, and IV), or forms with very pronounced preferable
orientation (whose parameters belong to the regionV). Distributions
of the beta-distribution forms, corresponding to samples of the colon
mucosa taken 10 and 20 cm away from the CRC, are shown in
Figures 5D,E, respectively. In both cases the number of data points in
the region IX is negligible (that corresponds to transitional forms of
lower straightness). These points are redistributed into regions I, IV,
and especially region V which corresponds to beta-distributions
having very narrow central maximum (or equivalently to collagen
samples of very high straightness). In the case of the cancer tissue,
parameters of the beta-distribution almost exclusively belong to the
highly oriented transitional form IV and highly oriented forms V.
According to Figures 5A,B the level of the straightness of these forms
is considerably larger than the straightness of the forms determined
by the distribution of the blue, cyan, or magenta data points.

Collagen fibers are themost abundant component of extracellular
matrix. Their biochemical and biomechanical properties influence
all crucial processes in the tissues (morphogenesis, angiogenesis,
cell’s migration, proliferation, differentiation, and polarization) both
in the health and disease [23].

It has been shown that cancer can induce changes in both
biochemical and biomechanical properties of collagen fibers by
different mechanisms: changes in production in enzymes which
cross-link collagen fibers, like LOX, changes in synthesis and
degradation of collagen fibers (via changes in number and activity
of fibroblasts, myofibroblasts, and enzymes responsible from
degradation of collagen fibers-matrix metalloproteinases) and by
inducing biomechanical changes in the tumor microenvironment
[7,9,23,24]. On the other hand, all cells, both cancer cells and host
cells from the tumor microenvironment can sense these changes in
collagen fibers and respond to them. It has been shown inmany types
of cancer that changes in collagen synthesis and degradation and
collagen fibers remodeling, create a specific tumormicroenvironment
that promote tumor progression by influencing cell polarity, cell
adhesions, and cell migration. In cancer, so-called “linearization” of
collagen fibers has been described as an important parameter, with a
significant impact of on tumor cell behavior-migration, proliferation
and cell differentiation, and thus the ability of tumor cells to locally
spread and form distant metastasis [23].

We have shown increase in straightness (increase in strongly
oriented forms) in the cancer tissue, but, we have also shown increase
in oriented forms in the healthy-looking tissue, far from the cancer.
There are at least two explanations why we could expect changes this
far from the cancer-systemic effects of tumor and filed carcinogenesis
effect. It is known and believed that from the very early stages, tumor
cells secrete growth factors, chemokines and cytokineswhich not only
induce changes in the local environment, but acts on distant tissues,
so from the very beginning tumors should be considered as a systemic
disease [25]. On the other hand, according to field carcinogenesis
theory, carcinogens act on the entire length of organ inducing a large
altered field-filed of injury, and on this altered filed additional
stochastic events could give rise to cancers [26]. Whatever the
mechanism behind this changes in collagen fibers straightness is,

we wanted a mathematical method that could detect and describe
them, not only in cancer tissue, but also far from the cancer. The
ability to detect them will be a good starting point in future studies to
further characterize changes in collagen fibers, and investigate all the
causes and consequences of these changes.

Observed behavior has also a simple interpretation in the
terms of classical information theory and statistical mechanics
where equal distribution of micro-states is associated with a long-
lasting stable state, also known as thermodynamics equilibrium
[27–29]. This state is special since for it the information entropy,
defined by the weighted sum over the micro-states probabilities
pi (i � 1, . . . , N)

S � −∑N
i�1
pi logpi, (16)

is maximal [27–29]. Therefore, it is no surprise that equal
distribution of forms corresponding to the blue data appoints
is associated with the state of health, and has maximal detected
information entropy Sb � 1.3993. Closer to the CRC, our data
reveal a disturbance of the equilibrium state happening in two
stages. In the first stage (at 20 and 10 cm away from the CRC)
transitional forms of low straightness disappear producing states
of lower entropies Sc � 1.1796 and Sm � 1.1873, respectively.
Note that Sc < Sm because the distribution of cyan data points
has a larger number of quasi-symmetrical forms. In the final stage
(very close to and in CRC itself) unoriented forms disappear and
we are left with the distribution dominated by the highly oriented
forms of very large straightness. By definition, this state
corresponds to a state very far from the statistical equilibrium
and has minimal observed information entropy Sr � 0.8403.
Thus, observed polarization of the distribution of the beta-
distribution forms happening at 10 cm 20 cm away from CRC
can be another indicator of the early development of the CRC.

CONCLUSION

Increased straightness of collagen fibers has been detected in
many cancers, including CRC [30–32]. It is believed that cancer
cells use these linearized collagen fibers as “highways” for
migration towards blood and lymphatic vessels [30,31,33].

To enhance our understanding of these processes we have
modified the morphological method from condensed matter physics
to be applicable for modeling biological data. To prove the usefulness
of this topological viewpoint we have analyzed changes in the
straightness of collagen fibers in the colon mucosa caused by the
presence of the CRC. This was achieved by modeling the
experimentally observed distribution of the collagen segment
angles (in healthy colon mucosa, in mucosas taken 10 and 20 cm
away from the CRC, and mucosa samples from CRC itself) by the
polymorphic beta-distribution depending on two parameters. The
parametric space of the beta-distribution was partitioned into
subspaces according to the number and type of critical points of
the beta-distribution. Each transition between subspaces, called
metamorphoses, is abrupt and happens for the infinitesimal
change of the critical values of parameters. Therefore, changes in
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the organization of the collagen fibers and their biological function
were linked to the metamorphoses of the beta-distribution shapes. It
should be stressed that described correspondence is a general feature
of all topological models and it is by no means confined to modeling
collagen orientation alone.

To give a biological interpretation of obtained mathematical
classification, we have grouped the inequivalent shapes of the
beta-distribution into three groups. The first group is formed by
shapes without the local maximum, therefore without preferable
orientation. The second group is formed by shapes with one less
pronounced local maximum and at least one vertical critical
point, called the transitional forms. The third group is formed by
forms with pronounced local maximum and two inflection points
that possess clear preferable orientation.

It has been found that samples of healthy colonmucosa contain an
approximately equal amount of unoriented, transitional, and oriented
forms of collagen fibers. Observed equal abundance of shapes is in
perfect analogy with uniform distribution of microstates of the
complex physical system necessary for the establishment of the
thermodynamics equilibrium also known as a state of maximal
entropy. In samples taken 10 and 20 cm away from CRC, the
equilibrium distribution of forms is disturbed by the redistribution
of less pronounced transitional forms increasing the fraction of
unoriented and highly oriented forms. In the case of the mucosa
samples taken from CRC, the distribution of forms is dominated by
strongly oriented forms, corresponding to the thermodynamical state
of low entropy, far from the equilibrium. We have also noticed the
increase in the number of quasi-symmetrical forms in samples 10 cm
away from CRC, while its number decreases steadily closer to CRC.

Our findings suggest that the abstract distribution of beta-
distribution shapes follows the fundamental law of statistical
mechanics, requiring that establishment of the long-lasting
equilibrium is inextricably linked to the maximization of entropy.
The described polarization of the distribution of beta-distribution
forms, togetherwith the evolution of the number of quasi-symmetrical
forms can be an indicator of the early stage of CRC development.

We have introduced the shape-aware measure of collagen fiber
straightness. The average straightness wasmeasured by the FWHMof
the pronounced maximum Δφ (ranging from 0 up to 2π), which was
rescaled to define a more intuitive mutual alignment parameter s
ranging from 0 (for uniform distribution of the segment orientations),
up to 1 (achievable when all collagen segments are parallel).
Compared to the average straightness of collagen fibers in
uninvolved colon mucosa, we have detected an increase of 0.16%
and 2.80%of the parameter s in colonmucosa 20 cm, and 10 cm away
fromCRC, generated by the corresponding decrease ofΔφ parameters
of 0.25% and 4.29%, respectively. The mutual-alignment parameter s
of the CRC samples is larger by 31.71% than the corresponding
straightness of fibers in the uninvolved colon mucosa, which
corresponds to the variation of the Δφ parameters of 48.71%.

In the previous work [9] we have used CT-FIRE, an open-
source software package [10,11,34] for automatic extraction and
analysis of collagen fibers. We have shown a statistically
significant increase in collagen fiber straightness in the colon
mucosa 10 and 20 cm away from cancer in comparison with
collagen fibers in healthy mucosa. Using a novel approach, we
have confirmed all findings of the previous study [9]. This study

goes one step further by providing explicit criteria for detecting
the changes in collagen fiber organization by the shape analysis of
the corresponding beta distribution.

It should be said that the presented method is not ideal. Far
fromCRC relative sensitivity of the newly introduced straightness
parameter s is smaller than the relative sensitivity of the
straightness parameter given by the CT-FIRE software, while
the relative sensitivity of the parameter Δφ is comparable to it.
Closer to CRC relative sensitivity of newly introduced
straightness measures becomes superior. This means that the
linearity of the parameter s is not uniform in the whole range [22].

There could be two possible explanations for this behavior.
Our main goal was to show that the morphological method could
be applied to a different type of biological data, so that the
number of considered samples was relatively small. However,
we are quite confident that analysis of the larger sample space will
confirm all stated conclusions and improve the sensitivity and
linearity of the proposed method. Another weakness was the
manual segmentation of collagen fibers because it is time-
consuming and subjective. It was done by an experienced
histopathologist, but only collagen fibers clearly visible and
possible to follow on the examined images were analyzed. So,
some fibers from the image were omitted.

In future work, we would like to improve and automatize
collagen fibers segmentation and extend the sample size and
number of analyzed parameters.
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Mechanobiological Targets
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Tissue fibrosis is a major health issue that impacts millions of people and is costly to treat.
However, few effective anti-fibrotic treatments are available. Due to their central role in
fibrotic tissue deposition, fibroblasts and myofibroblasts are the target of many therapeutic
strategies centered primarily on either inducing apoptosis or blocking mechanical or
biochemical stimulation that leads to excessive collagen production. Part of the
development of these drugs for clinical use involves in vitro prescreening. 2D screens,
however, are not ideal for discovering mechanobiologically significant compounds that
impact functions like force generation and other cell activities related to tissue remodeling
that are highly dependent on the conditions of the microenvironment. Thus, higher fidelity
models are needed to better simulate in vivo conditions and relate drug activity to
quantifiable functional outcomes. To provide guidance on effective drug dosing
strategies for mechanoresponsive drugs, we describe a custom force-bioreactor that
uses a fibroblast-seeded fibrin gels as a relatively simple mimic of the provisional matrix of a
healing wound. As cells generate traction forces, the volume of the gel reduces, and a
calibrated and embedded Nitinol wire deflects in proportion to the generated forces over
the course of 6 days while overhead images of the gel are acquired hourly. This system is a
useful in vitro tool for quantifying myofibroblast dose-dependent responses to candidate
biomolecules, such as blebbistatin. Administration of 50 μM blebbistatin reliably reduced
fibroblast force generation approximately 40% and lasted at least 40 h, which in turn
resulted in qualitatively less collagen production as determined via fluorescent labeling of
collagen.

Keywords: blebbistatin, collagen, fibrin, fibroblasts, fibrosis

INTRODUCTION

Tissue fibrosis is a major health issue that impacts millions of people and is costly to treat. It is
estimated that fibrotic disorders contribute to 45% of deaths in the United States (Wynn, 2004). For
example, idiopathic pulmonary fibrosis alone has a mortality rate of approximately 19 in every
100,000 people (Dove et al., 2019), with an estimated annual cost of about $20,000 per patient
(Diamantopoulos et al., 2018). Increased tissue stiffness is also associated with cancer (Barton et al.,
1999) and cardiovascular disease (Sidney et al., 2016), the top two leading causes of death in the
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United States (Lampi & Reinhart-King, 2018). Fibrosis can also
occur following trauma to diarthrodial joints, such as the knee or
elbow, which can lead to a reduced range of motion (Evans et al.,
2009). Between 3% and 10% of patients who undergo total knee
arthroplasty (Abdul et al., 2015) and about 8% of patients that
receive surgical treatment of the elbow for trauma develop
arthrofibrosis (Wessel et al., 2019). Despite the high
prevalence of fibrosis and a broad understanding of injury-
induced fibrogenesis, few effective anti-fibrotic treatments are
available.

A common feature of fibrotic tissue is the chronic presence of
activatedmyofibroblasts (Hinz et al., 2007, Hinz et al., 2012;Wynn,
2008; Klingberg et al., 2013). Myofibroblasts are a fibroblast
phenotype often distinguished by the expression of alpha
smooth muscle actin (α-SMA) in the cytoskeleton and their
ability to generate large traction forces and deposit extracellular
matrix (ECM) proteins such as collagen (Unterhauser et al., 2004).
These cells are also highly responsive to their mechanical
environment and the presence of biochemical factors, such as
transforming growth factor beta (TGF-β1). Changes in the local
mechanical environment are sensed primarily through focal
adhesions and the auxiliary proteins that connect the actin
cytoskeleton to the surrounding ECM (Geiger et al., 2009).
These proteins can activate multiple signaling pathways, such as
Rho/ROCK (Geiger & Bershadsky, 2002), Hippo (Ibar et al., 2018),
ERK (Matsumoto et al., 2011), and YAP/TAZ (Dupont et al.,
2011), which facilitate and reinforce actomyosin contractility, the
transmission of force between the cell and the ECM, and the
increased synthesis and deposition of collagen and other ECM
proteins that further stiffen the tissue locally (Bolós et al., 2010;

Guan, 2010). These processes, combined with biochemical
signaling, stimulate and enhance a dynamic mechano-chemical
feedback loop that can either resolve normally or lead to tissue
dysfunction and disease (Figure 1).

Due to their central role in fibrotic tissue deposition,
fibroblasts, and myofibroblasts have been the target of many
therapeutic strategies centered primarily on either inducing
apoptosis or blocking mechanical or biochemical stimulation.
For example, Pirfenidone and Nintedanib are small-molecule
drugs approved by the FDA for use in treating idiopathic lung
fibrosis (Selvaggio & Noble, 2016). Pirfenidone acts by inhibiting
TGF-β1 signaling and Nintedanib acts by inhibiting tyrosine
kinase receptors for vascular endothelial growth factor
(VEGF), fibroblast growth factor (FGF), and platelet-derived
growth factor (PDGF) (Lampi & Reinhart-King, 2018).
Rapamycin and sirolimus are also FDA-approved drugs that
inhibit the kinase mTOR. Rapamycin also hinders macrophage
and myofibroblast activation and TGF-β1 release in chronic
kidney disease (CKD) (G. Chen et al., 2012; Tulek et al.,
2011). The anti-inflammatory drug, sulfasalazine, promotes
myofibroblast apoptosis by inhibiting κβ kinase and has been
shown to reduce joint stiffness in a leporine model of
arthrofibrosis (Atluri et al., 2020a). Additionally, small-
molecule inhibition of focal adhesion kinase (FAK) can reduce
scar formation in an in vivo murine model, thus indicating the
potential for small-molecules to block mechanical signaling and
reduce fibrosis at the level of the focal adhesion (Wong et al.,
2011).

Part of the development of these drugs for clinical use involves
in vitro prescreening. Typically, prescreening is done using simple
high throughput assays on a cell monolayer (Astashkina et al.,
2012). Although these assays can yield valuable information, such
as drug effects on cell viability, proliferation, and metabolic
function, the 2D testing environment is different from the 3D
in vivo microenvironment, which can substantially impact cell
behavior, function, and drug responsiveness (Fernandes &
Vanbever, 2009). Crucially, these 2D screens are not ideal for
discovering mechanobiologically significant compounds that
impact functions like force generation, as force generation and
other cell activities are highly dependent on the conditions of the
microenvironment. Thus, higher fidelity models are needed to
better simulate in vivo conditions and relate drug activity to
quantifiable functional outcomes.

3D hydrogels can improve drug screening because they better
mimic aspects of the tissue’s mechanical and compositional
environment. Collagen and fibrin gels are popular choices in
this regard because collagen is the most abundant protein in soft
tissue matrix and fibrin is the primary structural component of
the provisional matrix of a clot (Tuan et al., 1996; Grinnell, 2000).
For example, (Saito et al., 2012; Mastikhina et al., 2020) used
collagen gels to test the effects of Pirfenidone on gel contraction.
They found that Pirfenidone significantly reduced gel contraction
in a dose-dependent manner. Along similar lines, Asmani et al.
(2019) used a custommicropillar membrane-stretching system to
examine how Nintedanib and Pirfenidone affect the response of
lung fibroblasts under cyclic strain. Both drugs were shown to
decrease forces generated by the fibroblasts.

FIGURE 1 | Schematic of the mechano-chemical feedback loop present
during healing. Initial conditions at the site of injury, such as the location,
mechanical loads, and wound geometry, can affect myofibroblast
differentiation and, in turn, healing outcomes.
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We also have been investigating the therapeutic potential of
different compounds to control the mechanobiology of
myofibroblast activity, specifically in the context of fibrosis and
contracture in injured joints (Atluri et al., 2016). In particular, we
have been exploring the potential of blebbistatin for treating joint
capsule fibrosis (Atluri et al., 2020b). Blebbistatin is a small,
membrane-permeable biomolecule that reversibly inhibits non-
muscle myosin II (NMMII) in a dose-dependent manner
(Cheung et al., 2001; Straight et al., 2003; Kovács et al., 2004;
Limouze et al., 2004; Allingham et al., 2005; Eddinger et al., 2007;
Farman et al., 2008). This molecule limits the ability of the myosin
head to discharge bound ADP, which prevents continuation of the
power stroke and the generation of traction forces through the actin
cytoskeleton. This process also interferes with mechanosensing and
has the potential to interrupt the proposed mechanochemical
feedback loop that contributes to tissue fibrosis (Atluri et al.,
2020b). To provide some guidance on drug dosing strategies for
blebbistatin and other drugs in our animal models, we are using
fibroblast-seeded fibrin gels as a relatively simple mimic of the
provisional matrix of a healing wound. These gels are maintained
within a custom-built force-bioreactor that allows us to measure
relationships between drug concentration, drug carrier composition,
force generation, and downstream collagen production. In the
bioreactor, fibroblasts are suspended homogeneously within a
fibrin gel. The cells generate traction forces that reduce gel
volume and deflect an embedded cantilever wire in proportion to
the force generated. The force-bioreactor is coupled with a
microcontroller-based imaging system that enables hourly
imaging of multiple samples over extended periods of time. This
system is a useful in vitro tool for quantifying myofibroblast dose-
dependent responses to candidate biomolecules.

MATERIALS AND METHODS

Cell Culture
Rabbit joint capsule fibroblasts (RJCFs), obtained from ATCC
(HIG-82/CRL-1832), were cultured in Dulbecco’s modified Eagle

medium (DMEM; Life Technologies Corporation, Grand Island,
NY), supplemented with 10% fetal bovine serum (FBS; Life
Technologies Corporation, Grand Island, NY), 0.1%
amphotericin B (Life Technologies Corporation, Grand Island,
NY) and 1% penicillin/streptomycin (Life Technologies
Corporation, Grand Island, NY) in a humidified incubator at
37°C and 5% CO2.

Force-Bioreactor
Six force-bioreactors (Figure 2) were machined from 3/8″ Teflon
bar stock on a Haas TM-1 CNC mill. The bioreactor body has a
1–5/8″ by 1/4″ by 3/8″ rectangular cavity with a rigid 1.5 mm
diameter glass rod and a bendable 0.008″ diameter Nitinol wire
(Cat. # WSE000800000SG, Confluent Medical Technologies,
Scottsdale, AZ) on either end. The base of a Nitinol (NiTi)
wire was clamped to the device between two stainless steel
washers and a 0.500″ long, 0.18″ OD, 0.144″ ID corrosion-
resistant compression spring (Cat. # 9002T15, McMaster-Carr,
Elmhurst, IL). The wire, spring, and washers were compressed
with a 4–40 × 1/2″ stainless steel screw that threads into the
Teflon base. The glass rod serves as a rigid constraint embedded
within the polymerized fibrin gel and the wire acts as a cantilever.
The top segment of the bioreactor, also referred to as the
stabilization bar, is used to control the casting volume of the
fibrin gel until it polymerizes. This was mated to the body with
three 1/16″ stainless steel dowel pins. An additional 10 mm thick
piece of polysulfone was machined to the diameter of the dish
with a cutout for the bioreactor to reduce the volume of medium
required to cover the gel. A schematic and parts list for the
bioreactor can be found in the Supplementary Materials.

Nitinol Wire Calibration
Each NiTi wire was gripped at its base in a tensile testing machine
(TMI Model 84-01) and incrementally displaced downward
(Figure 3). The free end of the wire deflected against a Teflon
block positioned on an analytical balance (Mettler-Toledo,
Columbus, OH). The length of the wire between the grip and
the block was set equal to the length of the wire used for the
device. At each increment of displacement, the mass displayed on
the balance was recorded and converted to force. These data were
used to create a calibration curve from linear regression of the
measurements from three wires. The resulting equation is
F � 0.1468mN/mm × δ, where F is the force in mN and δ is
the deflection in mm.

Cantilever Bioreactor Sterilization
The bioreactor components were placed in a 2% Alconox solution
(Alconox, White Plains, NY) and sonicated for 1 h at 60°C. The
components were thoroughly rinsed in deionized water and
submerged in 70% ethanol overnight. Each piece was placed on a
sterile drape within a biosafety cabinet and exposed to UV light for
30 min per side. The Teflon components and a disposable tissue
culture dish (Falcon, 100 × 20mm) were then soaked in a 2%
Pluronic F-127 solution (Sigma, St. Louis, MO) for 2 h and allowed
to dry for another 2 h. The device was then assembled under sterile
conditions and was sealed to the dish using a sterile silicone-based
grease (Dow Corning High Vacuum Silicon Grease).

FIGURE 2 | Schematic of the force-bioreactor. A cell seeded fibrin gel
(i.e., hydrogel) is polymerized in the cavity containing a rigid glass rod and a
bendable Nitinol wire. The stabilization bar is only present during initial gel
polymerization. Once polymerized, the stabilization bar is removed, and
the hydrogel is free to contract. Force is determined by the amount of
deflection (δ) the contracted gel produces in a calibrated wire.
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Fibrin Gel Polymerization
RJCFswere embedded in fibrin gels at a cell density of 1 million cells/
ml. Gels were produced as described previously (Sander et al., 2011;
El-Hattab et al., 2020) by combining cells with dissolved fibrinogen
(F-8630, Sigma, St. Louis, MO), 20 mM HEPES buffered saline (H-
0887, Sigma, St. Louis, MO), calcium chloride (Avantor, Center
Valley, PA), and dissolved thrombin (T-4648, Sigma, St. Louis, MO).
2 ml of this solution were then added to the cavities of each
bioreactor and allowed to polymerize at room temperature for
10 min before being transferred to the incubator for an additional
30 min of polymerization. After polymerization, the U-shaped
stabilization bar was carefully removed, the gel was gently
released from the side walls, and 25ml of DMEM supplemented
with 1 ng/ml of TGF-β1(PeproTech, Inc., Cranbury, NJ) and 50 μg/
ml of ascorbic acid was added to the culture dishes. The bioreactors
were maintained for up to 6 days. No media changes were made to
prevent disruption of the gel-wire configuration during imaging.

Imaging and Quantification of Force
Production
A Raspberry Pi, camera module (V2: 8 Megapixel, 1080p), and
relay-triggered light source were used to acquire overhead images

of the bioreactors inside the incubator (Figure 4). Six complete
bioreactor assemblies were placed on a custom-built turntable
that completed one revolution hourly. Images were acquired
every 10 min so that an image of each bioreactor was acquired
every hour. After image acquisition, NiTi wire deflection was
quantified using a custom MATLAB program and converted to
force using the calibration curve. Code for the imaging system can
be found in the Supplementary Materials.

Confocal Imaging of Collagen Content
After the experiment, the gels were removed from the system and
placed in a 6-well plate. Cells and collagen were labeled,
respectively, using wheat-germ agglutinin conjugated with
Alexa Fluor 647 and collagen-binding adhesion protein 35
(CNA35, a kind gift from Magnus Hooke, Texas A&M
Health) conjugated with Alexa Fluor 488. Using a Nikon
A1 confocal microscope (Nikon Instruments Inc., Melville,
NY), representative z-stack images were taken and converted
into a 3-D rendering.

Experimental Conditions
The normal contractile behavior of the myofibroblasts in the
system was quantified and compared to the response of the

FIGURE 3 | (A) The tensile testing system and analytical balance used to generate force-deflection curves for each Nitinol wire. (B) A calibration curve generated
from the average response of three Nitinol wires.

FIGURE 4 | (A) The bioreactor turntable and imaging system inside a dedicated incubator. (B) View of the turntable from the Raspberry Pi camera.
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system to the addition of 50 µM blebbistatin (ab120425, Abcam,
Waltham, MA) in 0.1% dimethyl sulfoxide (DMSO). Three
samples for each condition were tested (i.e., n = 3 control and
n = 3 blebbistatin). Two separate experiments (also with n = 3 per
group) were performed that differed in when the drug was added
(i.e., 72 or 96 h after the start of the experiment). Thus, the total
number of samples was n = 12.

Statistical Analysis
Statistical analysis was carried out using GraphPad Prism version
9.31 (GraphPad, San Diego, CA). Paired t-tests were conducted to
assess significance (p < 0.05) for differences in force before and
after treatment. Unpaired t-tests were conducted to assess
significant differences between treatment groups and controls.

RESULTS AND DISCUSSION

During 6 days of culture, untreated fibrin gels (i.e., control)
rapidly densified and decreased in length and volume from
cell-generated traction forces, which were measured from the
deflection of the embedded NiTi wires (Figure 5, Supplementary
Movie S1). Treated gels followed the same trajectory but relaxed
nearly instantly once blebbistatin was administered (Figure 5,
Supplementary Movie S2). In the first experiment, the average
rate of force increase in both control and treated gels remained
nearly constant over the first 26 h at 0.010 mN/h. The control gels
then reached an average steady-state force of 0.257 ± 0.012 mN
for the remainder of the experiment. Starting around day four, gel
compaction and thinning around the wire concentrated the stress
such that the gel tore from the embedded wire. The treated gels
reached a higher average force of 0.285 ± 0.021 mN between
26 and 72 h. At 72 h, when 50 µM blebbistatin in 0.1%DMSOwas
added, the average force rapidly decreased 40% from 0.257 ±
0.055 mN to a minimum of 0.154 ± 0.035 mN in 10 h (p =
0.0199). After approximately 40 additional hours, the force began
to increase again.

A second set of experiments was conducted with two changes.
First, to help address the issue of gel failure that occurred in the
control gels in the first set of experiments, the surface area of each
wire was increased by a factor of 8.5 by gluing a short segment
(~5 mm) of a mylar wrapped hematocrit tube (OD ~ 1.7 mm) to
each wire end. In addition, the pre-treatment period was
extended by 24 h to help ensure that the gels had reached a
steady-state level of tension. Consequently, 50 µM blebbistatin in
0.1% DMSO was added at 96 h to the treatment group. An
example gel from this group is shown in Figure 6, where
select images of the gel in the bioreactor accompany key parts
of the force curve.

Compared to the first experiment, the average rate of force
increase was slightly lower over the first 26 h at 0.009 mN/h and
0.007 mN/h for the treated and control gels, respectively. Average

FIGURE 5 | Two experiments comparing the response and reproducibility of the bioreactor systems over 6 days in the presence (blue) and absence (red) of
blebbistatin. Solid lines indicate the average of n = 3 replicates. The shaded areas correspond to the standard deviation. The grey dotted line marks the time at which
50 μm blebbistatin in 0.1% DMSO was added to the samples.

FIGURE 6 | A representative plot of the force response for a single gel
treated with blebbistatin at 96 h. Images of gel deflection correspond to 5, 96,
and 105 h and are marked with dotted lines.
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forces between 27 and 96 h were also a little lower at 0.249 ±
0.018 mN and 0.220 ± 0.014 mN for treated and control gels,
respectively. As before, administration of blebbistatin
significantly reduced average gel force 37% from an average
peak of 0.289 ± 0.022 mN at 98 h to 0.182 ± 0.024 mN at
104 h (p = 0.0389). Average gel force remained low for the
remaining 48 h of the experiment, with signs of a slow
increase in force beginning to develop near the conclusion of
the experiment.

Taken together, our experiments show that administration of
50 µM blebbistatin in 0.1%DMSO reduced cell-generated tension
within the gel by approximately 40% with effects that lasted at
least 40 h. Small differences between the two independent sets of
experiments were not significant and were likely due to the
normal biological variation inherent in cell culture experiments.

To determine whether the decrease in gel force observed also
impacted collagen production, both treated and control gels were
also labeled with CNA35 (Figure 7). Qualitatively, less
CNA35 labeling was observed in blebbistatin treated gels
compared to controls, suggesting that collagen production was
lower.

Several groups have used similar techniques to measure cell
force generation within hydrogels (Kolodney & Wysolmerski,
1992; Eastwood et al., 1994; Freyman et al., 2001; Campbell et al.,
2003). Most directly comparable to the present study, Eastwood
et al. (Eastwood et al., 1994) measured the forces generated by
human dermal fibroblasts in 1 mg/ml collagen gels over 48 h and
found a linear increase in force followed by a plateau that started
around 24 h. The average peak force per cell was reported as 100 ±
20 pN/cell. Our results using rabbit joint capsule fibroblasts in
6 mg/ml fibrin gels match these findings very closely. In addition
to strong parallels in the force curves (i.e., linear increase followed
by a plateau around 24 h), our average force per cell ranged
between 110 and 145 pN/cell.

It has been suggested that fibroblasts and other cell phenotypes
regulate ECM tension according to a cell-specific setpoint in a
process termed tensional homeostasis (Brown et al., 1998). At
least over short periods of time (i.e., hours to days), fibroblasts
appear to regulate the forces they generate irrespective of the
material properties of the hydrogel. The fact that we observed
comparable force values in fibrin gels compared to collagen gels is
supportive of this idea. However, long term adaptation of cells to

their mechanical environment suggests that these setpoints can
change and may be responsible for a host of fibrotic disorders and
other diseases. One can modulate wire stiffness in the bioreactor
by changing wire diameter and/or length. Different wire stiffness
will impact the balance between cell traction forces and
reorganization/realignment of the fibrin fibers in the gel,
which might enable one to investigate these force set-points
and other mechanobiological processes in more detail.

It is also possible that more subtle changes in gel stiffness from
ECM adaptations could be revealed by this bioreactor system, but
that requires knowing more about how much of the force
remaining after administration of blebbistatin can be
attributed to the cells versus forces supported by the gel. The
50 μMconcentration of blebbistatin used in this study was chosen
because it is not cytotoxic but still effective at reducing cell
traction forces and collagen production (Atluri et al., 2016).
This concentration, however, does not eliminate traction
forces completely. To eliminate traction forces completely, one
could try other compounds, such as cytochalasin D (Wakatsuki
et al., 2000), or apply techniques that induce apoptosis (Roberts
et al., 2004). The remaining deflection in the wire should then
correspond to the force supported by ECM adaptations, a
phenomenon reported in other hydrogel systems (Wakatsuki
et al., 2000; Bidan et al., 2016; Brauer et al., 2019). More work
will need to be done to explore this idea further.

This bioreactor was designed to monitor real-time changes in cell
traction force in response to drugs that impact the force generating/
sensing apparatus of the cell and downstream collagen production.
We believe that there are metrics in the force curves that will be
predictive of this downstream remodeling process, such as the
percent reduction in peak force, the duration of this reduction,
and the force magnitudes measured. However, additional
experiments and biochemical quantification of collagen content
will be necessary to firmly establish these relationships. One could
also perform mechanical tests, such as uniaxial extension tests on the
gels prior to assaying for collagen, to better relate the resulting
collagen content to mechanical properties. This information,
combined with the knowledge of how forces distribute among the
cells and the gel, will provide additional insight on how the
mechanical and biochemical environment influences tissue
remodeling and how controlling that environment could be used
to improve wound healing and tissue repair.

FIGURE 7 | Differences in collagen synthesis visualized on day 6. Collagen deposition (green) and cells (red) depicted in the confocal volume rendering for
blebbistatin and control (i.e., no treatment), respectively.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org July 2022 | Volume 10 | Article 9076116

Scholp et al. Force-Bioreactor

133

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Our bioreactor system can help us better understand cell and
ECM adaptations, particularly in the context of a
mechanochemical feedback loop, and how compounds such as
blebbistatin can be administered to control the healing response
in a tissue. With respect to the latter, a balance must be struck
between allowing fibroblasts to synthesize enough collagen and
ECM proteins to repair the site of injury and limiting
myofibroblast activity so that excessive collagen deposition is
prevented. Our next steps are to use this bioreactor with drug
delivery systems, such as biodegradable polymer microparticles
or liposomes, to determine release kinetics and a therapeutic
range of drug concentrations for normal healing.

Tomasek et al. (Tomasek et al., 2002) proposed that quiescent
fibroblasts differentiate into a contractile, but α-SMA negative,
proto-myofibroblast before transitioning to a fully activated α-
SMA positive myofibroblast. Generally, it was thought that
myofibroblast differentiation was irreversible, but several
studies since have indicated that reversal can occur (Kisseleva
et al., 2012; Garrison et al., 2013; Kollmannsberger et al., 2018).

For example, Kollmannsberger et al. showed that myofibroblasts
in a 3D microtissue reverted to α-SMA negative fibroblasts once
tensile forces in the interior of the growing microtissue were
offloaded to newly formed ECM, a process that occurred over a
period of 2–3 weeks (Kollmannsberger et al., 2018). An even
longer time scale of months was observed for myofibroblast
reversal in a model of rat liver fibrosis (Kisseleva et al., 2012).
In our experiments, it is highly likely that the duration of
blebbistatin exposure was too short for myofibroblast reversal.
Future experiments could be extended to examine whether
blebbistatin can also cause reversal.

It has been known for decades that fibroblasts have tissue-
specific properties that make, for example, the behavior of corneal
fibroblasts differs from that of dermal fibroblasts (Doane & Birk,
1991). It is now clear that even within a specific tissue there is
quite a bit of fibroblast heterogeneity. For example, genetic
lineage tracing experiments in mice have found at least two
distinct fibroblast populations in the peripapillary and reticular
dermis, each with unique functions with respect to tissue repair

FIGURE 8 | (A)Rendering of the scaled-down force-bioreactor. (B) Image of a prototype bioreactor. (C)Rendering of the scaled-down bioreactor inside a standard
6-well tissue culture plate.
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(Driskell et al., 2013; Rinkevich et al., 2015). Similarly, several
genetically and biofunctionally distinct myofibroblast
subpopulations have been identified in the healing wounds of
mice (Shook et al., 2018, 2020), which suggests that each
subpopulation has a unique role in the wound healing process.
Heterogeneous tissue-specific fibroblast populations have also
been recently identified in other tissues, such as the heart
(Tallquist, 2020) and the lung (Xie et al., 2018). In this study,
we used a relevant tissue-specific fibroblast population from the
joint capsule in order to simplify our understanding of the
relationships between drug dosing and joint capsule fibroblast
behavior. As we develop this system further, it will be necessary to
consider the effects and interactions of a more heterogenous cell
population, particularly in the instance of a contracted joint,
where additional cells, particularly immune cells, migrate into the
capsule and impact the healing response (Qu et al., 2019).
Building this additional complexity into our system has the
potential to enable a deeper understanding of how joint
contracture develops and how various treatment strategies
might be developed in conjunction with animal studies.

The bioreactor sample size is well-suited for biochemical ECM
quantification, mechanical testing, and for having sufficient cell
numbers for conventional RNA or DNA analysis (e.g., RNAseq or
RT-qPCR). To accommodate this sample size, however, a large
medium reservoir (i.e., 25 ml) is needed to provide a sufficient
source and sink for metabolites and waste products. A
disadvantage to having a large reservoir is that the amount of
drug needed can be costly. To address this issue, we have also
designed a scaled-down version of the system that fits inside a 6-
well plate (Figure 8) and uses a tenth of the reagents of the
current system. Even smaller scale micropillar systems exist that
easily fit within a 96-well plate (Vandenburgh et al., 2008; Boudou
et al., 2012). These systems are well-suited for high-throughput
drug screening and quantifying relationships between various
drugs and force generation with minimal usage of reagents.
However, the gel sizes generally preclude additional analysis
for gene expression, protein quantification, and mechanical
testing. Recent developments with single-cell RNA-seq
(Luecken & Theis, 2019), new proteomics approaches for
quantifying ECM proteins (Jacobson et al., 2020), and
nanoindentation/atomic force microscopy (Xu et al., 2016)
have the potential to enable one to work with much smaller
samples, but these technologies are still being refined and not
always available. Therefore, we envision the use of different sized-
bioreactors, coupled with computational biochemical and
biomechanical models, as the components of a multi-pronged
approach to drug-screening for mechanobiologically significant
compounds.

These bioreactors could also be used to study the contractile
behavior of other mechanobiologically relevant cell phenotypes,
particularly those that apply traction forces to their surrounding
ECM, such as arterial smooth muscle cells (Chen et al., 1991),
retinal epithelial cells (Smith-Thomas et al., 2000), or osteoblasts
(Qi et al., 2007). Cells could be studied in the context of other

diseases, such as ventilator induced lung injury (Bates & Smith,
2018) or cancer (Northcott et al., 2018), or in the context
of development (Nelson & Gleghorn, 2012; Vianello &
Lutolf, 2019), or other mechanobiologically relevant areas of
investigation.

In conclusion, the force bioreactor system demonstrated
that administration of 50 µM blebbistatin reliably reduces
fibroblast force generation, which in turn resulted in
qualitatively less collagen production as determined via
fluorescent labeling. Quantification of collagen content (as
well as the synthesis of other ECM proteins) via
biochemical or proteomic analysis are needed to confirm
these observations and to better understand the
implications of temporarily and reversibly interrupting
fibroblast/myofibroblast mechanosensing. In addition,
tensile testing of the gels would be useful for relating
compositional changes to mechanical changes.
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Craniofacial (CF) tendons are often affected by traumatic injuries and painful

disorders that can severely compromise critical jaw functions, such as

mastication and talking. Unfortunately, tendons lack the ability to regenerate,

and there are no solutions to restore their native properties or function. An

understanding of jaw tendon development could inform tendon regeneration

strategies to restore jaw function, however CF tendon development has been

relatively unexplored. Using the chick embryo, we identified the jaw-closing

Tendon of the musculus Adductor Mandibulae Externus (TmAM) and the jaw-

opening Tendon of the musculus Depressor Mandibulae (TmDM) that have

similar functions to the masticatory tendons in humans. Using histological and

immunohistochemical (IHC) analyses, we characterized the TmAM and TmDM

on the basis of cell and extracellular matrix (ECM) morphology and

spatiotemporal protein distribution from early to late embryonic

development. The TmAM and TmDM were detectable as early as embryonic

day (d) 9 based on histological staining and tenascin-C (TNC) protein

distribution. Collagen content increased and became more organized, cell

density decreased, and cell nuclei elongated over time during development

in both the TmAM and TmDM. The TmAM and TmDM exhibited similar

spatiotemporal patterns for collagen type III (COL3), but differential

spatiotemporal patterns for TNC, lysyl oxidase (LOX), and matrix

metalloproteinases (MMPs). Our results demonstrate markers that play a role

in limb tendon formation are also present in jaw tendons during embryonic

development, implicate COL3, TNC, LOX, MMP2, and MMP9 in jaw tendon

development, and suggest TmAM and TmDM possess different developmental

programs. Taken together, our study suggests the chick embryomay be used as

a model with which to study CF tendon extracellular matrix development, the

results of which could ultimately inform therapeutic approaches for CF tendon

injuries and disorders.
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1 Introduction

Craniofacial (CF) tendons transfer muscle-generated forces

to bones, thus enabling critical jaw movements such as

mastication, talking, swallowing, and yawning. Over 3 million

CF traumas occur each year in the U.S., involving injuries to the

soft tissues and bones of the face and skull, caused by vehicle and

sports accidents, assaults, and combat (Miura et al., 2006; Rocchi

et al., 2007; Twigg and Wilkie, 2015; Luo et al., 2019; Su et al.,

2021). Traumatic CF soft tissue injuries account for nearly 10% of

all emergency department visits and up to $200 billion in medical

costs (Kretlow et al., 2010; Su et al., 2021). Even though these

injuries affect multiple CF tissues, including tendons, current

treatment approaches to restore jaw function neglect tendons,

and instead focus only on reconstructing bone despite failing to

fully restore jaw function (Warren et al., 2003; Zhang and Yelick,

2018). CF tendons also experience painful disorders for which

there are no effective treatments. Temporal tendinitis

(tendinopathy) is a disorder or disease of the temporalis

tendon that has been characterized by both inflammation and

degeneration but is under-treated due to the anatomical

complexity and incomplete understanding of temporal

tendons (Dupont and Brown, 2012; Bressler et al., 2020).

Taken together, there is a critical need to understand normal

CF tendon formation in order to inform and develop treatment

strategies to restore CF tendons and jaw function.

While a small number of studies have investigated CF tendon

cell morphogenesis in zebrafish embryos (Chen and Galloway,

2014; McGurk et al., 2017; Subramanian et al., 2018), little is

known about CF tendon development. Furthermore, animal

models other than zebrafish have not been established for

study of CF tendons. In contrast, limb tendon development

has been studied in various animal models. We and others

have used the chick embryo model to extensively to study

limb tendon formation as it closely parallels that in mammals,

making it an excellent model to study tendon formation with

relevance to human (Fleischmajer et al., 1990; Ros et al., 1995;

Birk et al., 1997; Birk and Mayne, 1997; Schweitzer et al., 2001;

Edom-Vovard and Duprez, 2004; Canty et al., 2006; Banos et al.,

2008; Kuo et al., 2008; Marturano et al., 2013; Marturano et al.,

2014; Schiele et al., 2015; Havis et al., 2016; Marturano et al.,

2016; Nguyen et al., 2018; Pan et al., 2018; Nguyen et al., 2021;

Peterson et al., 2021). Furthermore, the chick embryo has

previously been used to study embryonic craniofacial bone,

muscle, and cartilage development (reviewed in Abramyan

and Richman, 2018). Here, we propose the chick embryo as a

model with which to study craniofacial tendon development.

In this study we focused on tendons that have similar jaw-

opening and jaw-closing functions as the masticatory tendons in

human. It has previously been described in pigeons, parakeets,

finches, and tailor birds that the musculus Adductor Mandibulae

Externus (mAME) is the principal jaw adductor that enables

closing of the lower jaw, and that the musculus Depressor

Mandibulae (mDM) is the principal jaw depressor that

enables opening and sidewards rotation of the lower jaw

(Bhattacharyya, 2013; Carril et al., 2015; Jones et al., 2019; To

et al., 2021). We therefore focused on identifying and

characterizing the tendons that attach the mAME and the

mDM to the lower jaw, which we termed the TmAM (tendon

attaching to the mAME) and TmDM (tendon attaching to the

mDM). The jaw-closing TmAM and jaw-opening TmDM exhibit

similar structure and function as tendons of the human jaw-

closing muscles (masseter, temporalis, medial pterygoid) and

jaw-opening muscles (lateral pterygoid), respectively (Van Eijden

et al., 1997).

During embryonic development, limb tendons undergo

drastic changes in cell density and extracellular (ECM)

morphology (Kuo et al., 2008; Marturano et al., 2013; Schiele

et al., 2015). The ECM of adult tendon is primarily composed of

hierarchically organized collagen (Kastelic et al., 1978;

Marturano et al., 2013). As the embryonic limb tendon

develops, collagen content and organization continue to

increase gradually until a functional tendon has formed

(Kastelic et al., 1978; Marturano et al., 2013). Collagen type

III (COL3) is present at various stages of limb tendon

development, and has been implicated in regulating

fibrillogenesis of collagen type I as well as fibril growth and

assembly during embryonic limb tendon development

(Fleischmajer et al., 1988; Fleischmajer et al., 1990; Ros et al.,

1995; Birk and Mayne, 1997; Liu et al., 1997; Kuo et al., 2008).

Another critical regulator of limb tendon development is lysyl

oxidase (LOX), an enzyme that covalently crosslinks collagen to

impart mechanical properties to the developing tendon

(Marturano et al., 2013; Marturano et al., 2014). LOX mRNA,

protein, and LOX-mediated collagen crosslink density increase

over time during embryonic limb tendon development

(Marturano et al., 2014; Pan et al., 2018). While its function

during limb tendon development has been minimally studied,

matrix metalloproteinase (MMP)-2 has been detected in chick

embryo limb tendons and suggested to play a role in ECM

remodeling during development (Jung et al., 2009). Tenascin-

C (TNC), a matricellular protein that labels both tendon

primordia and differentiated tendons, has been previously

used as a marker to label limb tendons during development

(Chiquet and Fambrough, 1984; Kardon, 1998; Edom-Vovard

et al., 2002). It would be interesting to examine if these regulators

and markers of limb tendon development are also present during

CF tendon development.
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The goal of this study was to characterize the chick embryo as a

model with which to study jaw tendon development, with a particular

focus on the TmAM and TmDM. We identified the TmAM and

TmDM via a combination of functional, anatomical, and

morphological features. Using histological and

immunohistochemical (IHC) analyses, we characterized the

TmAM and TmDM on the basis of cell and ECM morphology

and spatiotemporal protein distribution from early to late embryonic

development. We focused on ECM molecules implicated in

embryonic limb tendon development, and also compared TmAM

and TmDMwith each other. Our data support the chick embryo as a

model to study CF tendon ECM development, and presents

morphological and protein characterizations that can serve as a

foundation for future studies of CF tendon development.

2 Materials and methods

For all experiments chick embryos between developmental

day (d) 9 through d19 were used, corresponding to Hamburger

and Hamilton (Hamburger and Hamilton, 1951) stages (HH)

35 throughHH45, respectively (Table 1). In this study, we refer to

the different embryonic stages by developmental days (d). Image

analyses of tendon cell density and cell morphology were

performed by 3 reviewers in a blinded fashion.

2.1 Gross identification of CF tendon
location

Freshly harvested chick embryo heads were used for

dissection. After skin and superficial fat were removed,

tendons were identified by gently pulling on tendons with

forceps to show opening and closing of the beak.

2.2 Tissue harvest and processing

Fertilized White Leghorn chicken eggs (CBT Farms,

Chestertown, MD) were incubated at 37°C in a humidified

rocking incubator. On incubation d9 through d19, chick

embryos were sacrificed by decapitation, staged, and heads

were fixed in 10% neutral buffered formalin (Sigma-Aldrich,

HT501128-4L, MO, United States) overnight at 4°C. After

decalcification in Immunocal (StatLab Medical Products, TX,

United States) heads were skinned and cut in half along the

sagittal plane. Tissue specimens were dehydrated through

serially graded ethanol washes, and then processed and

embedded in paraffin, as previously described (Kuo et al.,

2008; Brown et al., 2012; Navarro et al., 2022). Heads were

oriented to section TmAM and TmDM longitudinally at 6 μm

thickness. To orient paraffin blocks to obtain longitudinal

sections of the TmAM, location and orientation of the eye, ear,

and fossa temporalis of the squamosal bone were used as

references. To orient paraffin blocks to obtain longitudinal

sections of the TmDM, location and orientation of the lower

mandible was used as a reference. Tissue sections were

subsequently used for histological and

immunohistochemical staining.

2.3 Histological identification of CF
tendons

To identify CF tendons relative to muscle and bone, and

visualize tendon morphology, tissue sections were stained with

Mallory’s trichrome, as previously described (Kuo et al., 2008;

Kuo and Tuan, 2008; Marturano et al., 2013; Navarro et al.,

2022), and brightfield images were acquired with a ZEISS

Axioscan.Z1 slide scanning microscope with a 20x objective

(Zeiss, Oberkochen, Germany).

2.4 Characterization of cell density and
cell morphology

To assess tendon cell density and morphology, tissue

sections were stained with hematoxylin and eosin (H&E),

as previously described (Kuo et al., 2008; Kuo and Tuan,

2008; Brown et al., 2012; Marturano et al., 2013; Navarro

et al., 2022), and brightfield images were acquired with a

ZEISS Axioscan.Z1 slide scanner with a 40x objective. Three

non-overlapping same-size (60 × 60 μm) regions of interest

(ROIs), equally distributed along the mid-portion of the

TmAM and TmDM and avoiding the myotendinous

junction and enthesis, were selected for analysis.

Brightfield images were deconvoluted into hematoxylin

and eosin signals using the H&E macro in Fiji (Schindelin

et al., 2012). Cell density was quantified by manually

counting nuclei per unit area (mm2). Aspect ratio (AR)

and circularity of cell nuclei were characterized via image

analysis using Fiji. Specifically, nuclei in hematoxylin images

were manually selected using the wand tool, after which Fiji

TABLE 1 Developmental days (d) and corresponding Hamburger
Hamilton stages (HH) of chick embryos used in this study.

Developmental day (d) Hamburger
Hamilton (HH) stage

d9 HH35

d11 HH37

d13 HH39

d15 HH41

d17 HH43

d19 HH45
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would automatically outline the nuclei. Measurements for

AR and circularity were then performed automatically by Fiji.

Nuclear AR was determined as the ratio of major axis to

minor axis. Nuclear circularity was determined as 4 π x (area/

perimeter2).

2.5 Characterization of collagen content,
organization, and fiber maturity

To assess collagen content, organization, and maturity,

tissue sections were stained with picrosirius red (PSR) and

imaged under brightfield and polarized light (POL), as

previously described (Kuo and Tuan, 2008), using a ZEISS

Axioscan.Z1 slide scanning microscope with a 20x objective.

Three non-overlapping same-size (60 × 60 μm) regions of

interest (ROIs) were selected equally distributed along the

mid-portion of the TmAM and TmDM, avoiding the

myotendinous junction and enthesis. Collagen content and

organization were analyzed using Fiji. Collagen content was

characterized by quantifying PSR-stained area in brightfield

images. Specifically, images were converted into 8-bit binary

images and thresholded to isolate PSR staining from

background staining. Percentage area fraction of

thresholded PSR staining was calculated. The same

threshold was used for all technical and biological replicates

for all embryonic stages. Collagen organization was

characterized by quantifying birefringence signal of POL

images, as higher birefringence signal is associated with

more organized collagen (Kuo and Tuan, 2008). Specifically,

POL images were converted into 8-bit binary images and

thresholded to isolate birefringence signal from background.

Percentage area fraction of thresholded birefringence signal

was calculated. The same threshold was used for all technical

and biological replicates for all embryonic stages. Collagen

maturity was analyzed in POL images of PSR-stained sections

using a custom MATLAB routine (version 2019b, Mathworks,

Natick, MA). To identify collagen-rich regions of interest, a

net intensity threshold was applied to all images as follows: IR
+ IG + IB ≥ 140, where IR, IG, and IB represent the red, green,

and blue intensity values of individual pixels, respectively.

Within the thresholded region, individual pixels were

classified as 1) red if IR/IG ≥ 1.8; 2) green if IR/IG ≤ 1.1;

and 3) yellow if 1.1 < IR/IG < 1.8. The classification limits were

determined by calculating the IR/IG intensity ratio of

individual pixels for green, yellow, and red. At least

10 pixels were analyzed per embryonic stage for

determination of classification limits of each color. Using

this classification strategy, area fractions occupied by green,

yellow, and red fibers within each ROI were quantified.

Relative content of green, yellow, and red regions were

interpreted as areas of immature, intermediate, and mature

collagen fibers, respectively (Dayan et al., 1989).

2.6 Immunohistochemical staining

Immunohistochemical staining was performed to detect

TNC, COL3, LOX, MMP2 (gelatinase A), and MMP9

(gelatinase B), based on our previous protocols (Kuo et al.,

2008; Brown et al., 2012) and with the following

modifications. Briefly, antigen unmasking solution,

BLOXALL® endogenous peroxidase blocking solution, normal

horse serum (2.5%), ImmPRESS® HRP IgG polymers, and

ImmPACT® DAB substrate (Peroxidase, HRP) were purchased

from Vector Laboratories (CA, United States). Tissue sections

were subjected to a citrate-based heat-mediated antigen retrieval,

endogenous peroxidases were blocked for 10 min, and unspecific

binding sites were blocked with 2.5% normal horse serum for 1 h.

Sections were incubated over night with primary antibodies

against TNC (M1-B4, Developmental Studies Hybridoma

Bank (DSHB), Iowa, United States, 1:100), COL3 (3B2, DSHB,

Iowa, United States, 1:100), LOX (ab31238, Abcam, 1:100),

MMP2 (ab97779, Abcam, 1:100), and MMP9 (ab38898,

Abcam, 1:100), or with normal horse serum as negative

control. Hybridoma Product M1-B4 developed by Fambrough,

D.M. and Hybridoma Product 3B2 developed by Mayne, R. were

obtained from the DSHB, created by the NICHD of the NIH and

maintained at the University of Iowa. After primary antibody

incubation, slides were incubated for 1 h with either horse anti-

mouse or horse anti-mouse IgG polymer. Subsequently, slides

were developed with DAB substrate and counterstained with

hematoxylin solution for 30 s (Gill No.1, Sigma, United States).

Brightfield images were acquired with a ZEISS Axioscan. Z1 slide

scanner with a 40x objective. Using ZEN lite software, three non-

overlapping same-size (60 × 60 μm) regions of interest (ROIs)

were selected equally distributed along the mid-portion of the

TmAM and TmDM, avoiding the attachment zones to the

muscle and the bone. Brightfield images were deconvoluted

into DAB and hematoxylin signal using the H-DAB macro in

Fiji. DAB-images were converted into 8-bit binary images and

thresholded to isolate DAB-signal from background. Percentage

area fraction of thresholded DAB signal was calculated. For each

protein, the same threshold was used for all technical and

biological replicates for all embryonic stages.

2.7 Statistical analysis

For all image analyses, a minimum of 3 biological replicates

(N) were analyzed per embryonic stage. Per biological replicate

(N), three ROIs, representing technical replicates (n = 3), were

analyzed. Statistical analyses were performed using GraphPad

Prism v.8.0.2 (La Jolla, CA, United States). Numerical data is

presented as mean ± standard deviation. Each datapoint

represents one biological replicate (N), which was determined

by average values of 3 technical replicates (n) for that N. For

comparison of cell density, cell morphology, collagen content,
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birefringence, collagen fiber maturity, and IHC-stained area

fraction between d9 through d19 jaw tendons, one-way

analysis of variance (ANOVA) for multiple comparisons was

used followed by a Tukey’s Post hoc test, after confirming normal

distribution of the data (D’Agostino and Pearson omnibus

normality test). When the above assumption was violated,

non-parametric statistics and Kruskal–Wallis test for multiple

comparisons was utilized. Statistical significance was set at

α = 0.05.

3 Results

3.1 Gross characterization of jaw-closing
TmAM and jaw-opening TmDM

We grossly detected the TmAM as an intramuscular tendon

that originates at the fossa temporalis of the squamosal bone and

connects the mAME, a principal jaw adductor muscle, to the

lower jaw (mandible) (Figure 1A). The TmAM is involved in

rotating as well as lifting the lower jaw upwards and thus is a jaw-

closing tendon (Figure 1B). We confirmed the TmAM by using

forceps to gently pull on the tendon and showed a closing of the

lower jaw (Figure 1B). The TmAM is a pennate tendon with

muscle (mAME) attaching along the length of the TmAM on

both sides and attachments at the squamosal bone and mandible

(Figure 1C). We detected the TmDM as a prominent tendon that

connects the mDM, a lower jaw rotator muscle, with the

mandible at the posterior end of its medial surface

(Figure 1D). The TmDM is involved in rotating the lower jaw

as well as protracting the upper jaw (maxilla) and is thus a jaw-

opening tendon (Figure 1E). We confirmed the TmDM by using

forceps to gently pull on the tendon and demonstrated an

opening of the lower jaw (Figure 1E). The TmDM is attached

to muscle (mDM) on one end and to bone (mandible) on the

other end (Figure 1F).

3.2 Histological characterization of jaw-
closing TmAM and jaw-opening TmDM

TmAM and TmDMwere first detected by embryonic d9 with

histological stains. Tendon structures could not be identified

histologically at d8 or earlier (not shown). In trichrome-stained

sections, the TmAM was first detected at d9 via blue staining for

collagen as well as via attachments to mAME which stained red

FIGURE 1
Identification of jaw-closing TmAM and jaw-opening TmDM in a d19 chick embryo. (A)Macroscopic view showing location of the jaw-closing
TmAMwith beak open. (B) Pulling the TmAMwith a forceps induced closing of the jaw. (C)Mallory’s trichrome staining of tissue regions highlighted
by yellow rectangle in Figure 1A shows origin of TmAM (blue) at fossa temporalis of squamosal bone (dark blue) and attachment of mAME (red) along
both sides of the TmAM. (D) Macroscopic view showing location of the jaw-opening TmDM with beak open. (E) Pulling the TmDM with a
forceps induced opening of the jaw. (F)Mallory’s trichrome staining of tissue regions highlighted by yellow rectangle in Figure 1D shows attachments
at each end of the TmDM (blue) to mDM (red) and mandible (dark blue).
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(Figure 2A). TmAM collagen content appeared to increase and

become more organized between d9 and d19 (Figure 2A). Muscle

fibers connecting to the TmAM were first detected at d11

(Figure 2A, yellow arrowheads). Similarly, the TmDM was

first detected at d9 and distinguishable from surrounding

tissue as a denser, more compact microstructure, unlike the

surrounding loose connective tissue (Figure 2B). The

collagenous matrix of the TmDM stained blue and the

attached mDM stained red (Figure 2B). TmDM collagen

content appeared to increase and become more organized

between d9 and d19 (Figure 2B).

3.3 Characterization of tendon cell density
and morphology

Quantitative image analysis of H&E-stained sections of the

TmAM (Figure 3A) revealed a significant increase in cell density

between d9 and d13 (Figure 3B). Cell density peaked at d13 in the

TmAM and subsequently decreased significantly between

d13 and d19 (Figure 3B). Nuclear aspect ratio increased

significantly over time during development in the TmAM

(Figure 3C). Nuclear circularity remained relatively constant

between d9 and d13, decreased significantly after d13, and

remained relatively constant between d15 and d19 in the

TmAM (Figure 3D). Image analysis of H&E-stained sections

of the TmDM (Figure 3A) showed cell density remained

relatively constant between d9 and d17, and decreased

significantly between d13 and d19 (Figure 3E). Nuclear aspect

ratio increased significantly over time during development in the

TmDM (Figure 3F). Nuclear circularity decreased significantly

between d9 and d13 in the TmDM, and subsequently remained

constant between d13 and d19 (Figure 3G). Based on these

analyses, tendon cells in both the TmAM and the TmDM

changed from a rounded to an elongated shape over time

during development.

3.4 Characterization of collagen content,
organization, and fiber maturity

TmAM collagen content, organization, and fiber maturity

were analyzed in PSR-stained sections (Figure 4A). Image

analysis revealed collagen content significantly increased from

stage to stage between d9 and d13 in the TmAM and reached a

plateau after d13 (Figure 4B). Analysis of collagen

birefringence signal, a surrogate for collagen organization,

revealed significant increases in the TmAM between d9 and

d13 (Figure 4C). After d13, collagen birefringence signal

reached a plateau in the TmAM (Figure 4C). Based on

FIGURE 2
Collagen content appeared to increase and become more organized in jaw-closing TmAM and jaw-opening TmDM between d9 and d19. (A)
Low and highmagnification brightfield images of Mallory’s trichrome staining of TmAM show collagen content (blue) increasing and becomingmore
organized between d9 and d19. Yellow arrows highlight muscles attaching along length of TmAM. (B) Low and high magnification brightfield images
of Mallory’s trichrome staining of TmDM show collagen content (blue) increasing and becoming more organized between d9 and d19. Tendon
(t), muscle (m), cartilage (c), loose connective tissue (ct).
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these data, collagen content increased throughout

development in the TmAM, and became more organized

during early and intermediate developmental stages.

Quantitative analysis of collagen fiber maturity in the

TmAM revealed that the percentage of immature (green)

fibers decreased significantly between d9 and d13 and

remained consistently low after d11 (Figure 4D).

Percentage of intermediate (yellow) fibers increased

significantly in the TmAM between d9 and d13, peaked at

d13, and decreased significantly between d13 and d19

(Figure 4E). Mature (red) fibers were first detected in the

TmAM at d11 and percentage of mature fibers increased

significantly between d11 and d19 (Figure 4F). Based on

these data, collagen fibers in the TmAM progressed from

mainly immature during early stages, to intermediate, and

finally to mature during late stages of development.

TmDM collagen content, organization, and fiber maturity were

also analyzed in PSR-stained sections (Figure 5A). Image analysis

revealed collagen content in the TmDM increased significantly from

stage to stage between d9 and d15 and reached a plateau after d15

FIGURE 3
Cell density decreased and nuclei became more elongated in jaw-closing TmAM and jaw-opening TmDM between d9 and d19. (A)
Representative brightfield images of H&E stained TmAM and TmDM. (B) Cell density increased significantly until d13 and subsequently decreased
significantly until d19 in TmAM. (C) Nuclear aspect ratio increased significantly between d9 and d19 in TmAM. (D) Circularity decreased significantly
between d9 and d19 in TmAM. (E) Cell density decreased significantly between d13 and d19 in TmDM. (F) Nuclear aspect ratio increased
significantly between d9 and d19 in TmDM. (G) Circularity decreased significantly between d9 and d13 in TmDM.
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FIGURE 4
Collagen content increased, collagen became more aligned, and fiber maturity increased in jaw-closing TmAM between d9 and d19. (A)
Representative brightfield and polarization (POL) images of PSR-stained TmAM. (B)Collagen content increased significantly over time and plateaued
after d13 in TmAM. (C) In the TmAM, collagen birefringence signal increased significantly over time and reached a plateau after d13. (D–F) Collagen
fibers progressed frommainly immature (D) during early stages, to intermediate (E), and finally to mature (F) during late stages of development
in TmAM.

Frontiers in Cell and Developmental Biology frontiersin.org08

Korntner et al. 10.3389/fcell.2022.944126

145

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.944126


(Figure 5B). Analysis of collagen birefringence signal revealed

significant increases between d9 and d17 and then a plateau after

d17 (Figure 5C). Based on this data, collagen content continued to

increase in the TmDM throughout development, and became more

organized during early and intermediate developmental stages. In

the TmDM, percentage of immature (green) fibers decreased

FIGURE 5
Collagen content increased, collagen became more aligned, and fiber maturity increased in jaw-opening TmDM between d9 and d19. (A)
Representative brightfield and polarization images of PSR-stained TmDM. (B) Collagen content increased significantly over time and plateaued after
d15 in TmDM. (C) In the TmDM, collagen birefringence increased significantly over time and reached a plateau after d17. (D–F) Collagen fibers in
TmDMprogressed frommainly immature (D) during early stages, to intermediate (E), and finally tomature (F) during late stages of development.
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significantly between d9 and d11 (Figure 5D). Percentage of

intermediate (yellow) fibers increased significantly in the TmDM

between d9 and d13, peaked at d13, and subsequently decreased

significantly between d13 and d19 (Figure 5E). Mature (red) fibers

were first detected in the TmDM at d11 and increased significantly

between d11 and d19 (Figure 5F). Based on these data, collagen

fibers in the TmDMprogressed frommainly immature during early

stages, to intermediate, and finally to mature during late stages of

development.

3.5 Spatiotemporal protein distribution of
collagen type III (COL3)

Quantitative analysis of COL3 presence in the TmAM

(Figure 6A) revealed that COL3 increased significantly

between d9 and d13 (Figure 6B). COL3 peaked at d13 in

the TmAM, decreased significantly after d13, and remained

low until d19 (Figure 6B). Quantitative analysis of

COL3 presence in the TmDM (Figure 6A) revealed that

COL3 also increased significantly between d9 and d13

(Figure 6C). COL3 peaked at d13 in the TmDM, decreased

significantly between d13 and d15, and remained low during

later stages (Figure 6C).

3.6 Spatiotemporal protein distribution of
tenascin-C (TNC)

Quantitative analysis of TNC presence in the TmAM

(Figure 7A) revealed that TNC remained relatively high

between d9 and d13, decreased significantly after d13, and

remained low during later stages (Figure 7B). In contrast,

quantitative analysis of TNC presence in the TmDM

(Figure 7A) revealed that TNC was relatively low at d9 and

d11, increased significantly between d9 and d13, and remained

relatively constant between d13 and d19 (Figure 7C).

3.7 Spatiotemporal protein distribution of
lysyl oxidase (LOX)

Quantitative analysis of LOX presence in the TmAM

(Figure 8A) revealed that LOX was relatively constant during

early and intermediate stages, and decreased significantly

between d11 and d19 (Figure 8B). Quantitative analysis of

LOX presence in the TmDM (Figure 8A) revealed that LOX

levels were relatively constant between early and intermediate

stages, decreased significantly between d11 and d17, and stayed

constantly low until d19 (Figure 8C).

FIGURE 6
COL3 decreased after d13 in both jaw-closing TmAM and jaw-opening TmDM. (A) Representative brightfield images of COL3 IHC of TmAM and
TmDM. (B) In TmAM, percentage area fraction positive for COL3 increased significantly until d13, and then decreased significantly in TmAM. (C) In
TmDM, percentage area fraction positive for COL3 increased significantly until d13, and then decreased significantly after d13.
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FIGURE 7
TNC showed different temporal patterns in jaw-closing TmAM and jaw-opening TmDM. (A) Representative brightfield images of TNC IHC of
TmAM and TmDM. (B) In TmAM, percentage area fraction positive for TNC decreased significantly after d13. (C) In TmDM, percentage area fraction
positive for TNC increased significantly until d13 and then plateaued.

FIGURE 8
LOX decreased during late developmental stages in jaw-closing TmAM and jaw-opening TmDM. (A) Representative brightfield images of LOX
IHC of TmAM and TmDM. (B) In TmAM, percentage area fraction positive for LOX decreased significantly from d15 to d19. (C) In TmDM, percentage
area fraction positive for LOX decreased significantly between d11 and d17 in TmDM.
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3.8 Spatiotemporal protein distribution of
matrix metalloproteinase 2 (MMP2)

Quantitative analysis of MMP2 presence in the TmAM

(Figure 9A) showed that MMP2 was relatively constant in the

TmAM between d9 and d13, decreased significantly between

d13 and d15, and remained constantly low until d19 (Figure 9B).

Quantitative analysis of MMP2 presence in the TmDM

(Figure 9A) showed that MMP2 remained relatively constant

between d9 and d15 (Figure 9C). MMP2 decreased significantly

between d15 and d17 and remained low until d19 (Figure 9C).

3.9 Spatiotemporal protein distribution of
matrix metalloproteinase 9 (MMP9)

Quantitative analysis of MMP9 presence in the TmAM

(Figure 10A) showed that MMP9 remained relatively constant

between d9 and d17 and decreased significantly between d17 and

d19 (Figure 10B). Quantitative analysis of MMP9 presence in the

TmDM (Figure 10A) showed that MMP9 remained relatively

constant between d9 and d19 (Figure 10C).

4 Discussion

CF tendon injuries and disorders can severely compromise

jaw movements such as mastication, yet there are currently no

treatments to regenerate and restore jaw function. Designing

treatments for jaw tendon regeneration will require

fundamental knowledge about jaw tendon development,

which has been minimally studied. Here, we

comprehensively characterized spatiotemporal patterns of

cell and ECM morphology and protein distribution at

distinct embryonic stages to provide markers for TmAM

and TmDM development. Our results show markers that

play a role in limb tendon formation are also present in jaw

tendons during embryonic development, implicate COL3,

TNC, LOX, MMP2, and MMP9 in jaw tendon development,

and suggest TmAM and TmDM vary in their developmental

programs. Our study supports the chick embryo as a novel

model with which to study mechanisms of CF tendon

development. This model, and the morphological and

protein characterizations we present here, will enable future

studies that could ultimately inform therapeutic approaches

for CF tendon injuries and disorders.

FIGURE 9
MMP2 decreased duringmid-to-later stages in jaw-closing TmAM and jaw-opening TmDM. (A) Representative brightfield images of MMP2 IHC
of TmAM and TmDM. (B) In TmAM, percentage area fraction positive for MMP2 decreased significantly after d13. (C) In TmDM, percentage area
fraction positive for MMP2 decreased significantly after d15.
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4.1 Chick embryos possess jaw-opening
and jaw-closing tendons analogous to
those in human

The TmAM is a multipennate tendon, as muscle fibers

attach along the length of the tendon. Similar to our

observations in the chick embryo, tendons of human jaw-

closing muscles (masseter, temporalis, medial pterygoid)

frequently exhibit a multipennate structure with muscle

fibers inserting along the tendon length, which allows for

transmission of high forces required for closing of the jaw

(Van Eijden et al., 1997). Based on these findings, the

TmAM could primarily be responsible for transmission

of high forces during jaw-closing. In contrast, the jaw-

opening TmDM is a non-pennate tendon, and attaches to

muscle at the end of the tendon. Similar to our observations

in the chick embryo, tendons of human jaw-opening

muscles (lateral pterygoid, digastric, geniohyoid,

mylohyoid) are also rarely pennate, and transmit forces

to enable excursion and displacement of the jaw during

opening (Van Eijden et al., 1997). Based on these findings,

the TmDM could primarily be responsible for transmission

of forces for excursion and displacement of the lower jaw

during opening. These conclusions were corroborated by

the jaw movements observed when gently pulling on the

tendons (Figure 1).

4.2 Jaw tendons are detectable by d9

Both TmAM and TmDM could be first identified at d9,

based on collagen presence, TNC labeling, and attachments to

muscle and bone or cartilage (Figure 1C,F, Figure 2A,B,

Figure 7A). TNC labels early distal tendon primordia

between d5 and d7 as well as anatomically distinct tendons

arising from these primordia after d7 (Chiquet and Fambrough,

1984; Chiquet-Ehrismann et al., 1986; Hurle et al., 1989; Hurle

et al., 1990; Ros et al., 1995; Kardon, 1998). Previous studies by

us and others have found that collagen matrix is first detectable

via histological staining and second harmonic generation

(SHG) imaging in chick embryo limb tendons at d9 (Ros

et al., 1995; Marturano et al., 2013). Taken together, our

results suggest TmAM and TmDM ECM development begin

approximately at the same time as that of limb tendon during

embryonic development.

4.3 TNC spatiotemporal distribution
differs between TmAM and TmDM

TNC exhibited substantially different temporal patterns in

the two jaw tendons. In particular, TNC protein distribution in

the TmAM was relatively high until d13 and decreased

afterwards, whereas in the TmDM it was relatively low during

FIGURE 10
MMP9 was present in jaw-closing TmAM and jaw-opening TmDM between d9 and d19. (A) Representative brightfield images of MMP9 IHC of
TmAM and TmDM. (B) In TmAM, percentage area fraction positive for MMP9 decreased significantly after d17. (C) In TmDM, percentage area fraction
positive for MMP9 remained relatively constant between d9 and d19.
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early stages and increased after d11 (Figure 7). TNC has been

used as a marker for embryonic limb tendon (Chiquet and

Fambrough, 1984; Hurle et al., 1989; Ros et al., 1995; Kardon,

1998; Edom-Vovard et al., 2002). However, even though TNC

has been implicated in collagen fibrillogenesis during

development of a range of tissues (Mackie, 1994; Riley et al.,

1996; Chiquet-Ehrismann and Tucker, 2004), this role has not

been definitively shown in tendon. To date, specific TNC

functions during embryonic tendon development are largely

unknown, yet our data confirms that jaw tendons possess

TNC as well.

4.4 Jaw tendon cells shift from higher
density and roundedmorphology to lower
density and elongated morphology during
development

Cell density appeared constant in both TmAM and TmDM

during early embryonic stages and decreased after d13 (Figures

3B,E). Our results here are similar to previously reported declines in

tendon cell density during embryonic development based on

quantitative DNA assays (Marturano et al., 2013). TmAM and

TmDM cells became more elongated during development, reflected

by increases in nuclear aspect ratio and decreases in circularity

(Figures 3C,D,F,G). Similarly, limb tendon cells have been reported

to switch from an initially round to a more elongated shape as

embryonic development proceeds (Kannus, 2000). Previous studies

have associated CF tendon cell elongation during embryonic

development with major mechanical stimulatory events like the

onset of muscle contractions in zebrafish (Subramanian et al., 2018).

Interestingly, embryonic jaw movements such as “beak clapping”,

the rapid opening and closing of the beak, has been observed as early

as d9 (Kuo, 1932; Kuo, 1938), and is highest between d14 and d19

(Oppenheim, 1968). Our results on cell elongation in both jaw-

opening and jaw-closing tendons demonstrate significant changes

around these times (Figures 3C,D,F,G), potentially indicating that

alterations in cell shape in the TmAMand TmDM could be possibly

driven by beak clapping-induced mechanical stimulation.

4.5 Collagen content increases and
becomes more organized during
development

TmAM and TmDM both increased in collagen content

(Figure 4B, Figure 5B), birefringence signal (Figure 4C,

Figure 5C), and mature collagen fibers during embryonic

development (Figure 4F, Figure 5F). Interestingly, TmAM and

TmDM exhibited similar temporal patterns in the shift from

predominately immature to intermediate to mature collagen

fibers during development (Figures 4D–F, Figure 5D–F).

Increases in birefringence during development suggested the

ECM of both TmAM and TmDM were increasing in collagen

fiber density, thickness, and alignment. Our observations in jaw

tendons are consistent with our previous reports using SHG and

biochemical analyses, which demonstrated that fibrillar collagen

content, density, and alignment increase in limb tendons over time

during development (Marturano et al., 2013;Marturano et al., 2014).

4.6 COL3 peaks when collagen content
and birefringence start to plateau

COL3 is thought to be a critical regulator of collagen

fibrillogenesis (Fleischmajer et al., 1988; Fleischmajer et al.,

1990; Birk et al., 1997; Liu et al., 1997). COL3 is co-expressed

with COL1 in limb tendon fascicles during chick embryonic

development and appears to regulate the diameter of

COL1 fibrils (Fleischmajer et al., 1988; Fleischmajer et al.,

1990; Birk et al., 1997; Liu et al., 1997). Here, COL3 staining

distribution increased until d13 in both TmAM and TmDM

and decreased during subsequent stages (Figure 6). Similar

temporal COL3 patterns have been reported in chick embryo

limb tendons by us and others (Birk and Mayne, 1997; Kuo

et al., 2008). Before d14, COL3 distribution is detected

throughout limb tendon fascicles and is associated with

smaller diameter collagen fibrils (Birk and Mayne, 1997;

Kuo et al., 2008). After d14, COL3 decreases in limb

tendon fascicles and collagen fibril diameter gradually

increases (Fleischmajer et al., 1990; Birk et al., 1997; Liu

et al., 1997; Kuo et al., 2008). Interestingly,

COL3 continues to be detectable and associated with

smaller diameter collagen fibrils in the regions surrounding

the fascicles (Birk and Mayne, 1997; Kuo et al., 2008). In skin,

COL3 deficient mice show abnormal collagen fibril diameter

distribution (Liu et al., 1997). Taken together, the presence of

COL3 in the TmAM and TmDM may suggest that

COL3 contributes to regulation of collagen fibrillogenesis in

CF tendons.

4.7 Presence of LOX during early and
intermediate stages could imply that
active collagen crosslinking is occurring

LOX staining was detected in both TmAM and TmDM

throughout development and decreased during later stages

(Figure 8). We previously showed that LOX activity and

LOX-mediated crosslinking play critical roles in regulating

the mechanical properties of embryonic limb tendon during

development (Marturano et al., 2013; Pan et al., 2018). In

particular, inhibition of LOX activity prevented increases in

limb tendon elastic modulus by inhibiting the formation of new

collagen crosslinks (Marturano et al., 2013). In another study,

induction of paralysis during development led to lower LOX

Frontiers in Cell and Developmental Biology frontiersin.org14

Korntner et al. 10.3389/fcell.2022.944126

151

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.944126


activity levels and elastic modulus in limb tendon as compared

to controls (Pan et al., 2018). On the other hand, increase in

movement frequency led to increases in elastic modulus,

whereas inhibition of LOX activity during enhanced

movement abrogated the increases in modulus (Pan et al.,

2018). Notably, LOX-mediated crosslink density increases

during limb tendon development, and these increases

correlate with increases in proLOX and LOX activity levels

(Marturano et al., 2014; Pan et al., 2018). Based on these data, it

is possible that LOX-mediated crosslinking of collagen occurs

during early and mid-developmental stages of TmAM and

TmDM development. However, because the antibody in this

study detects both proLOX and active LOX, future analyses

would be needed to confirm formation of LOX-mediated

collagen crosslinks.

4.8 MMP2 and MMP9 may be involved in
tendon development

During embryonic development MMPs are involved in ECM

remodeling of various tissues including blood vessels, bone,

cartilage, skeletal muscle, lungs, and skin (Birkedal-Hansen

et al., 1993; Ravanti and Kähäri, 2000; Page-McCaw et al.,

2007; Krane and Inada, 2008), but have been minimally

examined in tendon development. Here, we detected MMP2

(Figure 9) and MMP9 (Figure 10) protein in both TmAM and

TmDM, suggesting roles in ECM remodeling during

development. MMP-2 and MMP-9 show activity against

denatured collagen type I and type III molecules and native

non-fibrillar collagens (Birkedal-Hansen et al., 1993; Aimes and

Quigley, 1995; Allan et al., 1995; Bigg et al., 2007; Baldwin et al.,

2019). Additionally, MMP2 cleaves soluble and reconstituted

fibrillar collagen type I, whereas MMP9 cleaves soluble collagen

types I and III (Aimes and Quigley, 1995; Bigg et al., 2007).

MMP2-deficient mice are smaller at birth, have slower growth

rate, and exhibit distinct phenotypes of limb, trunk, and head

bones, compared to wild-type littermates (Itoh et al., 1997; Inoue

et al., 2006). During chick embryonic limb tendon development,

MMP2 activity is highest prior to and during collagen fibril

growth, implicating a role of MMP2 in fibril growth and matrix

assembly (Jung et al., 2009). Similarly, MMP2 was relatively high

in TmAM and TmDM during early and mid-developmental

stages, and decreased significantly during later stages

(Figure 9). Thus, it is possible that MMP2 is involved in

remodeling the tendon ECM during early and mid-

developmental stages. While little is known about MMP9 in

tendon development, MMP9 is expressed at other sites of active

tissue remodeling in the developing embryo (Reponen et al.,

1994; Alexander et al., 1996), and MMP9 deletion leads to

abnormal bone development (Vu et al., 1998). Here,

MMP9 levels were relatively high until late developmental

stages in TmAM, whereas they remained relatively consistent

throughout development in TmDM (Figure 10). Considering the

remodeling roles of MMP9 in other embryonic skeletal tissues,

presence of MMP9 could indicate stage-specific roles in ECM

remodeling in TmAM and TmDM during embryonic

development.

4.9 TmAM and TmDMmay follow different
developmental programs

Despite many similarities, the developing TmAM and TmDM

also exhibited distinct differences in temporal patterns of specific

markers, potentially reflecting different developmental processes.

The TmAM reaches a maximum collagen content and

birefringence level earlier than TmDM during development,

attributed in part to the slightly slower decrease in immature

collagen fibers in the TmDM (Figures 4, 5). Differences in cell

morphology (Figure 3) could imply differences in developmental

processes between the TmAM and TmDM considering regulation

of cell shape may be important for limb tendon development

(Richardson et al., 2007). In particular, TmAM exhibited greater

decreases in nuclear circularity together with greater increases in

nuclear aspect ratio over time compared to TmDM, suggesting

that TmAM cells elongate to a greater extent compared to TmDM

cells. Pennate tendons accumulate muscle forces from varying

angles arising from muscle attachments along the length of the

tendon. Compared to non-pennate tendons, pennate tendons are

functionally stiffer (Farris et al., 2013; Brukner et al., 2018). Based

on the differences in how they each attach tomuscle, it is likely that

the TmAM and TmDM experience different mechanical stimuli

during embryonic development. Different mechanical

microenvironments experienced by the pennate TmAM and the

non-pennate TmDM could be responsible for different temporal

patterns in TNC, LOX, and MMP protein distribution (Figures

7–10), as TNC, LOX, MMP2, andMMP9 have each been reported

to be regulated by mechanical loading. In particular, TNC

expression levels decreased with limb immobilization but

increased with treadmill running in Achilles tendons of rats

(Järvinen et al., 1999; Järvinen et al., 2003). We have previously

shown that paralysis of embryos reduces LOX activity levels in

limb tendons compared to controls, suggesting LOX is regulated

by mechanical loading of tendon during development (Pan et al.,

2018). During late developmental stages, LOX decreases relatively

earlier in TmDM compared to TmAM (Figure 8), which may

suggest differences in LOX-mediated collagen crosslinking due to

differences in mechanical loading of the two jaw tendons. Both

MMP2 and MMP9 have been reported to be regulated by

mechanical loading in tendon (Koskinen et al., 2004; Huisman

et al., 2016). It would be interesting to investigate if earlier

decreases in MMP2 (Figure 9) and later decreases in MMP9

(Figure 10) in the TmAM compared to the TmDM are

regulated by differences in mechanical loading of the two jaw

tendons. The differences in their muscle attachments could also
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expose TmAM and TmDM differently to muscle-secreted growth

factors (Eloy-Trinquet et al., 2009; Wang et al., 2010; Subramanian

and Schilling, 2015), which could also have contributed to the

differences between TmAM and TmDM outlined above.

Taken together, the effects of muscle-induced loading and

muscle-secreted factors would be interesting to examine in

future studies.

4.10 Limitations and future perspectives

The aim of this study was to characterize the chick embryo as

a model to study CF tendon formation and to provide distinct

morphological and immunohistochemical markers to describe

ECM formation of jaw-opening and jaw-closing tendons. To

further characterize specific roles of LOX and MMPs in CF

tendon development, perturbation of protein and activity levels

would be needed. Future studies could also employ additional

methods to characterize different aspects of collagen matrix

formation in greater detail. The antibodies available for

immunohistochemistry at the time of this study could not

differentiate between pro-form and active-form of the

proteins, and thus future studies should assess LOX and

MMP activity levels as well as protein levels of their respective

pro-forms.

5 Conclusion

This report identified the jaw-closing TmAM and jaw-

opening TmDM in the chick embryo that have similar

functions as masticatory tendons in human and provided a

detailed histological and immunohistochemical

characterization of these tissues from early to late

embryonic development. Our data implicate TNC, COL3,

LOX, MMP2, and MMP9 in CF tendon formation and

demonstrated that the two antagonistic tendons develop at

different rates with respect to ECM formation and

spatiotemporal distribution of tendon-associated and

matrix remodeling molecules. Taken together, our study

supports the chick embryo as a model with which to study

CF tendon ECM development, the results of which could

ultimately inform therapeutic approaches for CF tendon

injuries and disorders.
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Introduction: Birth defects, particularly those that a�ect development of

the heart, are a leading cause of morbidity and mortality in infants and

young children. Babies born with heart hypoplasia (heart hypoplasia) disorders

often have a poor prognosis. It remains unclear whether cardiomyocytes

from hypoplastic hearts retain the potential to recover growth, although this

knowledge would be beneficial for developing therapies for heart hypoplasia

disorders. The objective of this study was to determine the proliferation and

maturation potential of cardiomyocytes from hypoplastic hearts and whether

these behaviors are influenced by biochemical signaling from the extracellular

matrix (ECM) and cyclic mechanical stretch.

Method: Congenital diaphragmatic hernia (CDH)-associated heart hypoplasia

was induced in rat fetuses by maternal exposure to nitrofen. Hearts were

isolated from embryonic day 21 nitrofen-treated fetuses positive for CDH

(CDH+) and from fetuses without nitrofen administration during gestation.

Results and discussion: CDH+ hearts were smaller and had decreased

myocardial proliferation, along with evidence of decreasedmaturity compared

to healthy hearts. In culture, CDH+ cardiomyocytes remained immature

and demonstrated increased proliferative capacity compared to their healthy

counterparts. Culture on ECM derived from CDH+ hearts led to a significant

reduction in proliferation for both CDH+ and healthy cardiomyocytes.

Healthy cardiomyocytes were dosed with exogenous nitrofen to examine

whether nitrofen may have an aberrant e�ect on the proliferative ability

of cardiomyocyte, yet no significant change in proliferation was observed.

When subjected to stretch, CDH+ cardiomyocytes underwent lengthening of

sarcomeres while healthy cardiomyocyte sarcomeres were una�ected. Taken
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together, our results suggest that alterations to environmental cues such as

ECM and stretch may be important factors in the pathological progression of

heart hypoplasia.

KEYWORDS

cardiomyocytes, proliferation, heart hypoplasia, extracellular matrix (ECM),

mechanical stretch

Introduction

Congenital diaphragmatic hernia (CDH) is a serious birth

defect that occurs in ∼1 in 2,500–3,000 live births. Only ∼16%

of prenatally diagnosed CDH patients are expected to survive

past the first year of life (1). Failure of the diaphragm to

close permits intrusion of visceral organs into the thoracic

cavity and subsequent compression of the developing heart

and lungs. Heart and/or lung hypoplasia is associated with a

particularly poor prognosis in CDH (2). Interestingly, patients

born with mild to moderate heart hypoplasia exhibit restored

heart growth after surgical repair of CDH (3); however, the

underlying mechanisms are unknown. A better understanding

of the factors that influence heart growth during development

is not only critical for improving therapies for children with

heart defects but would also be invaluable to the field of cardiac

regeneration as a whole.

Cardiomyocyte proliferation plays a key role in cardiac

growth during fetal development (4) and may provide an

explanation for restored heart growth in repaired CDH. In

other forms of heart hypoplasia, such as Hypoplastic Left Heart

Syndrome, there is evidence that cardiomyocyte proliferation is

severely diminished (5), although this has not been established

in CDH-associated heart hypoplasia. Cardiomyocyte behavior

can be regulated by a variety of biochemical and biophysical

cues, such as the extracellular matrix (ECM) (6, 7), growth

factors (6, 8), cell-cell contacts (9), substrate stiffness (10, 11),

and mechanical stretch (12). Although current data is limited,

studies suggest that at least some of these signals may be altered

in the developing hypoplastic heart (13).

It is intriguing to consider the possibility that cardiomyocyte

proliferation can be recovered in heart hypoplasia if pathological

conditions are removed, or healthy biochemical/biophysical

environments are restored. The experimental manipulation of

mechanical loading in embryonic zebrafish (14) and chick

hearts (15) motivated the use of fetal aortic annuloplasty in

severe HLHS in an attempt to restore normal blood flow

and, subsequently, left heart growth (16). In this study, we

hypothesized that cardiomyocyte proliferation is reduced in

CDH-associated heart hypoplasia, but that the cells retain the

ability to proliferate if they are removed from the hypoplastic

environment.We used the nitrofenmodel of CDH in rats, which

is thought to be similar in etiology and phenotype to human

CDH (17–19). In addition to studying proliferation in native

hearts, we isolated cardiac cells and assessed their response to

two external cues that have been implicated in heart hypoplasia

defects: the biochemical signaling of the ECM, which is thought

to be structurally immature in heart hypoplasia (20, 21), and

cyclic stretch, which is diminished in heart hypoplasia (12). Our

in vitro culture systems allowed us to systematically study these

cues independently, which would not be possible in vivo. We

found that CDH+ cardiomyocytes were more proliferative than

healthy cardiomyocytes when placed in culture, and that ECM

and cyclic stretch (1Hz, 5% amplitude) differentially regulated

proliferation and maturation.

Materials and methods

Nitrofen model of congenital
diaphragmatic hernia

All animal procedures were performed in accordance

with the Institutional Animal Care and Use Committee at

Tufts University and the NIH Guide for the Care and

Use of Laboratory Animals. Pregnant Sprague-Dawley rats at

gestational day E10 (purchased from Charles River Laboratories,

Wilmington, MA) were subjected to short Isoflurane anesthesia

and immediately gavaged with a single dose of 100mg nitrofen

(Wako Pure Chemical Industries, Japan) dissolved in 2ml olive

oil. Control animals received olive oil alone, similar to previously

described methods (13). Pregnancy then progressed until E21,

at which point the dams were sacrificed by CO2 inhalation. E21

was chosen as the time point as this was immediately pre-birth

and it has been previously shown that the defects caused by CDH

are postnatally lethal. The fetuses were harvested for the studies

described below.

Fetal heart harvest

Immediately after harvest, fetuses were placed on ice, and

euthanized by decapitation. The chest wall was carefully opened

above the diaphragm and the heart and lungs were removed.

The diaphragm was then checked for the presence of CDH.

Nitrofen treatment at E10 resulted in CDH in ∼80–85% of
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the fetuses, similar to what others have found (22). As so few

nitrofen-treated CDH negative hearts were found (∼2–4 out of

12–16 hearts per litter), they were not included in the present

study. CDH was never detected in control fetuses. Nitrofen-

treated CDH positive (CDH+) and control (“healthy”) hearts

were weighed prior to further characterization.

Histology and imaging of native heart
sections

Whole hearts were fixed by immersion in 4%

paraformaldehyde at 4◦C overnight. After washing with

phosphate buffered saline (PBS), the samples were cryo-

protected in sucrose solution (30% wt/vol), and then embedded

in Tissue Tek optimum cutting temperature (OCT) compound.

The hearts were sectioned (thickness of 7µm) on a Leica CM

1950 CryoStat. Heart slices were stored at −20◦C until use.

OCT compound was removed by washing with PBS prior to

staining with hematoxylin and eosin (H&E) to visualize gross

heart structure. Hearts were imaged on a Keyence BZ-X700

fluorescent microscope using a color camera. The thickness of

the compact zone of the left ventricular free wall was measured

with ImageJ using H&E stained sections.

ECM composition

A subset of CDH+ and healthy hearts were used to

determine extracellular matrix (ECM) composition by liquid

chromatography tandem mass spectrometry (LC-MS/MS),

similar to our previous studies of cardiac ECM (7). Immediately

after weighing, freshly isolated whole hearts were decellularized

in 0.1% sodium dodecyl sulfate (SDS) for 48 h at room

temperature with agitation on an orbital shaker. The resulting

ECMwas then incubated in 0.1% TritonX-100 (Amresco, Solon,

OH) for ∼3–4 h, washed with distilled water, frozen, and

lyophilized overnight (Labconco, Kansas City, MO). The ECM

of individual fetal hearts was solubilized in 200 µl urea solution

(5M urea, 2M thiourea, 50mM DTT, 0.1% SDS) (23) for 20 h

with agitation. Finally, the ECM was precipitated in acetone

and analyzed via LC-MS/MS within 24 h at the Beth Israel

Deaconess Medical Center Mass Spectrometry Core Facility.

Among the samples (N = 3 for each condition), 34 unique ECM

components were identified and their relative percentages in the

total ECM composition was determined from spectrum counts.

Immunocytochemistry

To study proliferation and sarcomere development in the

native healthy and CDH+ hearts, sections were stained for

nuclei (Hoechst 33258), Ki67 (Abcam, rabbit polyclonal), and

sarcomeric α-actinin (Sigma, mouse monoclonal). Briefly, the

samples were washed with PBS, then blocked with 5% donkey

serum and 1% bovine serum albumin (BSA) for 1 h at room

temperature. Incubation with primary antibodies was for 1 h,

followed by 3 PBS washes, then incubation with secondary

antibodies (AlexaFluor 488 donkey anti-rabbit IgG, AlexaFluor

555 donkey anti-mouse IgG; Invitrogen) for 1 h. After washing

with PBS, the samples were imaged on an Olympus IX8I

microscope with Metamorph Basic software (version 7.7.4.0,

Molecular Devices). Image analysis to determine cardiomyocyte

proliferation and sarcomere length was carried out as described

below in sections Cell proliferation measurements and Cardiac

cell culture with exogenous nitrofen.

Cardiac gene expression by quantitative
PCR

A panel of cardiac genes was analyzed by PCR. RNA

was isolated from fetal hearts using the RNeasy R© Mini Kit

(Qiagen Sciences, Germantown, MD) per the manufacturer’s

instructions. RNA concentration was determined using a

Nanodrop 2000 Spectrophotometer (Thermo Scientific,

Waltham, MA) and purity was assessed by the ratio of the

260/280 absorbance readings. Samples with high purity were

then used to make cDNA using the High Capacity cDNA

Reverse Transcription Kit (Applied Biosystems, Foster City,

CA) per the manufacturer’s instructions. cDNA was loaded into

the wells of a MicroAmp R© Optical 96-well reaction plate with

10 µl of 2× TaqMan R© Gene Expression Master Mix and 1 µl of

predesigned 20× TaqMan R© Gene Expression Assay primers for

the specific gene of interest (Applied Biosystems, Foster City,

CA) diluted in nuclease-free water to a final volume of 20 µl.

Samples were probed for gene expression related to contractile

function (MYH6, MYH7, TNNT2, TNNI3, ACTN2, ATPA2),

gap junction signaling (GJA1, CDH2) and early markers of the

cardiac lineage (GATA4, GATA6, NKX2-5). Expression of each

gene was normalized to GAPDH values. Quantitative RT-PCR

was performed using the Mx3000P QPCR System (Agilent

Technologies, Lexington, MA) with incubation parameters

of 2min at 50◦C, 10min at 95◦C and 40 cycles of 15 s at

95◦C followed by 1min at 60◦C. Ct values were determined

by the software provided with the Mx3000P QPCR System

and differences in mRNA expression were calculated by the

2−11ct method (24) based on validation tests performed by

Applied Biosystems.

Cardiac cell isolation and culture

Cells from CDH+ and healthy control hearts were isolated

according to our previously described methods (25). Briefly,

hearts were isolated from euthanized fetal pups at E21, the
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ventricles were minced, and the tissue underwent 7 × 7min

digestions in collagenase type II (Worthington Biochemical

Corp, Lakewood, NJ) and sterile PBS supplemented with

20mM glucose. Cells were counted with a hemocytometer and

seeded at a density of 100,000 cells/cm2 into tissue culture

polystyrene 48-well plates. The culture medium contained

15% fetal bovine serum (FBS) in Dulbecco’s Modified Eagle

Medium (DMEM) with 1% penicillin-streptomycin and was

changed every 2 days. The cells were fixed and stained

with Hoechst, Ki67, and α-actinin at various time points,

imaged, and analyzed as described below in sections Cell

proliferation measurements and Cardiac cell culture with

exogenous nitrofen.

Cell proliferation measurements

Cell numbers and proliferation were determined

using custom pipelines in CellProfiler (release 11710,

the Broad Institute). Total cell nuclei were determined

from the Hoechst stain and proliferating cells (Ki67+

nuclei) were determined from the Ki67 stain. The α-

actinin stain used to label cardiomyocytes was used

as a “mask” to identify cardiomyocyte-specific nuclei

and proliferation. Total cell and cardiomyocyte density

was calculated using the total imaged area (converted

to mm2) for each sample. Cardiomyocyte-specific

proliferation was measured as the percentage of proliferating

cells that were also positive for sarcomeric α-actinin

[(Ki67+ α-actinin+)/Ki67+].

Cardiac cell culture with exogenous
nitrofen

To determine whether nitrofen would affect the behavior

of healthy cardiomyocytes, cardiomyocytes freshly isolated

from neonatal hearts were seeded onto 12 well plates at a

density of 50,000 cells/cm2. Cells were cultured in serum

containing medium until beating was observed. Once beating

was observed, cells were treated with medium containing

nitrofen at 50 and 100 ug/ml. Dosages were determined

by estimating the concentrations of nitrofen delivered to

each rat fetus. Serum containing medium was used as

a control. For normalization purposes, a subset of each

group was fixed at Cells were treated on days 1 and 2,

and wells from each group were fixed on either 1 day

prior to the first nitrofen treatment or 3 days after the

beginning of nitrofen treatment. Cells were stained, imaged, and

analyzed for proliferation as described above in section Cell

proliferation measurements.

Sarcomere measurements

Sarcomere length has been used as a measure of

cardiomyocyte maturation (10, 26, 27). To adequately visualize

sarcomeres, images of α-actinin staining at 40× magnification

were acquired. Analysis was performed using ImageJ software

(NIH, version 1.45s). When organized sarcomeres were

observed, a line was manually drawn across multiple sarcomeres

perpendicular to alignment. The “Plot Profile” function was

used to display the staining intensity across the line. The

number of sarcomeres in a given length was counted and the

average measured sarcomere length was calculated. Sarcomeres

were also categorized according to the following definitions:

“developing” (sarcomeres measuring <1.8µm in length); and

“mature” (≥1.8µm) (28).

Cardiac cell culture on ECM

ECM from healthy and CDH+ hearts was obtained as

described above and solubilized at a concentration of 10 mg/ml

in a solution containing 1 mg/ml pepsin and 0.1M HCl (7, 29).

The ECM solution was neutralized with NaOH, immediately

coated onto 48-well plates at a density of 50 µg/cm2 and

allowed to dry in a sterile tissue culture cabinet overnight.

Prior to cell seeding, the ECM was washed three times with

sterile PBS. Cells freshly isolated from healthy and CDH+

hearts were then seeded onto the coated plates at a density of

100,000 cells/cm2. To avoid the potential confounding effects

of serum on proliferation, cells were cultured in a serum-

free medium that contained the following: 50/50 mixture

of DMEM and Ham’s F12 Nutrient Mix (Invitrogen), 0.2%

(wt/vol) bovine serum albumin (BSA) (Sigma), 0.5% (vol/vol)

insulin–transferrin–selenium-X (Invitrogen) and 1% penicillin–

streptomycin (Invitrogen), with 10mM L -ascorbic acid (Sigma)

added fresh at every feeding (30). Cells were fed on days

1 and 3, and wells from each group were fixed on either

day 1 or day 4 in culture. Cells were stained, imaged, and

analyzed for proliferation as described above in section Cell

proliferation measurements.

Cardiac cell culture with cyclic
mechanical stretch

To determine the effects of cyclic mechanical stretch on

cardiomyocyte behavior, cells were cultured on a custom-built

cell culture membrane stretching device (31). Fetal cardiac cells

isolated at E21 from healthy and CDH+ hearts were seeded

at 1 × 106 cells per well in 6-well Bioflex R© culture plates.

The experimental set-up was similar to previously described

methods with slight modifications (31). The Bioflex R© culture

plate membranes were pre-coated with collagen type I by the
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manufacturer. We found that an additional surface treatment of

4 µg/cm2 human plasma Fibronectin (Millipore, Billerica MA)

in DMEM applied overnight at 37◦C with mild orbital plate

agitation was necessary to create a consistent surface coating

for cell adhesion. Cells were initially cultured under static

conditions for 4 days post-isolation to ensure strong adhesion

to the membrane and then stretched for 3 days on the custom-

built system.Membranes were deformed based on a standard left

ventricular volumetric loading waveform with 1Hz frequency

and 5% amplitude. Control samples were not subjected to

stretching (“static”). The underside of the Bioflex R© culture

membranes was lubricated with a silicone lubricant (Loctite,

Düsseldorf, Germany) to minimize friction with the plunger

during stretch. Cells were fed culture medium containing

10% horse serum, 2% FBS, and 1% penicillin-streptomycin in

DMEM.Mediumwas changed and lubricant was reapplied every

2 days. At the end of the experiment, samples were fixed, stained,

and imaged as described above. Analysis included proliferation

and sarcomere measurements as described above in sections

Cell proliferation measurements and Cardiac cell culture with

exogenous nitrofen. In addition, subset of wells was subjected

to gene expression analysis as described in section Cardiac gene

expression by quantitative PCR.

Statistical analysis

Statistical analysis was performed using analysis of variance

(ANOVA) and Tukey’s post-hoc test or the unpaired Student’s

t-test, as appropriate. Differences were considered statistically

significant for p < 0.05. Statistical testing was carried out using

GraphPad Prism 9 (GraphPad Software, San Diego, CA).

Results

Altered gross morphology in CDH+

hearts

Upon isolation at E21, we found that CDH+ hearts were

smaller and had significantly decreased mass compared to

healthy controls (Figures 1A,B). Qualitatively, H&E staining

suggested that the CDH+ hearts were morphologically

immature, with many still exhibiting the ventricular

groove, thinner/less compacted ventricular walls, and more

trabeculation compared to healthy hearts (Figure 1C).

Measurements of the compact zone of the left ventricular free

wall (Figure 1C, inset denoted by arrows) indicated that CDH+

hearts had thinner compact myocardium compared to healthy

hearts (400 ± 96 vs. 580 ± 48µm; Figure 1D, p < 0.01). ECM

was also altered in CDH+ hearts as determined by LC-MS/MS

(Figure 1E), particularly in some of the lower abundance

components. Specifically, significant increases in the relative

abundance of Collagen IV (p < 0.01) and nearly significant

increases in Collagen VI peptides and decreased Collagen XIV

(p < 0.1 in all cases) were found in CDH+ vs. healthy hearts

(Figure 1F, Table 1). High abundance proteins such as Collagen

I, Fibrillin-1, and Fibronectin were not significantly different.

CDH+ hearts exhibit reduced cell
proliferation and cardiomyocyte maturity

To determine whether CDH+ hearts exhibited reduced

proliferation, native heart sections were stained for Ki67 to

identify proliferating cells and sarcomeric α-actinin to label

cardiomyocytes (Figure 2A). Cell proliferation was significantly

decreased in CDH+ hearts compared to healthy controls

(Figure 2B). Particularly in CDH+ hearts, many non-myocytes

appeared to be Ki67+ (Figure 3A, yellow arrows). Therefore

we determined whether proliferation was decreased specifically

in the cardiomyocyte population. Although cardiomyocyte

proliferation (as determined by Ki67 + α-actinin + cells)

showed a decreasing trend in CDH+ hearts, it was not

statistically significant (p= 0.07) (Figure 2C).

To assess cardiomyocyte maturity, we analyzed sarcomere

lengths and gene expression in native hearts. Average sarcomere

length was significantly lower in CDH+ hearts compared

to healthy (Figures 3A,B). In line with this data, a greater

proportion of measured sarcomeres were “mature” (≥1.8µm)

in healthy vs. CDH+ hearts (∼80 vs. ∼50%, respectively;

Figure 3C). Taken together, the sarcomere measurements imply

that cardiomyocytes were less mature in CDH+ hearts

compared to healthy. We also investigated a panel of cardiac

genes (Figure 3D) and found that mhc6, the gene for myosin

heavy chain α which is more abundant in the maturing or adult

rat heart (32, 33), was significantly down-regulated in CDH+

hearts relative to healthy (Figure 3E). Furthermore, the ratio of

mhc6 to mhc7, which has been used to assess cardiomyocyte

maturity (34), was significantly decreased in CDH+ hearts

(Figure 3F).

CDH+ cardiomyocytes in culture remain
immature and become proliferative

To determine whether proliferation remained low or

could be recovered upon removal from the hypoplastic

environment, we isolated cells from CDH+ and healthy

hearts and cultured on standard tissue culture plastic.

After 1 day cardiomyocyte density was similar for both

conditions, but after 6 days there were significantly more

cardiomyocytes in the CDH+ population compared to

the healthy population (Figure 4A). Whereas the healthy

cardiomyocytes did not significantly increase in number from
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FIGURE 1

Altered heart morphology in the rat model of CDH. (A) Representative images of E21 hearts from healthy controls and nitrofen-treated CDH+

fetuses. Scale bar represents 1mm. (B) Heart mass measurements (mean ± S.D.). **** Denotes p < 0.0001 from unpaired t-test. (C)

Representative H&E stained sections of healthy and CDH+ hearts. Insets show measurements of LV compacted free wall thickness (green

arrows). Scale bars = 500µm for whole heart sections and 200µm for insets. (D) Measurements of left ventricle (LV) free wall thickness (n = 5)

(mean ± S.D.). ** Denotes p < 0.01 from unpaired t-test. (E) All proteins detected during LC-MS/MS proteomics analysis of healthy and CDH+

heart ECM. Data are presented as the percent of total ECM protein spectra (mean ± S.D.). (F) Data for proteins that are significantly di�erent or

close to it between healthy and CDH+ hearts. p-values for each comparison between healthy and CDH+ hearts using an unpaired t-test are

shown above the grouped bars. Again, data is presented as percent of total ECM protein spectra.
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TABLE 1 Relative ECM composition.

ECM protein Healthy CDH+ p-value CDH+ fold change w.r.t. Healthy

Mean ± Mean ± Mean ±

Biglycan 1.15 0.27 0.97 0.32 0.50 0.84 0.28

Col1a1 10.30 1.34 10.01 0.15 0.73 0.97 0.01

Col1a2 3.86 0.63 4.09 0.16 0.57 1.06 0.04

Col2a1 0.98 0.66 0.32 0.02 0.16 0.33 0.02

Col3a1 2.58 0.67 2.13 0.53 0.42 0.83 0.21

Col4a1 1.75 0.06 2.15 0.13 0.01 1.23 0.07

Col4a2 0.60 0.27 0.66 0.34 0.84 1.09 0.57

Col5a2 0.42 0.38 0.75 0.14 0.23 1.76 0.33

Col6a1 2.53 0.93 2.38 0.59 0.83 0.94 0.23

Col6a2 1.32 0.40 2.39 0.63 0.07 1.81 0.47

Col6a3 1.78 0.41 1.93 0.57 0.73 1.08 0.32

Col6a6 0.15 0.26 0.63 0.29 0.09 4.27 1.92

Col12a1 0.68 0.88 0.86 0.19 0.74 1.27 0.28

Col14a1 2.11 0.63 0.98 0.38 0.06 0.47 0.18

Col18a1 0.00 0.00 0.32 0.33 0.17 Inf Inf

Elastin 0.54 0.54 0.64 0.29 0.80 1.18 0.54

EMILIN-1 1.91 0.49 2.29 0.67 0.47 1.20 0.35

EMILIN-2 0.60 1.03 0.21 0.18 0.56 0.35 0.31

Fibrillin-1 18.68 1.74 20.25 2.06 0.37 1.08 0.11

Fibrillin-2 13.38 3.47 14.45 0.71 0.63 1.08 0.05

Fibronectin 8.83 2.39 8.71 0.19 0.94 0.99 0.02

Fibulin-2 0.24 0.41 0.54 0.38 0.40 2.28 1.61

Fibulin-5 1.39 1.27 0.77 0.40 0.46 0.55 0.29

Laminin alpha-2 0.19 0.32 0.11 0.20 0.76 0.61 1.05

Laminin alpha-4 0.37 0.65 0.00 0.00 0.37 0.00 0.00

Laminin alpha-5 1.14 0.62 0.75 0.50 0.45 0.66 0.44

Laminin beta-1 1.62 1.07 0.85 0.47 0.32 0.53 0.29

Laminin beta-2 1.07 0.94 1.28 0.25 0.73 1.20 0.23

Laminin gamma-1 1.81 0.99 2.03 0.64 0.76 1.13 0.35

Nidogen-1 1.49 1.36 1.17 0.76 0.74 0.79 0.51

Nidogen-2 0.68 0.67 0.32 0.33 0.44 0.47 0.48

Periostin 3.63 1.25 3.32 0.52 0.71 0.91 0.14

Perlecan 11.86 1.35 11.26 1.22 0.60 0.95 0.10

Versican 0.36 0.62 0.45 0.39 0.84 1.25 1.08

Determined from spectral counts, data are percentages of total ECM spectra. Last column is fold change of CDH+ ECM components with respect to Healthy. Those in red show down

regulation below 0.5-fold while those in green show upregulation greater than 1.5-fold.

1 to 6 days (fold change of 1.45), the CDH+ cardiomyocytes

increased 2.4-fold (p = 0.0025). At 2 days, Ki67 was detected

in 24% of the CDH+ cardiomyocytes, compared to only

12% in the healthy, demonstrating that the CDH+ cells

were indeed more proliferative (p < 0.02, Figure 4B).

We also found that sarcomeres were significantly smaller

in the CDH+ cardiomyocytes after 6 days, suggesting

that these cells remained less mature than healthy cells

(Figure 4C).

Culture with exogenous nitrofen does
not a�ect proliferation in healthy
cardiomyocytes

In order to determine whether alterations in cardiomyocyte

proliferation in the CDH+ animals were due to a direct

effect of nitrofen, we treated cardiomyocytes with nitrofen

and assessed proliferation over the course of 3 days. For

these studies, freshly isolated cardiomyocytes were cultured
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FIGURE 2

Proliferation measurements in healthy and CDH+ hearts. (A) E21 heart sections stained for Ki67 (green) and sarcomeric α-actinin (red); examples

of Ki67+ cardiomyocytes (white arrows), Ki67+ non-myocytes (yellow arrows), scale bars = 50µm. (B) Total cell proliferation shown as percent

of cells expressing Ki67. * Denotes p < 0.05. (C) Cardiomyocyte-specific proliferation (the percentage of Ki67+ cells that were also α-actinin+).

with 0mg, 50mg, and 100mg of nitrofen. After 72 h of

culture, we observed no significant differences in in ki-

67+ cardiomyocytes that were treated with exogenous

nitrofen compared to cardiomyocytes cultured without

nitrofen (Figure 4D), indicating that the responses of the

cardiomyocytes from the CDH+ hearts were likely the result

of alterations to the biochemical and biophysical properties of

the ECM.

CDH+ cardiac ECM inhibits
cardiomyocyte proliferation

Given that ECM composition was altered in CDH+ hearts

(Figures 1E,F), we hypothesized that the ECM plays a role in

the decreased proliferation observed in CDH-associated heart

hypoplasia. Healthy and CDH+ cardiomyocytes were seeded

onto healthy and CDH+ heart-derived ECM and cultured with

serum-free medium. After 4 days, cardiomyocyte numbers were

significantly higher on healthy ECM compared to CDH+ ECM

for both healthy and CDH+ cardiomyocytes (Figures 5A,B).

CDH+ cardiomyocytes were generally more proliferative

than their healthy counterparts on either ECM. However,

culture on CDH+ ECM resulted in significantly decreased

cardiomyocyte proliferation for both healthy and CDH+

populations (Figure 5C). This data suggests that changes in ECM

composition present in CDH+ hearts inhibits cardiomyocyte

proliferation in CDH-associated heart hypoplasia.

Cyclic mechanical loading promotes
maturation of CDH+ cardiomyocytes

Compression of the heart likely impedes the ability of the

heart to undergo normal stretch in CDH (20). We hypothesized

that mimicking physiological stretch ex vivo could promote

CDH+ cardiomyocyte proliferation and maturation. For these

studies, we used a frequency of 1Hz at 5% amplitude. After 3

days of stretching (7 days in culture), we assessed sarcomere

lengths (Figure 6A) and proliferation and we did see a significant

decrease in cardiomyocyte specific proliferation in CDH+ cells

(p < 0.05, Figure 6B). In addition, CDH+ cardiomyocytes had

significantly longer sarcomeres after stretching compared to

static controls (p < 0.001), while sarcomere lengths in healthy

cells were unaffected by stretch (Figure 6C). Gene expression

analysis of a panel of genes (Figure 6D), showed that CDH+

cells cultured under static conditions had lower expression

of MHC6 and MHC7 than Healthy cells cultured statically
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FIGURE 3

Maturation assessments in healthy and CDH+ hearts. (A) Example of sarcomere staining and measurement in native heart sections. A line is

drawn perpendicular to the sarcomeres (yellow) and the profile is plotted in ImageJ. Peak-to-peak distances represent sarcomere lengths. Scale

bar represents 10µm. (B) Average sarcomere length measurements (mean ± S.E.M. on left, violin plots showing the distribution of the data on

right, n > 80 individual cells per condition). *** Denotes p < 0.001. (C) A greater percentage of sarcomeres were mature (≥1.8µm) in healthy vs.

CDH+ hearts. (D) Gene expression data for panel of genes investigated. * p < 0.05w.r.t. healthy. (E) Gene expression of αMHC (mhc6) as well as

the ratio of α to β isoforms (mhc6/mhc7) and (F) was decreased in CDH+ hearts (n = 4). In both cases ** denotes p < 0.01.
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FIGURE 4

Characterization of CDH+ cardiomyocytes in culture. (A) Representative images of cardiomyocytes (α-actinin stain in gray scale) after 1 day or 6

days in culture (top). Cardiomyocyte density at 1 and 6 days (bottom). Graph shows mean ± SD (n = 6). ** Denotes p < 0.01w.r.t. Healthy cells

at Day 6. *** Denotes p < 0.001w.r.t. CDH+ at 24h. (B) Cardiomyocyte proliferation (Ki67+ α-actinin+) at 2 days. Inset shows example of Ki67+

cardiomyocyte (white arrow) and non-myocyte (yellow arrow). Graph shows mean ± SD (n = 3). * Denotes p < 0.05. (C) Representative images

of sarcomere staining in healthy and CDH+ cardiomyocytes where Red is cardiac α-actinin and blue is the nuclear marker DAPI (top).

Sarcomere length measurements (bottom). **** Denotes p < 0.001. (D) Proliferative cardiomyocytes at 72h post-treatment with exogenous

nitrofen. Data is normalized by relative expression of α-actinin+ and Ki67+ at 24h pre-treatment. Graph shows mean ± SD (n = 5).

(p < 0.1 for both). In addition, while MHC6 was lower in

statically cultured cells, the addition of stretch led to a nearly

significant increase in MHC6 in CDH+ cells (p < 0.1), which

also indicated increased maturity in CDH+ cells subjected to

stretch. p-values for all comparisons of the gene expression data

are shown in Table 2. Taken together, these results show that

cyclic mechanical stretch promoted sarcomere maturation in

CDH+ cardiomyocytes.

Discussion

The nitrofen model of CDH in rats is a valuable tool for

studying molecular and cellular alterations in heart hypoplasia

which are difficult in humans. Although a few groups have

looked at changes in growth factors (20, 35, 36), and cardiac and

ECM genes (20, 37, 38) in the nitrofen model of CDH, CDH+

cardiac cells have not been cultured or subjected to specific
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FIGURE 5

Cardiomyocyte response to ECM. (A) Representative images of cells on ECM derived from healthy hearts (H-ECM) and CDH+ hearts

(CDH-ECM), stained for Hoechst (blue), Ki67 (green), and cardiac α-actinin (red). (B) Cardiomyocyte density and (C) cardiomyocyte proliferation

were significantly decreased in both healthy and CDH+ populations on CDH-ECM after 4 days in culture. Graphs show mean ± SD (n = 3). In all

cases * denotes p < 0.05.

engineered environments to study their response to biochemical

or biophysical cues. The key novel findings of this study are: (1)

cell proliferation and cardiomyocyte maturity were decreased

in CDH+ hearts compared to healthy; (2) in culture, CDH+

cardiomyocytes remained immature with increased proliferative

potential compared to healthy cardiomyocytes; (3) ECM derived

from CDH+ hearts significantly reduced both healthy and

CDH+ cardiomyocyte proliferation compared healthy cardiac

ECM; and (4) cyclic mechanical stretch promoted sarcomere

maturation in CDH+ cardiomyocytes.

Given that the healthy heart undergoes a transition from

hyperplastic to hypertrophic growth soon after birth (39,

40), cardiomyocyte proliferation and maturation are usually

considered to be inversely correlated. However, we found

that CDH+ hearts had smaller sarcomeres and reduced

mhc6 expression, suggesting a less mature state, while also

having decreased proliferation compared to healthy controls-

importantly these effects were not caused by a direct effect of

nitrofen on cardiomyocytes in the developing hearts. Numerous

external factors can influence cell behavior, such as growth

factor signaling, the ECM, tissue stiffness, and the dynamic

mechanical environment (6–12). While some of these cues

are known to be altered in heart hypoplasia, it is unclear

how their complex interactions could lead to concurrent

decreased proliferation and maturity in the CDH+ heart. It was

initially surprising to find that in culture the proliferation of

CDH+ cardiomyocytes significantly exceeded that of healthy

cardiomyocytes. It appears that the immature state of CDH+

cardiomyocytes is advantageous for recovered growth, as the

removal of the hypoplastic environment allowed the cells to

undergo a proliferative “burst” that would not be achievable

by more mature myocytes. A similar mechanism may exist

in young patients who undergo CDH repair, as recovery of

heart dimensions have been observed in patients with mild to

moderate heart hypoplasia (3). Given recent studies of young

human hearts (8, 41), therapeutic strategies which promote

cardiomyocyte proliferation will likely be most effective during

early life.

Cardiac ECM influences cardiomyocyte proliferation (6, 7)

but has not been well studied in the context of heart hypoplasia

disorders. We found that culture on CDH+ ECM led to reduced

proliferation of both healthy and CDH+ cardiomyocytes. This

was intriguing since there were significant changes in only

a small fraction of ECM components (Collagens IV, VI, and

XIV, which were each < 3% of the ECM) relative to total

composition. However, these proteins have important roles that

could affect how cells sense and respond to the ECM (42–46).

In CDH-associated heart hypoplasia and HLHS, two studies

suggest that the ECM in hypoplastic hearts is less mature

compared to healthy hearts (20, 21, 46). Specifically, Guarino

et al. found reduced procollagen and tropoelastin in CDH+

fetal rat hearts and Davies et al. observed increased fibronectin
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FIGURE 6

Cardiomyocyte responses to stretch. (A) Representative images of stretched cardiomyocytes (α-actinin stain). Insets show sarcomeres. Scale

bars = 25µm. (B) Cardiomyocyte proliferation was not significantly a�ected by stretch in healthy cells but was significantly decreased in CDH+

cells with stretch. Graph shows mean ± SD (n = 3). * Denotes p < 0.05. (C) CDH+ cardiomyocytes underwent lengthening of sarcomeres in

response to stretch. Graph shows mean ± SEM (n ≥ 23). *** Denotes p < 0.001. (D) Panel of genes measured in healthy and CDH+ cells during

both static conditions and following stretch. * Denotes p < 0.05w.r.t Healthy Static, # denotes p < 0.1w.r.t Healthy Static, and & denotes p <

0.1w.r.t CDH+ Static.

and decreased collagen in HLHS hearts compared to non-HLHS

patients. Tao et al. found that Col14a null mice displayed defects

in ventricular morphogenesis and had significantly increased

cardiomyocyte proliferation postnatally but a similar trend as in

our CDH model toward decreased cardiomyocyte proliferation

at E11.5 (45). Similarly, a recent study by Bousalis et al. observed

increased expression of fibronectin, collagen IV, and integrin

β-1 within Nkx2-5 mutant embryonic mouse hearts compared

to wild type hearts (46). Interactions between fibronectin

and integrins can lead to downstream signaling cascades that

control cell spreading, migration, and proliferation (47, 48). Our

findings are counter-intuitive, as immature ECM has generally

been found to promote proliferation (6–8, 49). The role of the

ECM is more complex; future studies should explore the roles
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TABLE 2 Gene expression with stretch.

Static to static Healthy static to stretch CDH+ static to stretch Stretch to stretch

MYH7 0.09 0.04 0.47 0.34

MYH6 0.06 0.59 0.10 0.11

RYR2 0.36 0.14 0.27 0.37

CASQ2 0.33 0.10 0.99 0.31

CDH2 0.95 0.21 0.82 0.50

ATP2A2 0.48 0.22 0.18 0.88

Actn2 0.50 0.36 0.41 0.81

GJA1 0.88 0.12 0.12 0.89

TNNI3 0.04 0.46 0.63 0.92

TNNT2 0.36 0.23 0.67 0.44

p-values for t-tests between various groups for all genes measured in Figure 6D. Green denotes p < 0.05 while yellow denotes p ≤ 0.10.

of specific peptides or interactions among ECM components to

elucidate the nuances of the ECM in heart hypoplasia pathology

and cardiomyocyte proliferation.

Normal stretching of the heart wall is diminished in

CDH due to compression by visceral organs (20). We found

that CDH+ cardiomyocytes had decreased proliferation and

lengthened sarcomeres when stretched using a custom flexible

membrane apparatus compared to static conditions; healthy

cells, which were already relatively mature, did not further

lengthen their sarcomeres under these cyclic loading conditions.

Cyclic stretch has been used as a strategy to drive cardiomyocyte

maturation in a number of tissue engineering applications

(12, 50). Diminished mechanical movement experienced by

cardiomyocytes within CDH+ hearts could be a potential

mechanism of arrested cardiomyocyte maturity in CDH-

associated heart hypoplasia and has also been implicated in

hypoplastic left heart syndrome due to reduced blood flow

in the left side of the heart (51). The role of mechanical

forces is intriguing when contrasting CDH-associated heart

hypoplasia and hypoplastic left heart syndrome. Although

these two heart hypoplasia defects share some similar features

such as reduced growth factors, altered ECM, and decreased

cardiac transcription factors (5, 13, 20, 21, 52, 53), the

outcomes after surgical repair are vastly different. Repair of

CDH leads to removal of the compressive forces on the

heart by intruding organs, and thus cardiac growth often

normalizes (3). This is not the case for hypoplastic left heart

syndrome: restoration of blood flow via fetal aortic valvuloplasty

does not lead to recovered left ventricular growth (16). A

deeper understanding of the specific underlying pathological

mechanisms of these different forms of heart hypoplasia

is needed.

Future direction related to this work could include a

more detailed mechanistic study that attempts to dissect the

specific ECM proteins or peptides that result in the reduction

of proliferation in CDH+ hearts. For example, Yamashiro

et al. found that stretch stimulation induces thrombospondin-

1 secretion, which acts on cell adhesion plaques (54). While

thrombospondin was not evident in our initial proteomics

screen of heart ECM, it is possible that it is present in small

amounts and it is also possible that it may be more expressed

by the cells upon stretch in our system as well. Another potential

avenue of future work related to this study would involve the

study of samples taken from human hypoplastic heart patients.

While these discarded samples that come from surgical repair

often come from atrial tissue, it may still be a valuable source of

tissue to assess changes in cardiomyocyte proliferation and ECM

expression in the context of human congenital heart defects.

In conclusion, we have found that cardiomyocytes

from CDH+ hearts are capable of robust proliferation,

likely a result of their immature phenotype maintained

during heart development. Our studies also point to altered

ECM and mechanical forces as important environmental

regulators of cardiomyocyte state in heart hypoplasia. Future

work aimed at understanding these mechanisms could

lead to novel biomechanical signaling-based therapies to

improve cardiac growth and function in children born with

hypoplastic hearts.
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