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Hydrostatic mechanical stress regulates growth and maturation
of the atrioventricular valve
David Bassen*, Mingkun Wang*, Duc Pham, Shuofei Sun, Rashmi Rao, Rishabh Singh and Jonathan Butcher‡

ABSTRACT
During valvulogenesis, cytoskeletal, secretory and transcriptional
events drive endocardial cushion growth and remodeling into
thin fibrous leaflets. Genetic disorders play an important role in
understanding valve malformations but only account for a minority of
clinical cases. Mechanical forces are ever present, but how they
coordinate molecular and cellular decisions remains unclear. In this
study, we used osmotic pressure to interrogate how compressive and
tensile stresses influence valve growth and shape maturation. We
found that compressive stress drives a growth phenotype, whereas
tensile stress increases compaction. We identified a mechanically
activated switch between valve growth and maturation, by which
compression induces cushion growth via BMP-pSMAD1/5, while
tension induces maturation via pSer-19-mediated MLC2 contractility.
The compressive stress acts through BMP signaling to increase
cell proliferation and decrease cell contractility, and MEK-ERK is
essential for both compressive stress and BMP mediation of
compaction. We further showed that the effects of osmotic stress
are conserved through the condensation and elongation stages of
development. Together, our results demonstrate that compressive/
tensile stress regulation of BMP-pSMAD1/5 and MLC2 contractility
orchestrates valve growth and remodeling.

KEY WORDS: Mechanobiology, Cardiac valve development,
BMP signaling, MLC contractility

INTRODUCTION
Congenital heart defects (CHDs) are the most common birth defects
and the leading cause of infant death due to birth defects, affecting
0.5-2.0% of the general population (Virani et al., 2020; Gilboa et al.,
2016). Heart valve malformation accounts for over 25% of all CHDs
(Van Der Linde et al., 2011; Hoffman, 2013). Valve formation is a
multistep process that relies on multiple signaling pathways acting
in a spatiotemporally coordinated manner. Although the regulatory
events initiating this process are well known, their clinical impact
has been limited in part because failure to initiate valve formation is
almost uniformly lethal in early gestation (Srivastava, 2006).
Clinically serious malformations arise instead from improper
growth and maturation of the valvular cushions into thin fibrous
leaflets (Nishimura et al., 2014). However, mechanistic
understanding of these later events is limited. Given the clinical

importance of proper valve morphogenesis, identification of
mechanisms coordinating developmental pathways is imperative.

Throughout valve development, flowing blood directly and
indirectly generates various forces that have crucial effects on
developmental programs. Initially, shear stress promotes endothelial-
to-mesenchymal transition (EndMT) to form the endocardial
cushions. As EndMT subsides, the cushions continue to grow as
cells proliferate. This leads to a constriction of the lumen, resulting
in a higher shear stress and compression-dominated mechanical
environments. At later stages, cushions elongate and thin to become
mature valves with stratified and aligned cells and matrix. The
thinning structure and unidirectional flow create a mechanical
environment dominated locally by complex shear stresses and
tension. It has been well demonstrated that disrupting stress
environments generated by physiological flow will lead to defective
valve development (Hove et al., 2003). However, the role of stress
environments in coordinating molecular and cellular decisions
remains incompletely understood. Many studies and our previous
work show that shear stress and cyclic stretch can regulate important
developmental pathways, but studies of compressive and tensile stress
are lacking (Yalcin et al., 2011; Buskohl et al., 2012a).

Here, we have interrogated the roles of tensile and compressive
stress in valve growth and shaping by modulating osmotic pressure.
Osmotic stress is a long-established method for studying the
mechanosensitive response in soft tissues, organoids and spheroids
that are too small and amorphous to secure on a traditional testing
device (Basser et al., 1998; Chevalier et al., 2016). The hyper-
osmotic stress creates compressive loads by inducing a net outward
flow of water from the tissue and the underlying cells, while hypo-
osmotic stress has been used to create tensile loads by inducing a net
inward flow of water into the tissue and into the underlying cells.
We applied these loads in a hanging drop culture system to isolate
explants from surfaces that would induce migration or apply
additional traction forces (Buskohl et al., 2012a). In this study, we
demonstrated that mechanical stresses induced by osmotic stress can
alter cushion size through changes in contractile and proliferative
behaviors. We further identified a mechanically activated switch
between valve growth and maturation, by which compression
induces cushion growth via BMP-pSMAD1/5 while tension
induces maturation via pSER-19-mediated MLC2 contractility.

RESULTS
We used the avian (chick) model, due to its low cost and to the ease
of obtaining large numbers of fresh tissue and cells at stages of
interest from eggs within a short period. Chick and quail models are
well-established tools for studying development (Kain et al., 2014).
The four-chambered avian heart develops in a manner that mirrors
that of the human heart (Aikawa et al., 2006). Here, we isolated
fresh HH25 cushions and cultured them in a hanging drop (one per
drop) for 24 h (Fig. 1A). Compressive stress (hypertonic) conditions
were applied by adding 0.14 M sucrose to the media (increasing
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osmolarity by 54%), while tensile stress (hypotonic) was achieved
by reducing the base media by 50% (decreasing osmolarity by
40%). We refer to the osmotically balanced media control as the
unloaded condition (U).

Compressive/tensile stress regulates the cushion
compaction phenotype in vitro
At 24 h, all tissues have compacted significantly, as measured by area
ratio (Fig. 1B), but compressive loaded cushions had the largest area
and tensile loaded cushions had the smallest. All cushions rounded
from a trapezoidal shape into a circular or elliptical shape (Fig. 1C).
We confirmed that cushions were viable in loaded and unloaded
conditions at 24 h. Proliferation increased with compressive stress
compaction, but osmotic stress did not significantly affect cell density
(Fig. 1B) or apparent tissue stiffness (Fig. S1).

Compressive stress regulates tissue compaction through
BMP signaling
To reveal the mechanism of how osmotic stress induces cushion
compaction, we first examined if TGFβ was being activated by
compressive stress (Buskohl et al., 2012b). TGFβ treatment could
drive a growth phenotype (Fig. S2B). TGFβ signaling is initiated by
TGFβ1, TGFβ2 and TGFβ3, and primarily through Smad activation.
Specifically, several Smads, including Smad2 and Smad3 will be
phosphorylated by TGFβ receptors, forming Smad2/3 complexes and
translocating into the nucleus. However, here we found no significant
differences in pSmad2/3 nuclear localization between osmotic
treatments (Fig. S2C). Furthermore, Alk5/7 inhibitor SB431542
(2.6 μM), which blocks TGFβ2 and TGFβ3 signaling, did not alter
the effects of compressive stress with confirmed successful inhibition
of Smad2/3 phosphorylation (Fig. S2A).
Given the role of BMPs in valve maturation, but unclear role in

growth-related mechanosensitive mechanisms, we examined the role
of BMP signaling as an alternative to the TGFβ pathway (Beppu et al.,
2009). During the compaction, we found significant differences in
pSmad1 and pSmad5 nuclear localization, with compressive stress
showing the highest pSmad1 and pSmad5 activity, suggesting
elevated BMP signaling (Fig. 2A). Alk2 and Alk3 inhibitor LDN
significantly enhanced osmotic stress induced compaction (Fig. 2B).
We used BMP treatment to simultaneously explore the direct role of

BMP in cushion remodeling and as an agonist of the pSmad1and
pSmad5 pathway.We found that BMP treatment (20 ng/ml) markedly
decreased compaction without affecting rounding (Fig. 2C). As
expected, such an effect of BMP on cushion compaction was blocked
by co-treatment with the Alk2 and Alk3 inhibitor LDN.

Compressive stress-driven cushion growth requiresMEK-ERK
Additionally, we investigated a potential downstream kinase
pathway of BMP, MAPK MEK-ERK, which is implicated in
mechano-signaling and mediation of Smad1 and Smad5 signaling

Fig. 1. Osmotic pressure regulates the cushion
compaction phenotype in vitro. (A) Schematic of
experimental design. (B) Compaction (24 h), proliferation
(10 h) and cell density (24 h) of HH25 AV cushions cultured
in conditioned media. (C) Endpoint bright-field and
immunofluorescence images of HH25 AV cushions
compacting and rounding over 24 h of hanging drop
culture. T, tensile stress; U, unloaded; C, compressive
stress. Scale bars: 200 μm in bright-field images; 0.25 μm
in immunofluorescence images. n=4-6 cushions per
condition from 3-6 independent experiments; data are
mean±s.e.m. **P<0.01 (ANOVA with Tukey’s post-hoc
test).

Fig. 2. Compressive stress regulates tissue compaction through BMP
signaling. (A) Percentage of cells positive for pSmad1 and pSmad5 in HH25
cushions cultured under osmotic stress for 24 h, n=4 or 5, data are mean±s.d.
(B) Compaction trend for compressive stress combined with the Alk2/3 inhibitor
LDN. (C) Compaction trend for BMP treatment combined with the Alk2/3
inhibitor LDN, n=4 or 5 cushions per condition, data are mean±s.e.m.
(D) Representative immunofluorescence images stained for pSmad1/5 of
HH25 cushions cultured under osmotic stress over 24 h. T, tensile stress;
U, unloaded; C, compressive stress. Arrowhead indicates an example of a
pSmad1/5-positive cell. Scale bar: 50 μm, **P<0.01 [ANOVA with Tukey’s
post-hoc test (A,C) and a two-tailed unpaired t-test (C)].
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(Zhou et al., 2013). MEK inhibition via U0126 has a large effect
on the growth phenotype, significantly blocking the effect of
compressive stress (Fig. 3A) and completely blocking BMP
(Fig. 3B). We examined ERK activation at 24 h and 18 h to assess
an intermediate time point during remodeling compaction. At 18 h,
p-ERK is not significantly elevated in the compressive condition, but
is clearly blocked successfully by MEK inhibition, and slightly by
Alk2 and Alk3 inhibition (Fig. 3C).

Tensile stress induces tissue compaction through
non-muscle myosin II-mediated cell contractility
To assess a contractile mechanism for osmotic and BMP growth
phenotypes, we first used blebbistatin treatment and found a dose-
dependent effect on tissue size, and that tissue compaction was
inhibited at lower doses of blebbistatin (1 μM) and was reversed at a
higher dose (at or beyond 2 μM) (Fig. 4A). However, inhibition of
ROCK using Y27362 led to a modest, statistically insignificant
reduction in compaction when applied to the unloaded condition and
did not affect tissue rounding (Fig. 4B). Blebbistatin treatment could
also block tissue rounding partially at 1 μM and completely at 2 μM.
To determine whether there was a role for ROCK as an upstream

kinase for contractile signaling, we stained for RhoA-GTP.We found
Rho activity localized to the endothelial cells during compaction
(Fig. S3A). ROCK inhibition disrupted endothelial polarity, resulting
in clumped and disorganized surface cells (Fig. S3B). We also
observed honeycomb-like RhoA-GTP staining patterns in the
cytoplasm of cells under compressive stress (Fig. S3B).

Next, non-muscle (NM) myosin II activation was assessed by
staining for p-SER19 on the NM myosin II light chain. pSER-19
decreased significantly in both the compressive and tensile
conditions (Fig. 4C). We then assessed the myosin activity when
directly applying BMP ligand. BMP treatment significantly reduced
SER-19 activation, which could be restored slightly by LDN or
significantly by MEK inhibition.

Sustained compression upregulates BMP signaling and
impairs valve thinning in vivo
We performed partial atrial ligation experiments on ex ovo cultured
chick embryos to determine the morphogenetic impact of altered
compressive/tensile stress environments on valvulogenesis in vivo.
Left atrial ligation (LAL) is a method to surgically reduce the
hemodynamics placed on the atrioventricular valve (Midgett and

Fig. 3. MEK-ERK is involved in the tissue growth driven by
BMP and by compressive stress. (A) Compaction trend for
compressive stress combined with the MEK inhibitor U0126.
(B) Compaction trend for BMP treatment combined with the MEK
inhibitor. (C) Percentage of cells positive for pERK in HH25
cushions cultured under osmotic stress, and cultured with BMP
and MEK inhibitors. (D) Representative immunofluorescence
images stained for pERK of HH25 cushions cultured under
osmotic stress and culturedwith aMEK inhibitor. T, tensile stress;
U, unloaded; C, compressive stress. Scale bar: 50 μm, n=4-6
cushions per condition per three independent experiments, data
are mean±s.e.m., *P<0.05, **P<0.01 [ANOVA with Tukey’s
post-hoc test (C) and a two-tailed unpaired t-test (A,B)].

Fig. 4. NM-myosin-II is inhibited in tissue growth driven
by BMP and by compressive stress. (A) Compaction of
HH25 AV cushions cultured with the ROCK inhibitor
Y27632, 1 μM NM myosin II inhibitor blebbistatin (B+) and
10 μM blebbistatin (B++) for 24 h. (B) Representative
images of cushions treated with blebbistatin showing
varying degrees of compaction and rounding.
(C) Percentage of pSER19-positive cells in HH25 cushions
cultured under osmotic stress, and with BMP, the BMP
inhibitor LDN and the MEK inhibitor U0126 for 24 h.
(D) Representative immunofluorescence images stained
for pSER19 of HH25 cushions cultured under osmotic
stress over 24 h. Scale bars: 50 μm, n=4-6 cushions per
condition per three independent experiments, data are
mean±s.e.m., *P<0.05, **P<0.01 (ANOVA with Tukey’s
post-hoc test).
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Rugonyi, 2014; Sedmera et al., 1999) (Fig. 5A). Under LAL, the
mitral septal leaflets were significantly less elongated at day 7, when
compared with sham control, indicated by a smaller aspect ratio
(Fig. 5B). As anticipated from our results, delayed tensile stress
environment enhanced the expression of pSmad1 and pSmad5 in
LAL leaflets. The mural leaflets generally showed high pSmad1 and
pSmad5 activity with a statistically insignificant increase in the LAL
condition.

Compressive and/or tensile stress promotes spatially
coordinated Smad1, Smad5, ERK and myosin activity
We found significant differences in the spatial localization of the
pSmad, pERK and pSER-19 signals within the cushion. pSmad1
and pSmad5 activation was observed throughout the outside and
inner layers of the cushions when expressed. Compressive stress

resulted in higher pSmad1 and pSmad5 activity throughout the
cushion (Fig. 6A) that also correlated with greater expression near
the tissue surface. pERK activity was present across the cushions
(Fig. 6B). We found that pERK activity occurred in all conditions
around a mean normalized radius of 0.8, which corresponds to a
sub-endocardial region. We found that pSER-19 was present at or
near the surface layers of the cushion, and compressive stress
resulted in a decrease in pSER-19 activity throughout the surface
layers (Fig. 6C,D). The mean normalized radius of pSER-19-
positive cells was at or above 0.9 for all conditions.

Compressive/tensile stress regulates growth and
compaction across stages of valve development
To determine the relative contributions of the extracellular matrix
(ECM) and cell contractility in determining cushion shape, we

Fig. 5. Altered mechanical loading upregulates BMP
signaling and impairs valve thinning in vivo. (A) Photo
showing left atrial ligation of the chicken embryo heart.
(B) Number of cells positive for pSmad1 and pSmad5, n=3
sections from independent embryos per condition, data are
mean±s.d. (C) Immunohistochemical images of HH30
chick mitral valve stained for pSmad1 and pSmad5 and
MF20 (myocardial marker) with arrowheads indicating
location on the atrial aspect with increased pSmad1 and
pSmad5 signaling under LAL. Scale bars: 100 μm, LV, left
ventricle; LA, left atrium, *P<0.05, **P<0.01 (two-tailed
unpaired t-test).

Fig. 6. Smad1/5, ERK and myosin activity are spatially
coordinated in response to osmotic stress. (A) The
mean normalized radii for pSmad1- and pSmad5-positive
cells in HH25 cushions cultured under osmotic conditions,
and percentage of signal at or near the cushion surface.
(B,C) The same scenarios are shown for pERK-positive
cells (B) and pSER19-positive cells (C). Lines within boxes
indicate the median. The length of each box represents the
interquartile range. The whiskers indicate the highest and
lowest observed values (unless outliers, which are indicated
by points). (D) Color map of pSmad1 and pSmad5
distribution along a normalized cushion radius within 10
regions of interest of equal area. n=3-8 cushions per group
with two slices per cushion around 30 μm. T, tensile stress;
U, unloaded; C, compressive stress. *P<0.05, **P<0.01
(ANOVA with Tukey’s post-hoc test).
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assessed cushion compaction under osmotic loads at mid to late stages
of development where collagen matrix begins to dominate (Butcher
et al., 2007). Cushions in unloaded conditions compacted across all
stages, from HH25 to HH36, by 50%, even given an increasing
collagen matrix density, until after HH40, where compaction stops at
80% (Fig. 7A). Cushions in hypotonic conditions compact 10%more
than controls, an effect that diminishes at later stages. Cushions in
compressive stress conditions compact between 70 and 80% across all
stages. Degradation of collagen matrix via collagenase II in HH40
leaflets led the leaflets to compact by 50% over 24 h, as in unloaded
cushions at HH25. Collagenase treatment also led to a loss in the thin,
saddle-like morphology of HH 40 leaflets (Fig. 7B). Interestingly, the
HH40 leaflets still retained an elongated axis with the same aspect
ratio as HH34 leaflets, even though collagenase treatment resulted in a
decrease of tissue stiffness. The strain energy densities decreased from
about 3 Pa to around 0.4 Pa.
Despite the increased collagen matrix content preventing leaflet

compaction, we still found a generally higher pSER-19 activity at
later stage (HH40) compared with mid stage (HH25). Overall, the
percentage of positive pSER-19 cells was above 20% but there was
no significant difference among different loading conditions
(Fig. 7D). The nuclear localization of pSmad1 and pSmad5 was
less than 4% and generally less than that number if mid-stage; again,
there was no significant difference between the loading conditions
(Fig. 7C). As for HH25, spatial distribution of pSER at HH40
was also localized mainly near the surface (Fig. 7F), but the
distribution of pSmad was scattered across the width (Fig. 7G).
Another finding is the anisotropic distribution of pSER-positive
cells under compressive and unloaded loads. By measuring the
angle between the long axis (perpendicular to elongating direction)

and the lines drawn by positive pSER cells, we found, under
compressive and unloaded conditions, that pSER-positive cells
were located mainly in the endothelium and distributed along tissue
edges, while pSER-positive cells under the tensile stress condition
were located in the subendothelial region and aligned roughly in the
direction parallel to the long axis (Fig. 7H,I), suggesting endothelial
cells could not generate enough compaction while interstitial cells
became a driver in tension-induced tissue compaction.

DISCUSSION
Long-term physiological valve function requires that fetal valve
primordia morph into leaflets with the correct shape and size to
maintain one-way blood flow through the heart. Understanding how
mechanically driven signals and processes influence the outcome of
valve morphogenesis first requires clarifying the role of individual
stimuli. Using osmotic stress to mimic the compression and tension-
loading environments in vivo, we found that compression promotes
cushion growth, while tension promotes cushion remodeling and
leaflet thinning. We further identified BMP as a mechanosensitive
driver of valve growth and mid-stage development, and this pathway
involves the regulation of NM myosin activity through cooperation
with MEK-ERK signals. During late-stage development, the
mechanical environment changes dramatically from a compression-
dominated environment to a tension-dominated environment, the
activation of BMP-SMAD1/5 or NM myosin activity switched in
response to such mechanical environment change.

To induce the compressive/tensile stress, we used sucrose to
mediate the osmolarity of culture media. To demonstrate that the
influence of sucrose on cushion growth was indeed through osmotic
stress, we compared the cell proliferation in cushions cultured in

Fig. 7. Compressive/tensile stress-regulated tissue
compaction is conserved across stages of valve
maturation and its interaction with extracellular matrix
preserves leaflet morphology. (A) The compaction
behavior of cushions across mid to late stages under
osmotic stress conditions, and across late stage (HH40)
compaction with collagenase II treatment (300 U).
(B) Wide-field images of a HH40 leaflet before and after 24
h treatment with collagenase II (CASE). Shape factors,
measured as aspect ratio, of HH25 and HH34 cushions
cultured for 24 h, and HH40 leaflets cultured with
collagenase II for 24 h. n=4-6 cushions per condition per
three independent experiments, data are mean±s.e.m.
Strain energy densities for control/unloaded and
collagenase treated HH40 leaflets, three or four cushions
per condition, data are mean±s.d. Percentage of pSmad1-
and pSmad5- (C), and pSER19- (D) positive cells in HH40
leaflets cultured under osmotic stress for 24 h, n=3 leaflets
per condition, data are mean±s.d. (E) Representative 3D
reconstructed immunofluorescence images stained for
pSmad1 and pSmad5, and pSER19 of HH40 leaflets
cultured under osmotic stress over 24 h. The mean
normalized radii for pSmad1- and pSmad5- (F), and
pSER19- (G) positive cells in HH40 leaflets cultured under
osmotic stress, n=3 leaflets per condition. (H) Angle
between aligned pSER19-positive cells and long axis
(perpendicular to elongation direction), n=3. Lines within
boxes indicate the median. The length of each box
represents the interquartile range. The whiskers indicate
the highest and lowest observed values (unless outliers,
which are indicated by points). (I) Schematic of alignment
of pSER19-positive cells in HH40 leaflets under
compressive/tensile stress and unloaded conditions.
Scale bars: 100 μm. *P<0.05, **P<0.01.
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hypertonic sucrose media to cushions cultured in hypertonic NaCl
media. These two media had the same osmolarity and similar
percentages of pHH3-positive cells (Fig. S7A), confirming that
hypertonicity promotes cell proliferation. In a second experiment, we
treated cushions with hypertonic and unstressed media containing the
same amount of sucrose. The results show higher osmolarity led to a
significantly higher percentage of pHH3-positive cells (Fig. S7B),
suggesting that other potential effects from sucrose addition, such as
metabolic uptake, did not significantly impact cushion growth.
It is well appreciated that TGFβ and BMP signaling control

cellular activities associated with tissue growth, but rarely have the
full multi-scale molecular, cellular and tissue level interactions been
interrogated in the same study. Furthermore, how these pathways are
coordinated to activate and/or suppress remained elusive. We
establish here that BMP signaling is an essential inducer/mediator of
AV valve growth during mid-stage development. Interestingly, we
previously found that TGFβ3 also increased AV valve tissue size,
but here determined that TGFβ signaling via pSmad2 and pSmad3
was dispensable for mechanically induced growth. Given the
studies showing a key role for TGFβ and Smad2/3 in regulating
EndMT during early cushion formation (Gould et al., 2016), the
contribution of TGFβ signaling to valve development may change
with stages, possibly owing to the dramatic change of mechanical
environments. On the other hand, pSmad1 and pSmad5 was
upregulated by compressive stress in combination with a reduction
in tissue size with the application of an Alk2 and Alk3 inhibitor.
This supports TGFβ and BMP as independent mediators of
compaction; however, BMP is uniquely activated by compressive
stress. In vitro, BMP2 treatment alone was found to produce a
similar growth phenotype. In vivo, aberrant BMP signaling has been
associated with deficient or hyperplastic valves in newborn mice
lacking epidermal growth factor receptor (EGFR) or tumor necrosis
factor-a converting enzyme (TACE) (Jackson et al., 2003). Such
studies using genetically mutated mice show that disruption of BMP
signaling can also be independent of compressive stress. During
natural development, BMP signaling is regulated by forces generated
by blood flow, but genetic abnormalities can disrupt the natural
regulatory process. In addition to the widely recognized role of BMP
signaling in cell proliferation, we found here that the compression
activation of BMP, Smad1 and Smad5 can drive cushion growth by
limiting cell contractility. In fact, BMP has different downstream
signaling depending on the upstream input. For example, during
EndMT myocardial BMP signaling can promote the breakdown of
endocardial cell-cell contact by upregulation of Snail1 and Snail2
(Ma et al., 2005; Rivera-Feliciano and Tabin, 2006). These contextual
differences of BMP signaling highlight the importance of upstream
coordination: a deliberate coordination is required for valve growth
and maturation. Mechanical coordination can provide such tunability
because mechanical inputs will converge as valves develop to match
the same biomechanical demand. This could explain how valves with
very different sizes can end up in the same tightly controlled
anatomical morphology.
Our results also show that valve morphogenesis requires precise

spatial coordination between pSmad1, pSmad5 and pERK: their
colocalization in the same cell or neighboring cells may be required
for the inhibition of NM-myosin activity and thus cell contractility.
We confirmed that the surface layer of cells around the cushion was
where endothelial cells remained on the surface by examining the
spatial distribution of the endothelial marker VE-cadherin (Fig. S6).
Given that pSER-19 was present at or near the surface of the
cushion, while pSmad1 and pSmad5 were observed throughout the
cushions, endothelial contractility and mesenchymal proliferation

may play distinct roles in driving the cushion growth [previous
studies only considered the role of endothelial cells in tissue shaping
(Ninomiya and Winklbauer, 2008; Hughes et al., 2018)].
Furthermore, our data show a signaling crosstalk between
endocardial and mesenchymal cells during cushion compaction.
We found that colocalization of pERK, pSmad1 and pSmad5 in the
sub-endocardial region may synergize to regulate the endocardial
cell contractility, suggesting mesenchymal BMP, Smad1 and
Smad5 could affect endocardial cell contractility. Given the
studies proposing that endocardial Notch1 limits mesenchymal
BMP signaling and subsequent mesenchymal proliferation by
activating heparin-binding EGF-like growth factor (HBEGF)
(MacGrogan et al., 2016), a closed loop of interactions between
endocardial and interstitial mesenchymal cells may exist.

This work showed the existence of a molecular switch by which
compression promoted cushion growth through BMP, pSmad1 and
pSmad5 while tension promoted valve maturation by upregulation
of pSER-19-mediated cell contractility. We previously reported a
FilGAP-regulated switch in valve growth and remodeling, which is
activated by cyclic stretch to turn on RhoA or Rac1 pathway (Gould
et al., 2016). The acute cyclic stretch activated RhoA to produce a
myofibroblast phenotype, while chronic cyclic stretch activated
Rac1 to drive matrix compaction for valve maturation. These two
studies lead to a hypothesis that different mechanical signaling
regulates different signaling coordination, probably through a
transition at molecular level. Such molecular level ‘switching’
relationship between BMP, pSmad1 and pSmad5 and pSER-19-
mediated cell contractility is common during tissue development.
Another example in heart development is the ability of the Hippo
pathway to restrict heart size, while the nuclear translocation of YAP
can activate cardiac growth (Wang et al., 2018). YAP is now widely
acknowledged to be a mechanosenstive transcription factor that can
be activated independently of canonical Hippo signaling.

The transition from growth program to maturation program is
associated with a transition from compression-dominated
environments to tension-dominated environments. Cushions were
subjected to compression-dominated environments when growing
thicker. Although at later stages, with elongation and thinning of
cushions, tensile stress became dominated. Our study suggests this
mechanical transition orchestrates cushion growth and maturation
via signaling coordination between BMP, pSmad1 and pSmad5 and
MLC2 cross endothelial and mesenchymal cells. Several
mechanosensing mechanisms may be involved in the transduction
of compressive and/or tensile stress, such as YAP and/or TAZ and
mechanically gated ion channels. These different mechanisms may
activate different signaling pathways in response to mechanical
environments. The impact of mechanical stimuli may also depend
on whether the stresses are transduced at the cell membrane or the
cytoskeleton. Disrupted compressive and/or tensile stress sensing
could result in defective growth and/or maturation, eventually
leading to the malformation of heart valves. This concept provides a
possible answer to a long-standing question of why only a small
minority of CHDs have an identifiable genetic cause. Many
clinically serious CHDs, such as tetralogy of Fallot and persistent
truncus arteriosus, and prevalent but variably mild forms, such as
ventricular septal defect, are the result of defective cushion growth in
outflow tract (Lindsey et al., 2014). Our hypothesis suggests that such
defective growth could be the result of insufficient compression on
cushions or abnormal stretch occurring in cushions during growth
stages. To rectify the defects, surgical accessories may be used to
apply additional compression on cushions while mitigating
unnecessary tension.
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In summary, this study demonstrates that osmotic stress
has developmentally relevant effects on valve shape fidelity and
growth. The results reveal a mechanosensitive mechanism by
which compressive and tensile stresses orchestrate heart valve
formation. Compressive stress promotes proliferation and inhibits
the compaction phenotype via BMP signaling in coordination
with MEK-ERK, while tensile stress promotes the compaction
phenotype. Based on this, we proposed a growth and/or maturation
switch that is controlled by mechano-regulation between BMP-,
pSmad1-, pSmad5- and pSER19-mediated cell contractility. Further
studies to uncover how mechanical stress coordinates underlying
biomolecular mechanisms should advance our knowledge on how
developmental pathways lead to the biomechanically functional
morphology of heart valves.

MATERIALS AND METHODS
Avian AV cushion isolation and hanging drop culture
AV cushions (HH25) or remodeling left AV leaflets (HH36 and HH40) AV
cushions were dissected from the myocardium of embryonic chick hearts.
Whole tissue explants were cultured in 20 μl hanging drops, where the
explant would settle at the apex (Ninomiya and Winklbauer, 2008). Control
(unloaded condition) media consisted of 1×M199 (290 mOsm) with the
following additives constant for all medias: 1% penicillin-streptomycin,
2.2 g/l sodium bicarbonate, 1% chick serum and 0.1% insulin-transferrin-
selenium. Hypoosmotic conditions were made by supplying the same
additives to 0.5×M199 (173 mOsm,−40%). Hyperosmotic mediawas made
by adding a 0.14 M sucrose solution in control media (446 mOSM, +50%).
Osmolarities were measured using a freezing point depression osmometer,
calibrated using a 290 mOsm standard. Osmotic formulations were found to
change stoichiometrically (linearly) with the addition or removal of solutes
(Table 1).

Optical imaging of hanging drop cultures
Cushions were imaged fresh after placement in hanging drops and then
again after 10 h, 18 h or 24h in culture using an upright stereo-microscope
(Zeiss V20 with Retiga 4000R camera). Tissue areas were measured in FIJI
(ImageJ) and the compaction ratio was computed as the ratio of final to
initial area. We demonstrated that the relationship between conditions, as
determined by area measurements, is the same as the relationship when
measuring tissue volumes (Figs S4, S5).

Cytokines and inhibitors
The following cytokines were added to culture media: BMP2 (10 ng/ml,
Krackeler Scientific), TGFβ3 (2 ng/ml, Peprotech). The following inhibitors
were added to culture media: ROCK inhibitor, Y-27632 (10 μM, Cell
Signaling); Alk2/3 inhibitor, LDN193189 (1 μM, Sigma); Alk 5/7 inhibitor
SB431542 (2.6 μM, Sigma); MEK inhibitor, U0126 (10 μM, Sigma); and
NM-myosin II inhibitor, blebbistatin (1 μM-10 μM, VWR/BioVision) (see
Table S1 for details).

Left atrial ligation
Fertilized White Leghorn chicken eggs were incubated in a 38°C forced-
draft incubator to Hamburger-Hamilton (HH) stage 21 (3.5 days,
Hamburger and Hamilton). The embryo was cultured in an ex vivo
platform previously described (Gould et al., 2016). Briefly, an overhand
knot of 10-0 nylon suture loop was placed across a region of either the right

or left atrium and tightened, partially constricting the left or right AV orifice,
respectively (LAL and RAL). This diverted flow from the constricted inlet
towards the untreated inlet, decreasing hemodynamic load on the one side
and increasing it on the other (Boergermann et al., 2010; Aubin et al., 2004).
At D7 and D10, hearts and/or AVs were fixed, and paraffin sectioned for
immunofluorescence staining.

Immunofluorescence
Cushions were fixed in 4% PFA for 30 min at 4°C, permeabilized with
0.02% Triton-X and blocked using 3% BSA, 20 mM MgCl, 0.3% Tween
20, 0.3 M glycine, and 5% donkey serum in 1×TBS. Samples were
incubated with the following primary antibodies at 1:100 dilution unless
noted otherwise: PHH3 (mouse or rat, Cell Signaling, 9701), caspase 3
(mouse, Cell Signaling, 9662), alpha-smooth-muscleactin-Cy3 conjugated
(mouse, Sigma, C6198), RhoA-GTP (mouse, New East Biosciences,
26904), Rac1-GTP (mouse, New East Biosciences, 26903), erk12pERK
(rabbit, Cell Signaling, 3192), pSmad2/3 (rabbit, Cell Signaling, 9701),
pSmad1/5 (Cell Signaling, 9516), pSER19 on myosin light chain kinase
(rabbit, 1:50, Thermo-Scientific, PA5-17726) and VE-cadherin (rabbit,
Abcam ab33168). Antibodies requiring amplification (pERK, pSmad1/5
and pSmad2/3) were also incubated in 1% H2O2 in PBS for 40 min, stained
using HRP-conjugated secondary antibodies and incubated using a TSA kit.
Secondary antibodies were applied in 5% BSA in TBS at 1:100 unless
noted: goat anti-mouse Alexa Fluor 488 (Thermo, A-21202), goat anti-
rabbit Alexa Fluor 568 Thermo, A11011 (1:200 for VE-cad), goat
anti-mouse Alexa Fluor 635 Thermo, A31574 and donkey anti-mouse
Alexa Fluor 647 A-31571. After staining, cushions were optically cleared
using HISTO-M solution (Visikol). Stained cushions were imaged in glass-
bottomed 96-well plates using an inverted Zeiss LSM 710 microscope.
For LAL sections, whole hearts from day 7 chicks were flushed with TBS
and fixed with 4% PFA overnight, embedded with paraffin wax and
sectioned. Antigen retrieval was carried out with citrate buffer. Endogenous
peroxidase was blocked with 1% H2O2 in PBS for 40 min. Sections were
then permeabilized and blocked with the buffer as above. Sections were
incubated with pSmad1/5 (rabbit, 1:100, Cell Signaling, 9516) or pERK12
(rabbit, 1:100, Cell Signaling, 3192) and with MF20 (mouse, 1:100,
eBioscience, 14-6503-82). Sections were then incubated with donkey anti-
rabbit HRP (1:100, Rockland, 611-703-127) and donkey anti-mouse AF568
(1:100, Thermo-Scientific, A10037). Signal was amplified using TSA
Amplification Kit (Perkin Elmer).

Stain localization analysis
We considered each nucleus or positive cell as an object existing at a radius
(r) from a centroid calculated from the location of all nuclei. This approach
allows for a ROI to be defined ad hoc from the raw data, as opposed to
requiring predefined segmentation steps to identify the total cushion area.
The radii were then normalized on a per cushion basis by averaging the radii
of M number of cells farthest from the tissue center (i.e. those with the
largest radii) and dividing all radii by this average max radius Rmax, creating
rnorm values. This approach prevents small surface irregularities from greatly
affecting normalization. With proper selection of M, this also leads to the
inclusion of only surface/endothelial cells, defining a biologically
reasonable condition for rnorm=1. Cells at rnorm>1 reflect deviations in the
cushion size from a perfectly smooth circle. Outliers, e.g. due to another
cushion at an image edge, will show up generally at rnorm>1.2. The same
procedure is applied to the objects from the stain image channel to create
rnorm,stain. The resulting distributions can be binned into bins of equal area by
computing radii of those circles with the following formula:

rðiÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðiþ 1Þ�A0

p

r
;

where i is the circle index, with the central circle being 0, and A0 is a selected
constant area.

Statistics
Results are expressed as mean±s.e.m., with n≥4 independent cultures per
treatment condition and four- to six-dozen chick embryos pooled for each

Table 1. Measured media osmolality

Formulation
Reading
(mOSM/kg) Perturbation

STRD(290) 288 Standard
Media 295 0%
Hypo-osmotic (0.5×M199 with equal buffer) 174 −41%
Hyper-osmotic (0.14 M) sucrose 446 51%
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experiment. Statistical analysis was carried out using SAS and/or Excel
software. Treatment effects were compared using either an ANOVA with
Tukey post-hoc paired tests or a t-test, and data were transformed when
necessary to obtain equal sample variances. Differences between means
were considered significant at P≤0.05.
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