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ABSTRACT 

In an effort to investigate the interplay between molecular determinants and 

biomechanical properties during early embryonic development we have investigated 

two separate but similar morphogenetic processes: limb morphogenesis and cardiac 

cushion morphogenesis.  Accurate interpretation and modeling of the physical 

mechanisms with which embryonic morphogenetic processes occur requires 

quantitative measurements of the biomechanical properties of the living embryonic 

tissues involved.  It has previously been suggested that embryonic tissues may be 

described as liquids and that the biomechanical properties of individual tissue 

masses/populations contribute to the forces necessary for shape changes during early 

organogenesis.  In order to quantitatively investigate the interplay between physical 

and molecular determinants during early vertebrate embryonic development we 

proposed that intact living fragments of embryonic mesenchymal tissue behave as 

liquids and that the biomechanical properties of living spherical explants of 

mesenchyme may be quantitatively measured using novel techniques and standard 

liquid theory. 

Formation of the limbs in avian embryos occurs by changes in the properties of the 

somatopleural mesoderm in the limb fields whereby the limb buds are caused to bulge 

outwardly from the body.  Signaling by FGF8 produced by the newly formed apical 

ectodermal ridge (AER) initiates this morphogenetic process.  Employing formal 

similarities between embryonic tissues and immiscible liquids we have measured the 

apparent surface tensions of 4 day embryonic chicken wing and leg bud mesenchymal 

tissue, and of adjacent flank mesoderm. We found that the two types of limb tissues were 

 vi



significantly more cohesive than the flank tissue.  The differences between the surface 

tensions, a measure of relative tissue cohesivity, were consistent with the hypothesis of 

Heitzelmann et al. (1977) that budding of the limbs from the body wall is caused by 

differences between the cohesivities of limb bud and flank tissues.  Besides being less 

cohesive than the limb buds, the flank also exhibited an active response behavior, not 

previously seen in tensiometry measurements of other embryonic tissues, which was 

dependent on an intact actin cytoskeleton.  Possibly related to this active response was 

our finding that mRNA for α -smooth muscle actin (SMA) was expressed at significant 

levels in flank mesoderm, but was barely detectable in limb bud mesoderm.  We 

performed tensiometry measurements on flank tissue before and after exposure to 

exogenous FGF8 to test whether the induction of limb budding by this factor is related to 

modification of the liquid-like properties of limb field mesoderm.  We found that FGF8-

treated flank tissue acquired surface tension values within the limb range, while losing its 

active response behavior.  

During early embryonic heart development the atrio ventricular (AV) cushion 

mesenchyme develops to form the heart septum and valvular leaflets. Any deviation 

from normal AV cushion tissue development results in severe congenital heart 

defects. We have measured the biomechanical properties of explants of AV cushion 

tissue, in particular surface tension and viscosity, and found that they are 

developmentally regulated. Our results indicate that both the surface tension and 

viscosity of spherical explants of AV cushion tissue explants increase during early 

development.  Additional tensiometry measurements of explants of AV cushion tissue 

incubated with exogenous TGFβ3 demonstrated an increase in tissue surface tension  

with decreasing efficiency with developmental stage and explants incubated with 
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periostin over-expressing virus had an increased viscosity. Based on previous studies 

which show that TGFβ3 upregulates the production of the extracellular matrix protein 

periostin as well as other important ECM proteins such as fibronectin, tenascin and 

collagen, it is possible to speculate that TGFβ3 and periostin plays a role in governing 

the biomechanical properties of AV cushion tissue during valvulogenesis. The 

biological implications of these results is that as the septum forms from the fusion of 

the AV cushion mesenchyme, the tissue becomes more cohesive and resistant to flow 

thus preserving the emerging architectural structure of the heart. Additionally we 

show that changes in the biomechanical properties of this tissue are in part regulated 

by the growth factor TGFβ3 and the ECM protein periostin. 

Keywords: limb bud, surface tension, active response, cardiac, embryonic, surface 
tension, AV cushion, periostin, collagen, fibronectin, TGFβ3  
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-1- 

INTRODUCTION 

 (morphogenesis: Greek morphê shape and genesis creation) 

 

In early vertebrate embryonic developement the first tissues to form are epithelial, 

in which there exists direct cell to cell contact, with a well defined apical-basal 

lamina.  As development ensues, in specific locations some of the epithelial tissue 

undergoes a change in physical state, an Epithelial to Mesenchymal Transformation 

(EMT) in which the cells become loosely connected and surrounded by Extra Cellular 

Matrix (ECM).  When the organs begin their individual development tissue shape 

changes must occur, morphogenesis is the process of this shape creation/change.  In 

order for shape change to occur, physical forces are required.  Phenomena such as 

tissue budding, spreading, fusion and compartmentalization require specific tissue 

properties which may be quantified by modeling embryonic tissues as visco-elastic 

emissive fluids (Forgacs et al. 1998).  It has been previously suggested that 

embryonic tissues may be described as liquids and that the biomechanical properties 

of individual tissue masses/populations can contribute to the forces necessary for 

shape changes during early organogenesis (Foty et al 1994).  It has previously been 

demonstrated that aggregates of cells (model tissue) do indeed mimic the behavior of 

emissive liquids and that as liquids they must have an effective surface tension and 

viscosity which may be qualitatively and quantitatively measured using envelopment 
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assays, sorting assays, and tensiometry (Foty et al. 1994, Forgacs et al. 1998 and 

Heintzelman et al. 1978).   

In an effort to investigate the organizing principles underlying early vertebrate 

embryonic development and develop a correlation map between the biomechanical 

properties and the biomolecular components of embryonic tissues we examine two 

specific and similar early morphogenetic processes: Limb morphogenesis and Atrio 

Ventricular (AV) cushion tissue morphogenesis.  In order to quantitatively investigate 

the interplay between physical and molecular determinants in these two early 

morphogenetic processes, the method of tensiometry was used to measure the surface 

tension or cohesivity of living spherical explants of intact mesenchyme from specific 

regions of the developing chick embryo.  Particular tissues of the developing embryo 

which are in the mesenchymal state and lend themselves to our quantitative methods 

(due to size limitation, our methods require tissue explants which are at least 300 

microns in diameter) are the developing limb buds at Hamburger and Hamilton 

developmental stage 23 (HH23~4days, Hamburger and Hamilton 1951, Fig. 1) and 

the Atrio-Ventricular (AV) cushion tissue (Fig. 2) at HH23~4days, HH27~5days and 

HH30~6days.   
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Figure 1.  Limb morphogenesis: A HH23 chick embryo with the locations of the 

hindlimb, forelimb and flank tissue indicated (A), a forelimb bud (side view, B and 

end view C). 
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Figure 2. AV cushion tissue:  a HH27 chick embryo with the heart (*) indicated (A); 

the isolated heart (B) with the atrium (a), ventricle (v), the position of the AV 
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cushions within the myocardial canal (*) and the location of incision #1 indicated (B); 

the isolated section of the heart with the atrium (a), the myocardial canal containing 

the AV cushions (*) and the locations of incisions #2 and #3 indicated (C); the 

ruptured myocardial canal with the exposed AV cushion tissue (*) and the locations 

of incisions #4 and #5 indicated (D); isolated AV cushion tissue samples (E) and a 

sequence of images of the rounding process for a living intact fragment of AV 

cushion tissue (~300μm in diameter), rounding occurs within 24 hours in vitro, an 

indication of its liquid like behavior. 

 

We propose that intact living fragments of embryonic mesenchymal tissue behave 

as liquids and the biomechanical properties of living spherical explants of 

mesenchyme may be quantitatively measured using standard liquid theory (Fung YC 

1990).  Additionally we propose that the biomechanical properties of embryonic 

mesenchyme, particularly limb bud and AV cushion tissue, assist in facilitating shape 

changes in early organogenesis.  The two morphogenetic processes of limb bud 

development and AV cushion tissue development have several important similarities.  

Both limb and AV cushion mesenchyme are composed of a vascular hyaluronan rich 

matrix.  Both of these mesenchymes display the liquid like behavior of tissue 

budding, produce and respond to the same growth factors (Transforming Growth 

Factor β3 TGFβ3 and Bone Morphogenetic Protein BMP) and express similar ECM 

proteins (fibronectin and tenascin) during formation.  There are also important 

differences between these two morphogenetic processes.  The formation of the AV 

cushions occurs in the presence of the sheer stress caused by blood flow within the 
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heart.  The development of the AV cushions from the endocardium occurs via an 

Epithelial to Mesenchymal Transformation (EMT) signaled by TGFβ3 (Sun et al. 

1998, Boyer and Runyan 2001 and Camenisch et al. 2002).  Additionally, the ECM 

protein periostin is expressed in developing cardiac tissue in the region of the AV 

cushions and appears to be localized in regions requiring great tensile strength (Kern 

et al. 2005).  Phase separation of the limb buds from the flank involves 2 

mesenchymal tissues and is possibly driven by the difference in the biomechanical 

properties manifested by their ECM composition, signaled by the Fibroblast Growth 

Factor 8b (FGF8b, Crossley et al. 1996, Vogel et al. 1996, Xu et al. 1998, 

Lewandoski et al. 2000, Kawakami et al. 2001, Mahmood et al. 1995, Martin et al. 

1998 and Moon et al 2000).   

In an effort to investigate the principles underlying embryonic shape 

transformations during the developmental phenomenon of limb morphogenesis, 

quantitative measurements of the biomechanical properties of embryonic limb pre-

cartilage mesenchyme indicated that tissue surface tension or cohesivity may play a 

role in limb bud morphogenesis possibly signaled by FGF8b.  Tissue budding is a 

prime example of the developmental process known as morphogenesis (change in 

tissue shape and structure due to cell migration, proliferation and transformation) 

which occurs during embryonic development and may be described in terms of 

changes in the biomechanical properties of the individual tissues.  This study focused 

on the quantitative measurement of the biomechanical properties of the embryonic 

mesenchymes directly involved in the phenomenon of limb bud protrusion (limb bud 

pre-cartilage mesenchyme and flank lateral plate mesoderm) which occurs at the 
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onset of vertebrate limb development.  Avian limb buds develop as a consequence of 

shape changes in the lateral plate mesoderm through which two pairs of protrusions 

or limb buds (pre-cartilage limb bud mesenchyme) begin to develop at the axial levels 

of the cervical-thoracic (forelimb) and lumbosacral (hindlimb) vertebrae and protrude 

distally outward from the flank (Burke et al. 1995).  Signaling from FGF8b in the 

apical ectodermal ridge (AER) initiates this process and controls the proximodistal 

outgrowth of the limb bud (Sun et al. 2002, Ohuchi et al. 1997, Lewandowski 2000 

and Kawakami et al 2001).  Many morphogenetic processes may be modeled and 

described in terms of the biomechanical properties of the individual tissues (Fung 

1990, Forgacs 2005).  Based on the liquid like behavior of embryonic tissues, it has 

been suggested that the surface tension or cohesivity of embryonic tissues undergoing 

shape changes or morphogenesis can contribute to the forces necessary for tissue 

rearrangements or the formation of the limb buds (Heintzelman et al. 1978).   

It was proposed that if embryonic tissues behave as emissive liquids then they 

must have characteristic liquid properties such as an effective surface tension or 

cohesivity which may be quantitatively measured for spherical aggregates of cells 

(~300μm diameter) using the method of tensiometry (Foty et al. 1994 and Forgacs et 

al. 1998).  Subsequently it was proposed that fragments of hindlimb, forelimb and 

flank mesenchyme behave as emissive liquids and will round up to form spherical 

explants in vitro in an effort to minimize their surface energy.  Additionally, as 

liquids, spherical explants of hindlimb, forelimb and flank mesenchyme must posses 

an effective surface tension or cohesivity which may be quantitatively measured 

using the method of tensiometry.  It was previously qualitatively demonstrated that 
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hindlimb, forelimb and flank tissue have differential cohesivities (hindlimb is more 

cohesive then forelimb, with hindlimb and forelimb both being more cohesive than 

flank) and that the biomechanical properties of lateral plate mesoderm, in particular 

its surface tension, contribute to the forces necessary for shape changes during limb 

bud morphogenesis (Heintzelman et al. 1978).  In order to quantitatively validate the 

hypothesis that tissue surface tension provides a morphogenetic force during early 

limb development we measured the surface tension (or cohesivity) of spherical 

explants of intact living Hamburger-Hamilton developmental stage 23 (HH23 ~day 4, 

Hamburger and Hamilton 1951) chick hindlimb, forelimb and flank mesenchyme 

using the previously described method of tensiometry (Foty et al. 1994 and Forgacs et 

al. 1998).  Recent studies have shown that FGF8 is expressed in the apical ectodermal 

ridge (AER, Cohn et al. 1995 and Xu et al. 1998) of the developing limb bud.  

Additional studies have shown that the FGF family (FGF 1, 2, 4, and 8) has an AER 

function and is necessary for induction of the outgrowth of the limbs (Cohn et al. 

1995, Ohuchi et al. 1995, Ohuchi et al. 1997, Ohuchi et al. 1998, Crossley et al 1996, 

Vogel et al. 1996, Cohn and Tickle1996, Kawakami et al. 2001, Lewandoski et al. 

2000 and Sun et al. 2002).  Due to the facts that FGF8b signals the formation of the 

limb and can cause the induction of the formation of an additional limb bud in the 

flank (Ohuchi et al. 1998, Ohuchi et al. 1995, Cohn et al. 1995) it is logical to 

hypothesize that incubation of HH23 flank mesenchyme fragments in exogenous 

FGF8b (during the 24 hour rounding process) will change the biomechanical 

properties of flank mesenchyme causing them to become like those of limb.   

Additional measurements were performed on explants of HH23 flank lateral plate 
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mesoderm with and without 25ng/ml exogenous FGF8b.  Our results indicate that 

limb (hindlimb and forelimb) bud mesenchyme is more cohesive than the surrounding 

flank tissue with hindlimb being more cohesive than forelimb, in agreement with the 

qualitative analysis of Heintzelman.  Unlike the limb, explants of flank tissue 

exhibited a peculiar active response.  Additionally treatment of flank tissue explants 

with exogenous FGF8b caused an increase in the cohesivity of flank mesenchyme and 

a disappearance of the active response, indicating that FGF8b causes the 

biomechanical properties of flank tissue to become more like that of limb.  The 

biological implication of our data is that in order for a tissue to bud out from a 

surrounding tissue, it must become more cohesive than its surroundings thereby it 

may remain compact.  These results are a biological validation of the hypothesis that 

tissue surface tension provides a morphogenetic force in early development. 

In a further effort to investigate the correlation between the biomechanical and 

biomolecular components of embryonic tissue, a separate study focused on cardiac 

cushion morphogenesis.  Congenital heart defects are one of the main problems of 

pediatric cardiology.  These malformations occur when there is a deviation from 

normal embryonic heart development.  Valvulogenesis is a complex morphogenetic 

process which includes several important processes: cell proliferation and 

differentiation, assembly, deposition, cross linking and remodeling of extracellular 

matrix (ECM).  One critical period of embryonic heart development which precedes 

valvulogenesis, is heart septation, when the four chambered heart forms from a single 

tube consisting of endocardium (endothelial cells) and myocardium (myocardial 

cells).  Atrio ventricular (AV) cushion tissue is a precursor of heart valve and heart 
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septum, and is formed by hyaluronic acid rich mesenchymal tissue that develops 

between the endocardium and myocardium within the outflow tract (OT) and atrio-

ventricular (AV) area (Eisenberg and Markwald 1995, Fig. 3).   

 

HH27 10x
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Figure 3.  Confocal imaging of AV cushion tissue : (A) A confocal section (saggital 

plane) of a HH27 heart, showing the AV cushions (*), the developing ventricle (v) 

and the primitive atrium (a), (B) A confocal section of a HH27 heart at the region of 

the myocardial canal (perpendicular to the saggital plane, along the line a-b) which 

contains the AV cushions (*) and the characteristic H shaped lumen (h). 

 

AV cushion tissue develops from endothelial derived mesenchymal cells as the result 

of an Epithelial to Mesenchymal Transformation (EMT).  The EMT is a critical step 

in early cushion development, signaled by TGFb3 and is a subject of intensive 

systematic studies (Sun et al. 1998, Boyer and Runyan 2001 and Camenisch et al. 

2002).  However, post EMT and late stage valvulogenesis or differentiation of 

cushion tissue into mature heart valve tissue is still poorly understood.  Even during 
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these early stages of morphogeneis the heart is beating and must function as it 

continues to develop, the AV cushion tissue serves as an analog of heart valve which 

functions to provide unidirectional blood flow during heart development. 

Additionally, AV cushion development is another manifestation of the morphogenetic 

phenomenon of tissue budding that occurs within the developing heart at the onset of 

valulogenesis when the AV cushions bud out of the surrounding endocardium and 

myocardium (Fig. 3).  As a result of this process and their subsequent swelling, the 

two apposing cushion tissue buds finally fuse to begin the formation of the septum 

and a portion of this evolves into mature heart valve tissue with specific 

biomechanical properties essential for heart valve function (Fig. 4A-D).  

 

 A B C D 

Figure 4. AV cushion morphogenesis: A) HH26 AV cushion tissue unfused, B) HH28 

AV cushion tissue fusing, C) HH29 AV cushion tissue fusing and D) HH30 AV 

cushion tissue completely fused. 

 

As the AV cushion tissue develops, the cells (controlled by signals from growth 

factors) lay down additional extracellular matrix, in order to strengthen and preserve 

the emerging architectural patterns of the heart.  Alterations in cushion tissue 

morphogenesis result in severe congenital heart defects or embryonic heart 
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malformation (Eisenberg and Markwald 1995).  This process is developmentally 

regulated and controlled by the biomechanical properties of AV cushion tissue, 

however, the material properties of developing cushion tissue have not previously 

been the subject of systematic quantitative studies.  In an effort to understand details 

of heart valve development and develop a correlation map between the biophysical 

properties and the biomolecular components of embryonic mesenchyme, this study 

focuses on the quantitative measurement of biomechanical properties of AV cushion 

tissue from stages HH23, 27 and 30.  It was proposed that fragments of HH23, 27 and 

30 AV cushion tissue behave as liquids and will round up to form spheres when 

placed in an adhesion free environment allowing tensiometry measurements to be 

performed.  Additionally, as a liquid, pairs of spherical explants when contiguously 

placed will fuse and this fusion process will resemble the coalescence of two liquid 

drops.  We suggested that the biomechanical properties of HH23, 27 and 30 AV 

cushion tissue are developmentally regulated and may be quantitatively measured 

using tensiometry and fusion kinetics measurements.  Additionally, the role of the 

ECM protein periostin (which is expressed in embryonic cardiac tissue in the region 

of the AV cushions, Kern et al. 2005) in regulating the biomechanical properties of 

AV cushion tissue was investigated using the quantitative methods of tensiometry and 

fusion.  Furthermore, due to the fact that TGFβ3 initiates the EMT and causes the 

cushions to develop and protrude outward from the surrounding myocardium, it is 

hypothesized that Ectopic expression of TGFβ3 will cause the surface tension of the 

AV cushion to increase.  To test these hypotheses in a quantitative way intact living 

fragments of AV cushion tissue (HH23, HH27 and HH30) were explanted and 
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incubated and photographed while they rounded to form spherical explants of living 

embryonic tissue.  Tensiometry and fusion measurements were performed to evaluate 

the surface tensions and viscosities of HH23, HH27 and HH30 AV cushion tissue 

explants.  Additional tensiometry and fusion measurements were performed on HH27 

AV cushion tissue treated with 6x10^6 particle of periostin expressing virus (OX) or 

Lacz promoter expressing control virus (Lacz).  Tensiometry measurements were also 

performed on HH23, HH27 and HH30 AV cushion tissue explants treated with 

TGFβ3 in an effort to investigate the effect of TGFβ3 on the biomechanical 

properties of AV cushion tissue.  We report here that the biomechanical properties of 

explants of AV tissue, in particular surface tension and viscosity, may be 

quantitatively measured using the combined methods of spherical tissue explant 

tensiometry and fusion measurements and that these properties are developmentally 

regulated.  Additionally, new methods were introduced which allowed the precise 

calculation of tissue viscosity from the surface tension/viscosity ratio.  Our results 

indicate that both the surface tension and viscosity of spherical explants of AV 

cushion tissue explants increase during development.  Additional measurements using 

a periostin expressing virus (OX) indicate that periostin increases the viscosity of 

spherical explants of HH27 AV cushion tissue suggesting that periostin may interact 

with the ECM as a crosslinking element.  Further measurements of explants of AV 

cushion tissue incubated with exogenous TGFβ3 (which signals the epithelial-

mesenchymal transformation (EMT) causing AV cushion tissue to develop from the 

endocardium) indicate that indicate TGFβ3 increases the surface tension of AV 

cushion tissue with decreasing effectivity as the AV cushion tissue develops.  
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Taken together, these results indicate that embryonic mesenchymal tissues do, in 

fact, in many ways behave as liquids.  Fragments of embryonic hindlimb, forelimb, 

flank and AV cushion mesenchyme rounded up to form spheres indicating that they 

behave in many ways like liquids (Fig. 5 and 2F.) allowing tensiometry 

measurements to be performed.  Additionally, spherical explants of AV cushion 

tissue will fuse (Fig. 6A and B) when brought to close opposition within a hanging 

droplet of media and incubated, the kinetics of fusion remarkably resemble those of 

coalescing liquid drops.  Our data demonstrate that by employing these quantitative 

studies and modeling embryonic tissue as a liquid it is possible to illuminate the 

correlation between the biomechanical properties of embryonic tissue of with specific 

biomolecular determinants.  

 

 

l 

4x 

w 

f 

Figure 5.  Hindlimb (l), forelimb (w) and flank (f) mesenchyme explant rounding: the 

rounding of fragments (~300μm diameter) of hindlimb, forelimb and flank 

mesenchyme occurs within 24 hours in vitro, an indication of their liquid like 

behavior.  
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Figure 6.  Cushion tissue explant fusion: the time evolution of the fusion of two 

opposing spherical HH27 AV cushion tissue explants closely resembles the 

coalescence of two viscous liquid droplets and the rate of increase of the interfacial 

contact area may be measured from the captured images (A).  The tissue explant 

fusion process visualized with green and red membrane dyes demonstrates that there 

is little or no cell migration across the fusion interface (note, these tissue explants are 

identical, B).  A graph of the length parameter, L, defined in the text during the first 6 

hours of the fusion process is approximately linear in time and the rate of increase is 

equal to σ/η (representative data, C).   

 

 

 

 14



-2- 

MATERIALS AND DISSECTION METHODS 

 

Embryos and Reagents 

Fertilized white leghorn eggs (Ozark Hatcheries, Neosho, MO) were incubated at 

38.5˚C with 80% humidity and the embryos were staged according to Hamburger and 

Hamilton stages of development (HH23~4days, HH27~5days and HH30~6days).  All 

dissections were performed in sterile plastic Petri dishes containing cold (21-23˚C) 

Earle’s Balanced Salt Solution (EBSS, GIBCO/BRL).  A solution of 2mM Ethylene 

Diamine Tetra-acetic Acid (EDTA, GIBCO/BRL) was used to chelate calcium and 

gently remove layers of cells from the tissue explants.  The action of the EDTA was 

halted using a solution of EBSS + 10% Fetal Bovine Serum (FBS) + 1.8mM CaCl2 

and 0.8mM MgSO4 (EBSS*).  All tissue explants were incubated for ~24 hours in 

Dulbecco’s Modified Eagles Medium with 10% FBS and 1% Penicillin Streptomycin 

(DMEM*, GIBCO/BRL).  The tensiometer chamber was maintained at 37˚C and 

contains CO2 Independent Medium with 10% FBS and 1% Penicillin Streptomycin 

(CO2I*, GIBCO/BRL).  The Trypan blue (GIBCO/BRL) exclusion test was used to 

validate that the tissue explants were viable post measurement.  Recombinant human 

Transforming Growth Factor beta 3 (TGFβ3, R&D) was used for AV cushion tissue 

explant tensiometry measurements at a concentration of 10ng/ml and recombinant 

mouse Fibroblast Growth Factor 8b (FGF8b, R&D) was used for HH23 flank tissue 

explant tensiometry measurements at a concentration of 25ng/ml. 
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Embryo Dissection and Tissue Culture 

Dissection Tools 

A top lit dissection microscope (with magnification up to 4X) was used within a 

hood to provide a clean and sterile dissection environment.  The following tools were 

used for the dissection process: a small curved stainless steel spatula (Fig. 7A), a pair 

of sharpened stainless steel micro-dissection scissors (Fig. 7B), a pair of chrome steel 

curved forceps (Fig. 7C), 2 pairs of very sharp stainless steel forceps (Fig. 7D&E) 

and a sharpened titanium wire (Fig. 7F).  Specially designed forceps were custom 

made for the purpose of excising AV cushion tissue samples (Fig. 8).  These 

sharpened forceps allowed for very precise incisions to be made so that samples of 

pure mesenchymal tissue could be selected, isolated and cut.  

 

 A B C D E F

Figure 7. Dissection tools: a spatula (A), micro dissection scissors (B), large forceps 

(C), very sharp forceps (D&E) and a sharpened titanium wire (F). 
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A B 

*

Figure 8. Specially sharpened forceps: an image of the specially sharpened forceps 

shows the blades (A*) which allow for small samples to be precisely gripped and 

when in the closed position (B) tissue may be carefully cut. 

 

Dissection Procedure 

All eggs were opened and the contents were gently placed into a Petri dish (Fig. 

9).  The embryos were first examined to ensure that they were free from 

abnormalities.  They were then staged according to Hamburger and Hamilton stages 

of development (HH#).  A properly developed and healthy HH27 chicken egg will 

have the body of the embryo at the center of the top of the yolk surrounded by a 

branching network of blood vessels which compose the ChorioAllatoic Membrane 

(CAM).  The embryos were then carefully cut from the CAM using the scissors and 

lifted with the spatula into a fresh dish of cold EBSS.  
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Figure 9. Chicken egg dissection: A HH27 chick embryo (*) on the top of the egg 

yolk within the surrounding chorioallantoic membrane (CAM) which supports the 

visible extraembryonic vascular network. 

 

HH23 Chick Limb Bud and Flank Mesenchyme Dissection 

For the investigation of limb morphogenesis, embryos from stage HH23 were 

dissected within Petri dishes containing cold EBSS.  Upon embryo isolation, the 

extra-embryonic membranes were removed and the embryos were rinsed in fresh 

EBSS.  The hindlimb, forelimb and flank mesenchymes (Fig. 1A) were isolated and 

treated individually with 2mM EDTA to chelate calcium (for 15 minutes) and allow 

for the layer of ectodermal cells to be gently washed away from the external surface 

of the tissue samples.  The action of the EDTA was halted with cold EBSS* and the 
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resulting tissue samples (hindlimb, forelimb and flank mesenchyme) were then rinsed 

with cold EBSS. 

 

HH23, 27 and 30 AV Cushion Tissue Dissection 

For the investigation of cardiac cushion morphogenesis, embryos from stages 

HH23, 27 and 30 were dissected within Petri dishes containing Earle’s Balanced Salt 

Solution (HH27 Fig. 2A).  The hearts were carefully removed with the forceps and 

placed in a fresh Petri dish (Fig. 2B).  The top section of the heart containing the 

atrium and the myocardial canal with the AV cushion tissues was removed by 

performing incision #1 and placed in a fresh dish of EBSS (Fig. 2B&C).  Incision #2 

was then made to remove the excess atrial tissue from the myocardial canal (Fig. 2C).  

The myocardial canal at this point was essentially a tube of myocardium with the two 

AV cushions on the inside.  Incision #3 was then made in such a way as to cut open 

the wall of this tube on one side lengthwise (Fig. 2C).  The AV cushion tissue was 

then carefully cut away from the myocardium by pinching the cushion tissue with the 

cutting forceps at the base where it contacts the myocardium to make incisions 4 and 

5 (Fig. 2D).  In this way the AV cushion tissue was removed from the myocardium 

and pipetted into a fresh dish of EBSS (Fig. 2E).  The AV cushion tissue explants 

were carefully examined to ensure that they were free of any myocardium 

contamination. 

 

Spherical Embryonic Tissue Explant Preparation 
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 The most difficult part of spherical tissue explant preparation was tissue isolation.  

Only pure samples of mesenchyme could be utilized for the rounding process.  When 

the desired tissue was isolated it was pipetted into a fresh Petri dish containing cold 

EBSS and a glass microscope slide cover slip.  The glass cover slip provides a cutting 

surface for tissue explant preparation and was necessary to prevent fragments of Petri 

dish plastic from being generated by the cutting action.  Cutting of the tissue samples 

into ~300 micron size pieces was accomplished with the cutting tool and a pair of 

forceps (Fig. 7D&E and Fig. 8).  Explants were then sized with an ocular containing a 

superimposed ruler with marks every 25 microns at 5x magnification.  Explants that 

were cut without extensive evisceration were then pipetted into a Petri Dish 

containing fresh DMEM*.  Subsequently these fragments were pipetted individually 

into either a well of a multi well plate or a 30 ul hanging drop depending on the 

experiment type.  For experiments using virus or growth factors, hanging drops were 

used for tissue fragment rounding so that small volumes of media could allow 

reduced material costs (namely costly growth factors).  For all other experiments 

explants were pipetted into individually into the wells of a 6 well plate which 

contained 3 ml of DMEM*.  All tissue explant samples were then incubated for 24 

hours at 37˚C with 5% CO2.  During the incubation process the tissue explants 

rounded up to form spheres (Fig. 2F and Fig. 5).  The fact that these intact living 

tissue fragments did indeed form spheres was evidence that these tissues do indeed 

mimic the behavior of liquids.     
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-3- 

EXPERIMENTAL PROCEDURES 

 

Tensiometry Measurements 

Tissue surface tension was measured with an in-house built compression 

apparatus (Fig. 10).  The tensiometer’s inner chamber was maintained at 37oC and 

contains CO2 Independent Medium with 10% FBS and 1% Penicillin Streptomycin 

(CO2I, GIBCO/BRL).  A typical measurement of the effective surface tension of a 

living tissue was performed as follows.  An excised explant was allowed to round up 

overnight into spherical shape (~300 μ m diameter).  It was then placed in the inner 

chamber of the tensiometer.  The tissue spheroid was placed on the lower 

compression plate and uniaxially compressed with a fixed strain (Fig. 10K and Fig. 

11A).  To minimize adhesion, plates were coated with poly (2-

hydroxyethylmethacrylate) [polyHEMA] (Folkman and Moscona, 1978).  The shape 

of the compressed explant before, during and after compression, was recorded with a 

Spot Insight CCD camera (Diagnostic Instruments, Sterling Heights, MI) fitted to a 

horizontally positioned dissecting microscope (SZ60, Olympus).  A microbalance, 

controlled with Labview software (National Instruments, Austin, TX) recorded the 

time variation of the applied compressive load (Fig. 12).  To avoid irreversible 

damage to tissue, explants were compressed a maximum of 30% of their original 

diameter.  The relaxation process was followed until the compressive force reached a 

constant equilibrium value (typically after 30-45 min), at which point the plates were 

separated, and the explant was allowed to regain its original shape.  In order to verify 
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that these tissue explants indeed were analogous to liquids in that their surface tension 

was independent of the extent of compression, explants were compressed twice with 

varying magnitudes (30 min of recovery time in the uncompressed state was allowed 

in between successive measurements).  
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Figue 10.  Schematic of the tensiometry apparatus (not to scale): wire loop for upper 

compression plate hook (A), current feedback loop device (B), microbalance (C), 

counterweight wire loop (D), counterweight (E), translation stage for microbalance 

(F), mount bracket for outer chamber (G), outer chamber optical window (H), x 

position control knob (I), y position control (J), lower compression plate o-ring seals 

(K), inner chamber base screw threads (L), outer chamber water inlet (M), outer 

chamber o-ring seal (N), outer chamber (O), lower compression plate assembly (P), 

lower compression plate z position control (Q), lower compression plate shaft (R), 
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vibration isolation table (S), camera support stand (T), camera objective lens (U), 

tensiometer support stand (V), camera (W), upper and lower compression plates (X), 

outer chamber water outlet (Y), inner chamber (Z), tensiometer frame (A1), upper 

compression plate support rod (A2), support rod hook (A3), microbalance output 

(A4).   

 

  The effective surface tension σ  (i.e. interfacial tension with the surrounding 

tissue culture medium) of the tissue was evaluated using the Laplace equation: 

Feq /(πR3
2) = σ 1/R1 +1/R2( ).  Images of the compressed tissue explants were analyzed 

by computer to yield the geometric parameters R1, R2 and R3.  R1 is the radius of the 

compressed tissue explant surface along the equatorial plane, R2 is the radius of 

curvature of the profile, R3  is the radius of the area of contact between the 

compressed explant and the compression plates (Fig. 11B) and  is the equilibrium 

value of the compressive force (Fig. 12).  

Feq
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Figure 11. Image analysis: images of the compressed tissue explants at equilibrium 

were graphically analyzed using Matlab software, representative output (A).  The 

results of the image analysis are the geometric parameters: R1 which defines the 

equatorial radius of the compressed explant, R2 the radius of curvature of the explants 

profile and R3 the radius of the surface area of contact (B).  

 

 

Feq 

Figure 12.  Tensiometry force data representative curve: a graph of the compressive 

load as a function of time with the equilibrium force (Feq) illustrated. 

 

 

 

 24



Tensiomery Measurement Procedure 

 Tissue explants were dissected and incubated for 24 hours before tensiometry 

measurement.  The now spherical tissue explants were measured with the tensiometer 

following proper equipment preparation.  In order to perform tensiometry 

measurements of living tissue explants aseptically, all of the equipment used was 

carefully cleaned and sterilized with ethanol.  Ultimately tensiometry measurements 

were performed within the inner chamber (Fig. 10Z) which was maintained at 37˚C 

and contained CO2I* (approximately 20mL).  The CO2I* was prepared 24 hours 

prior to the measurement and allowed to degas in a 50mL centrifuge tube kept within 

a 37˚C heated water bath.  This process of degassing was essential to prevent the 

formation of gas bubbles within the inner chamber during measurements.  If gas 

bubbles formed they would interfere with the force measurement and or the image 

measurement.  Additionally the amplifier unit which connects the microbalance 

output (Fig. 10A4) to the computer was turned on 48hours prior to measurement in 

order to ensure that the analog circuitry of the amplifier has warmed up and stable.    

Prior to the assembly of the tensiometer the optical windows of the outer chamber 

(Fig. 10H) were carefully cleaned with dish soap and water, followed by ethanol.   

The inner chamber was cleaned using a sterile tissue and bent forceps (to reach the 

corners).  Windex and was used first then the inner chamber was rinsed and a final 

wash was performed with ethanol.  The inner chamber was then made dry using 

filtered compressed air.  

The lower compression plate assembly (Fig. 10P) was prepared before the inner 

chamber was put in place.  First the assembly had to be properly sealed with vacuum 
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grease along the interior axis of the lower compression plate shaft (Fig. 10R).  This 

was done by removing the axis, coating it with grease and replacing it.  The entire 

lower assembly was then washed thoroughly before integration into the tensiometer, 

first with soap and water and again with ethanol.  The lower compression plate (Fig. 

10W) was then carefully coated with a layer of liquid polyhema (10 mg/ml dissolved 

in ethanol) under the dissection microscope.  This was done by allowing a small 

droplet of polyhema (pushed out the tip of a 30 gauge syringe needle) to come into 

contact with the lower compression plate.  Excess polyhema was removed with the 

corner of a kimwipe tissue and then the thin layer of polyhema was allowed to dry.  

Several layers of polyhema were applied until the surface is entirely covered with a 

smooth surface of 100% polyhema.   

The screw threads at the base of the inner chamber (Fig. 10L) were then carefully 

wrapped with Teflon tape (typically used for sealing gas lines) and then gently 

screwed into the lower assembly until snug.  The lower compression plate assembly 

was then gently slid into the outer chamber where its o-ring seal (Fig. 10N) held it in 

place.  The outer chamber (Fig. 10O) was then placed into its mount bracket (Fig. 

10G) and the water inlet and outlet lines were attached (Fig. 10M&X).  The water 

pump/heater was then turned on and the water flow valve was then opened, allowing 

the outer chamber to fill with circulating 37˚C water.  The water was allowed to 

circulate through the outer chamber slowly.  It was very important that the water flow 

remained constant in order to prevent temperature fluctuations.  To accomplish this, 

the water flow valve was carefully adjusted prevent the drain tube from regurgitating 

and bubbling.  Improper adjustment of the flow rate caused the water level within the 
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outer chamber to rise and fall and led to a temperature fluctuation within the inner 

chamber which resulted in fluctuations in the tensiometer force measurements.   

Once the tensiometer chamber was assembled, the entire chamber was allowed to 

warm up to 37˚C for 30 minutes.  Then the inner chamber was filled with CO2I* 

media (~20 ul) which was pipetted gently (to prevent aspiration and gas bubble 

formation) into the inner chamber until the media is approximately ½ cm from the top 

of the inner chamber.  All air bubbles were gently removed with a small glass pipette 

and the lower compression plate was lowered and raised to remove any possible 

bubbles from the shaft of the lover compression plate.  The inner chamber was then 

allowed to rest for 10 minutes while the camera (Fig. 10W) and light source were 

positioned.  Once the camera was adjusted so that the image of the lower compression 

plate was centered in the field of view and focused at 6.3x magnification, the light 

source was adjusted so it was directly opposite camera on the other side of the lower 

compression plate.  The intensity of the light source tuned to a low level to prevent 

glare from the reflective surfaces within the chambers.  The lower compression plate 

was then lowered using the z position controller (Fig. 10Q) to remove it from the 

cameras field of view and with the SPOT camera software a white balance and a 

flatfield image were obtained.  The lower compression plate was then raised back into 

the field of view.   

At this point the chamber was ready for the tissue explant to be placed onto the 

lower compression plate.  This was accomplished by removing a sample dish from 

the incubator and pipetting a spherical explant (selected with the dissection 

microscope) into a small 3mL Petri dish containing approximately 1mL of CO2I* 
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media using a sterile glass pipette with a squeeze bulb under a dissection microscope.  

The microbalance (Fig. 10B) was then removed from its translation stage and the 

explant was carefully pipetted into the inner chamber and allowed to come to rest on 

the lower compression plate.  This was an extremely delicate procedure, the sample 

was first drawn into the pipette which was preloaded with ~2 ml of CO2I*.  Then 

with no pressure on the pipette bulb and no air bubbles in the stem of the pipette, the 

pipette was pointed downward and placed into the inner chamber and held directly 

over the lower compression plate.  The sample then began to fall down the stem of 

the pipette and eventually landed on the lower compression plate.  The lower 

compression plate was then lowered allowing the sample to be protected by the lower 

compression plate assembly.  The pipette was gently removed by pulling it straight up 

so as to create as little turbulence as possible.  The lower compression plate was then 

raised and the sample was centered on the lower compression plate using a hair loop.  

The lower compression plate was then lowered again to protect the sample while the 

upper compression plate was put into position (Fig. 10X). 

The upper compression plate was then prepared.  First it was cleaned with soap 

and water and then again with ethanol.  The upper compression plate was then coated 

with polyhema in the same manner as the lower compression plate.  Once it was dry 

its alignment was inspected to ensure that its support rod and hook were straight (Fig. 

10A2&A3).    The upper compression plate was then placed into the iner chamber and 

set to the side of the lower compression plate into via its support rod (Fig. 10A2).  

The upper compression plate was allowed to rest within the inner chamber while the 

microbalance was then delicately placed on its stage and locked into place.  Care was 
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taken to ensure that the axis of the upper compression plate was carefully threaded 

into the base of the microbalance.  Next the upper compression plate was gently lifted 

with a pair of forceps by its hook which was then suspended from the microbalance 

loop (Fig. 10A).     

Once the upper compression plate was in place, the lower compression plate was 

raised into the view of the camera so that the tissue explant centered on the lower 

compression plate almost contacts the upper compression plate.  The x and y position 

controllers (Fig. 10H&I) were then adjusted to center the upper compression plate 

over the lower compression plate.  Additionally the lower compression plate was 

checked to ensure that its surface was orthogonal to the surface of the lower 

compression plate.  With the tissue explant in position on the lower compression 

plate, the upper compression plate centered directly above within the inner chamber 

the tensiometer was ready for a final system check.   

A photo was then captured using the SPOT software of the tissue explant in the 

uncompressed state and the image is checked for quality (Fig. 11A).  The 

microbalance was then activated through labview software.  The microbalance was 

then switched from short to output and set to the 10 mg range.  A file name is chosen 

(example: c:testrun) and a zero compression force was measured by pressing the start 

button in labview.  The real time force data was be graphed in labview as it was 

produced by the microbalance.  The gain was then adjusted so that this zero force 

measurement corresponded to the zero axis of the real time force data.  The zero 

compression force was then measured for 20 minutes to see if the system was indeed 

stable.  In cases where the system was stable the tensiometer measurement proceeded.  
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In cases where the system was not stable the measurement was halted until the source 

of the instability was located and corrected.   Often the entire tensiometry assembly 

procedure was repeated and a fresh sample was prepared.       

 In the case that the tensiometer was stable, the data acquisition software was reset 

and the data file name was changed (example: c:measurement1a) and the tensiometry 

measurement ensued.  The data acquisition in labview was started and a zero force 

measurement was performed for 30 seconds at which point the sample was 

compressed (Fig. 11A).  The sample was compressed by very gently and carefully 

raising the lower compression plate with the lower compression plate z position 

control.  This was accomplished in the time of about 2 seconds.  The force measured, 

which was graphed and displayed by the labview software, increased as the sample 

was compressed and reached a maximum (Fig. 12).  Then the observed force 

gradually decayed to an equilibrium value over the course of 30 minutes at which 

point a photo of the compressed explant was captured and the sample was 

decompressed by returning the lower compression plate to its initial position.  After 

decompression, the zero post compression force was measured for 1 minute at which 

point data acquisition was ceased.  Samples were observed for 30 minutes post 

compression to be sure that they regained their original spherical shape then the 

tensiometry measurement was repeated. 

 

Force Analysis 

The forces measured by the microbalance were first analyzed in Excel and then 

with Matlab.  Excel was used to produce graphs of the force data and select the region 
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of force data containing the compression forces as a function of time for analisis in 

Matlab, including the initial and final zero force coordinates.  Graphs in Excel were 

used for quality control.  Measurements which had excessive noise due to 

experimental errors were discarded.   Selected data sets were analyzed with Matlab 

using the fitminsearch function to fit a double exponential decay function to the data 

in 3 steps.  First, a single exponential decay function was fit to the first 50% of the 

data curve.  Second, another single exponential decay function was fit to the rest of 

the data curve.  The parameters obtained from these two fits were used as starting 

parameters for the third fit routine which fit a double exponential decay function to 

the entire data set.   The fitting terminated when the Chi squared error was less than 1 

and the fit was then graphically compared to the data.  Compression equilibrium 

forces were determined from the equilibrium value or constant term of the fit to the 

force data.   

 

 Image Analysis    

Images of the compressions were captured at 6.3x magnification using SPOT 

software and saved in TIFF format.  Images were then processed using Image Pro 

Express where they were converted into grayscale.  The images were then processed 

with Matlab to produce the geometric parameters R1, R2 and R3 (Fig. 11B).  The 

custom designed Matlab software analyzed the compression images by reading in the 

rows of the compression image pixels as numeric grayscale values.  The coordinates 

of the profile of the compressed explant were determined by fitting a sigmoid 

function to the graph of the pixel grayscale numeric value versus pixel coordinate.  
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The coordinates of the maximum of the second derivative of this sigmoid function 

was chosen as the logical location of the profile of the compressed explant for it is 

there that the change in the numeric value of the grayscale image from white to grey 

it the largest.  The coordinates of the profile of the compressed explant were fit to a 

circle to enable accurate unbiased interpretation of the geometric parameters R1, R2 

and R3 (Fig. 11B).  These parameters were used in combination with Laplace’s 

equation and the equilibrium force value to calculate the surface tension or cohesivity 

of the compressed tissue explant in Excel.        

 

Trypan Blue Exclusion Test 

 After measurements were performed, the Trypan blue exclusion test was utilized 

to determine if the cells near the surface of the tissue explants were viable.  

Additionally, explants were cut in half to determine if necrotic cells were present 

within the interior of the tissue explants.  The tissue explants were allowed to soak in 

a droplet of DMEM containing 20% Trypan blue stain for 10 minutes. Trypan blue 

was then diluted, the explant was placed into a Petri dish containing fresh DMEM and 

the explant was observed under the microscope.  Aggregates contained a minimal 

number (<5%) of dead cells. 
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Procedures Used Specifically to Investigate Limb Morphogenesis 

Real-Time PCR 

Total RNA was extracted from 4 day chicken embryo hindlimb forelimb and 

flanks mesenchyme using the RNeasy kit according to manufacturer’s protocol 

(Qiagen). Three different RNA samples were generated for each tissue type. Total 

(RNA 500 ng) was used for reverse transcription in a 20- μ l reaction with oligo(dT)18 

and AMV (Fisher) at 42 °C for 1 hour.  QPCR reactions were in 20 μ l with 1 μ l of 

cDNA, 10 ml of 2× Brilliant SYBR Green 2× master mix (Stratagene), and 150 nM 

sense and antisense primers. The QPCR reactions were performed by using the 

MX3005P quantitative PCR system (Stratagene). The reaction conditions were 95 °C 

for 10 min, then 35 cycles of 95 °C for 30 sec, 55 °C for 1 min and 72 °C for 30 sec. 

Emitted fluorescence was measured once at the end of extension (72 °C). The 

threshold cycle (Ct) was determined as the mean of three replicates by using the 

adaptive baseline algorithm in the MX3005P software package. Analysis was 

performed on the data output from the MX3005P software using Microsoft Excel. All 

measurements were normalized to GAPDH expression and analyzed by the “delta 

delta Ct” method (Livak and Schmittgen, 2001). Primers for chicken α-actin 

(NM_001031229) are sense TGGATTGGAGGCTCTATTCTTGC and antisense 

TTGCGGTGAACGATGGATGG, and the product size is 101 base pairs. Primers for 

chicken β -actin (NM_205518) are sense CGGTACCAATTACTGGTGTTAGATG 

and antisense GCCTTCATTCACATCTATCACTGG; product size is 163 base pairs.  

Primers for chicken GAPDH (AF047874) are sense CCACTGGTGTCTTCACCACC 

and antisense  GGCAGCACCTCTGCCATCTC, product size is 317 base pairs. 

 33



Procedures Used Specifically to Investigate Cardiac Cushion Morphogenesis: 

Tissue Fusion Measurements 

The fusion experiments were performed using two spherical explants of avian 

heart cushion tissue of equal size as described.  Spheroids were placed contiguously 

in a 30μl droplet of DMEM*. These spheres then begin to fuse and the time evolution 

of the fusion process was photographed (Fig 6A&B).  The radius R  of the circular 

interface between fusing explants was measured for the first six hours of the process. 

The length parameter L =
2
3

π R2

R0

 ( R0  - initial radius of the explants) was plotted as 

function of time ( ). According to the theory of strongly viscous liquids, for the 

initial phase of the fusion process the relationship 

t

L =
σ
η

t  holds (Frenkel, 1945). 

Thus the slope of the  versus  line provides the ratio of tissue surface tension to 

tissue viscosity, eta (η) (Fig.  6C). 

L t

 

Tissue Fusion Measurement Procedure 

After the tissue explant rounding process was complete (24 hours).  Tissue 

explants were placed in Petri dishes containing freshly prepared DMEM*.  Pairs of 

spherical tissue explants of equal size were selected using a dissection microscope (5x 

magnification) and pipetted together with a 30 ul volume on DMEM* onto the inside 

of a Petri dish lid (which was placed bottom up) in the form of a drop.  All pairs of 

explants were placed in separate drops and drops from one experiment group were 

arrayed across the lid of a Petri dish and labeled with a marker on the opposite side of 

the dish.  The lid of the dish was carefully rotated and placed right side up onto a 
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Petri dish containing 5 ml of EBSS for humidity (if this EBSS is not present the 

droplets will evaporate and destroy the experiment).  Now that the droplet containing 

the two identical spherical explants is hanging from the underside of the lid of the 

Petri dish the curvature of the drop represents a parabolic well with a potential energy 

minimum in the center of the drop.  Due to Brownian motion within the liquid 

DMEM, the two spherical explants of tissue will eventually seek this minimum and 

compete with each other for occupation of this space.  Correspondingly these two 

explants will come into contact with one another and interact.  The preferred 

interaction for the two explants is binding in the form of tissue fusion.  This fusion 

process remarkably resembles the coalescence of two identical liquid droplets.  The 

time evolution of this fusion process was photographed under 5x magnification every 

hour and analyzed (Fig. 6A).         

           

Tissue Fusion Data Analysis 

Distances were measured in microns from the captured images of the time 

evolution of the fusion process using the distance measurement tool in Image Pro 

Express.  The initial radius of each pair of fusing tissue explants was calculated 4 

times and averaged (2 transverse diameters were measured for each of the 2 fusing 

explants).  This initial radius value (R0) was used for the calculation of the 

normalized of the length parameter (L).  The radius of the circular surface area of 

contact (R, Fig. 13) between the pairs of fusing explants was measured from images 

of the fusion process.  The length parameter was then calculated and graphed as a 

function of time for the first 6 hours of the fusion process and fit to a line (Fig. 6C).   
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Based on standard liquid theory, the slope of this line is exactly equal to the surface 

tension to viscosity ratio (σ/η, Gordon et. al. 1972).  

 

 

Figure 13.  Radius of fusion: an image of two fusing explants of AV cushion tissue 

with the radius (R) of the interfacial surface area illustrated. 

 

Calculation of Tissue Viscosity 

Tensiometry measurements yield tissue surface tension and fusion measurements 

allow the calculation of the surface tension to viscosity ratio.  Therefore, the 

combination of the two techniques allows the calculation of tissue viscosity.  Recent 

studies using a totally different method (Kelvin body analysis of the double 

exponential decay function, Forgacs et al. 1998) yield values for η consistent with 

those obtained from fusion analysis. The ANOVA - Tuckey Kramer multicomparison 

test was used to determine if there was a statistically significant difference between 

data sets (5 measurements per group).  A value of 0.05 was used to specify the critical 

significance level. 
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Confocal  microscopy 

     The optical sections (10x) were obtained through whole-mount confocal 

microscopy (Miller et al. 2005).  The embryos were dissected from their outer 

membranes in EBSS.  After the heads were removed, the hearts were perfused with 

Tyrodes Balanced Salt Solution (TBSS) and 1% lidocaine to clear them of blood.  

The tissue was then fixed with Dents fixative and run though graded alcohols (30 min 

70% ethanol, 30 min 30% ethanol) to TBS.  Excess tissue was removed and the 

embryos were then soaked in Tyrodes Balanced Salt Solution + 2% Bovine Serum 

Albumin (TBSSBSA) for 2 hours.  The primary antibody (20μl Stan Hoffman’s anti 

periostin Ig + 1ml TBSABSA [spun down]) was allowed to bind specifically for 20 

hours.  The tissue was rinsed 2x with TBSABSA and allowed to soak for 24 hours in 

TBSABSA.  The secondary antibody (10μl Cy2 anti rabbit Ig + 1ml TBSABSA [spun 

down]) was allowed to bind specifically for 24 hours and the tissue was then rinsed 

2x for 24 hours in TBSABSA.  The hearts were then oriented, pinned to a dish and 

run through graded ethanols to benzyl alcohol-benzyl benzoate BABB (30 min 30% 

ethanol, 30 min 70% ethanol, 30 min 95% ethanol, 30 min 100% ethanol 2x, BABB).  

The hearts were allowed to clear in BABB for 24 hours and then cover slips were 

added with fresh BABB.  Finally, the optical sections were taken using the Leica 

confocal microscope at 10x magnification. 
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Western Blot 

To determine the effect that TGFβ3 might have on ECM production, 10ng/mL of 

TGFβ3 was added to isolated HH27 AV cushions in hanging drop cultures. AV 

cushions were lysed in a standard 1X RIPA buffer , electrophoresed on a denaturing 

SDS-PAGE and immunoblotted for fibronectin (Santa Cruz Biotechnologies, Santa 

Cruz CA), collagen I (Abcam, Cambridge MA), and periostin. Actin was used as a 

normalization control. For statistical analysis 10 isolated AV cushions were 

stimulated with TGFβ3 for 24 hours prior to protein isolation and compared with 

non-stimulated controls.  
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-4- 

LIMB MORPHOGENESIS 

Differences between the biomechanical properties of avian limb bud and 

flank mesoderm: effects of FGF8 and their possible role in limb initiation 
 

The morphological aspects of vertebrate limb development begin with the bulging 

of the limb buds from the body wall at four sites along the embryo’s surface.  In the 

avian embryo, paraxial mesoderm induces lateral plate mesoderm to form two pairs 

of limb buds (Saito et al., 2006), which emerge at the axial levels of the cervical-

thoracic (forelimb or wing) and lumbosacral (hindlimb or leg) vertebrae by the third 

day of development (Nowicki et al., 2003).  The mesoderm of the limb buds and 

adjacent flank are morphologically similar until populations of mesenchymal cells 

within the limb buds begin to condense into cartilaginous primordia and premuscle 

masses more than a day later.   

Exposure of the limb field mesoderm to FGF8 and/or other FGFs secreted from 

the apical ectodermal ridge (AER) is essential in promoting limb bud outgrowth 

(Vogel et al., 1996; Crossley et al., 1996; Ohuchi et al., 1997; Lewandoski et al., 

2000; Moon and Capecchi, 2000; Sun et al., 2002).  The limb vs. flank difference, 

however, is manifested in avian and mammalian species even earlier than the initial 

bulging.  The limb-field mesoderm expresses several transcription factors of the T-

box class (Agarwal et al., 2003; Tanaka and Tickle, 2004; Saito et al., 2006 Sekine et 

al., 1999) followed by the expression of Fgf10 (Min et al., 1998, Sekine et al., 1999).  

It is therefore reasonable to expect that the ectoderm-dependent alterations of the 
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limb-field tissue leading to limb budding involve biosynthetic changes in the cells 

themselves rather than simply changes in their proliferative or motile behavior.   

How might changes in limb-field cells lead to bulging of the tissue from the 

surrounding flank?  Much evidence suggests that many embryonic tissues behave as 

if they were emissive liquids, exhibiting characteristic liquid mechanical properties 

and behavior: rounding (formation of spheres), apparent surface tension (referred to 

simply as surface tension in what follows; a measure of the tissue’s cohesivity), 

coalescence and miscibility/immiscibility (Steinberg and Poole, 1982; Armstrong, 

1989; reviewed in Forgacs and Newman, 2005).  Based on these ideas and indirect 

evidence from cell sorting and tissue fragment coalescence experiments, Phillips and 

co-workers made the novel suggestion that limb budding occurs because limb field 

mesoderm becomes more cohesive than the somatopleural mesoderm from which it 

arises (Heintzelman et al., 1978).  By this hypothesis, a limb bud would emerge from 

the body wall much like a droplet of water coalescing on the surface of a pool of oil.  

More recently, methods for directly measuring the biomechanical properties of 

tissues have become available (Foty et al. 1996; Forgacs et al. 1998; Hegedüs et al., 

2006).  In particular, we use compression tensiometry, whereby small fragments of 

tissue are allowed to round up in culture suspension (as liquid droplets must), 

compressed between parallel plates and allowed to return to mechanical equilibrium.  

During the compression and the relaxation process, forces exerted on the tissue (and 

thus by the tissue on the plates), as well as the tissue’s exact shape, are monitored.  

We then apply a mathematical expression (the Laplace equation for the relationship 

between the pressure difference across the surface of a liquid drop, its shape and 
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surface tension) to arrive at reproducible values for the tissue’s surface tension (i.e., 

liquid-state) parameters (see Forgacs and Newman, 2005 for review). 

We have utilized these methods to test the limb-budding hypothesis of 

Heintzelman et al. (1978).  Although it was technically infeasible to compare limb 

bud and flank tissues at three days of embryonic development, when the normal limb 

buds first begin emerging, we were able to compare them at four days, a time at 

which flank is still susceptible to being induced to form a limb bud by exposure to an 

exogenous source of FGF8 (Vogel et al. 1996).  We found that both hindlimb and 

forelimb bud mesenchyme had higher surface tensions (i.e., were more cohesive) than 

flank tissue, and that the magnitude of the difference between limb and flank 

corresponded to that of pairs of tissues shown to be immiscible in earlier fragment 

fusion experiments (Foty et al. 1996).  Significantly, relative to the hypothesis of 

Heintzelman et al. (1978), we found that exogenous application of FGF8 induced the 

flank mesoderm to acquire liquid properties within the same range of values as the 

limb mesoderm.    

Among the characteristic biomechanical properties of the flank that were 

changed by treatment with FGF8 was the active response during the first two minutes 

of compression, which we determined (by sensitivity to the drug latrunculin) to be 

entirely dependent on an intact actin cytoskeleton in these cells.  This active response 

was not seen in any of the more than a dozen embryonic tissue types and aggregates 

of genetically modified tissue culture cells analyzed in the same fashion in earlier 

studies (Foty et al., 1996; Forgacs et al., 1998; Duguay et al., 2003).  Exposure of 

flank tissue to FGF8 completely abrogated the active response.  We sought to find a 
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possible explanation for this unusual actin-dependent mechanical response of flank 

tissue, which is not attributable at the stage examined to body wall skeletal myoblasts 

(Nowicki et al., 2003).  We found that the gene for α -smooth muscle actin (SMA), 

which specifies a smooth muscle protein and is also found in connective tissue 

fibroblasts with enhanced cytoskeletal-extracellular matrix association (Wang et al., 

2006), was expressed at high levels in flank, but only in trace amounts in limb bud 

mesoderm.  

 

RESULTS  

Tensiometry measurements of limb and flank tissues 

Tissue fragments from the flank (lateral plate mesoderm) and the hindlimb and 

forelimb buds (pre-cartilage limb bud mesenchyme) of 4-day (HH23) chick embryos 

round up to form spheres within 24 hours when incubated while suspended in tissue 

culture medium, an indication of their liquid like behavior (Fig. 5, Forgacs and 

Newman, 2005).  We confirmed the lack of necrosis in these spherical explants, after 

the tensiometry measurements were completed, by the trypan blue exclusion test (see 

Materials and Methods). Additionally, after the compression it was observed that the 

samples would eventually regain their original spherical shape.   

Tensiometry measurements were performed on spherical explants of tissue from 

HH23 chick embryos were prepared from the following tissue test groups: hindlimb 

bud mesenchyme, forelimb bud mesenchyme, flank mesenchyme, flank mesenchyme 

incubated for 24 hours with 1μM Latrunculin and flank mesenchyme incubated with 

25ng/ml exogenous FGF8b (Fig 14).  Six measurements on independent samples 
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were performed for each test group.  These measurements indicated that limb bud 

mesenchymes were more cohesive than the surrounding flank tissue additionally 

hindlimb was found to be more cohesive than forelimb, in agreement with previous 

qualitative studies (Heintzelman et al 1978).  The ANOVA – Tuckey Kramer multi 

comparison test was used to determine if differences between groups were significant 

(hindlimb and flank p<0.0001, forelimb and flank p = 0.0032, hindlimb vs. forelimb p 

= 0.00415).   

 

 

Figure 14.  Limb tensiometry data: a graph of the surface tensions (dynes/cm) 

measured for living spherical explants of intact hindlimb, forelimb, flank, flank +Lat 

(incubated for 30 minutes with 1 μM Latrunculin) and flank +FGF8b (incubated for 

24 hours with 25 ng/ml FGF8b) mesenchyme from HH23 chick embryos, error bars 

indicate the standard error.  
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To our suprise, the force relaxation data for flank tissue explants demonstrated an 

active response (Fig. 15A) typically within a minute after the application of the 

compressive load.  The tensiometry force measurements for flank tissue do relax to an 

equilibrium value following the active response, allowing the surface tension to be 

calculated.  It is interesting to note that the form of this active response is 

approximately Gaussian.  It manifests itself as a seemingly compression-stimulated 

muscle contraction due to the fact that the compressed explant actually pushes back 

causing an increase in the force required to maintain the fixed distance compression.  

Six independent samples of flank tissue were compressed, all of which exhibited this 

active response behavior of varying magnitudes.  Multiple compressions revealed that 

the larger the initial compressive load on an individual sample the larger was the 

measured active response and in one case the maximum of the active response peak 

was actually larger than the initial compressive load.   

Tensiometry measurements were performed on explants of flank tissue treated 

with for 24 hours with 25ng/ml exogenous FGF8b during the period in which they 

were rounding up into spheres indicated that the explants were significantly more 

cohesive different than flank itself, with no significant difference from either forelimb 

or hindlimb; (flank vs. flank+FGF8b; p = 0.0002, hindlimb vs. flank+FGF8b, p = 

0.3971; forelimb vs flank+FGF8b, p = 0.5843).  Additionally, the active response 

seen in normal flank tissue was no longer observed FGF8b (Fig. 15C).   

Further tensiometry measurements were performed on explants of flank tissue 

incubated for 30 minutes with 1 μMl Latrunculin immediately prior to measurement.  

We found that the surface tension values were found to be significantly less than 
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those of flank itself (flank vs. flank +Lat; p = 0.0278).  In these measurements as well 

the active response was largely abrogated (Fig. 15B). 

    

*
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Figure 15.  Flank active response: HH23 flank tissue explant tensiometry 

compression force, representative control data (A) with the active response (*), 

treated for 30minutes with 1μM Latrunculin immediately prior to compression (B) 

and treated with 25ng/ml exogenous FGF8b during the 24 hour rounding process (C).  
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Expression of the α -smooth muscle actin gene 

We hypothesized that the observed response of flank tissue to compression could 

be caused by a triggering of the contraction of the developing premuscle actin 

cytoskeletal network of flank mesenchyme premuscle cells. Such response is quite 

different than that found in typical “liqu*id tissues”.  However a simple force-induced 

response does not explain why there is an approximately 30 second time delay 

between the onset of the compression and the active response itself.  Therefore we 

hypothesized that the active response of flank tissue might reflect an interaction 

between the flank cell membrane surface proteins with surrounding extracellular 

matrix molecules.  Such an interaction allows for a globally coordinated force-

stimulated signaling event which could lead to a muscle like contraction of actin 

cytoskeletal elements within differentiating premuscle cells of the flank.   

Fibroblasts under mechanical stress (Wang et al., 2000), or stimulation by TGF-

β (Serini et al., 1998), express the gene for α -smooth muscle actin (SMA).  The 

resulting actin cytoskeleton participates in a transmembrane linkage, termed the 

“fibronexus” (Singer, 1982), that mediates strengthened cell-matrix interactions 

(Wang et al., 2006).  Using real-time PCR on reverse transcripts of polyA(+) RNA 

isolated from HH23 limb bud and flank tissues, we compared levels of SMA 

expression to that of non-muscle β -actin.  We found that all the tissues expressed 

indistinguishable amounts of β -actin mRNA.  However, whereas hindlimb and 

forelimb did not differ from one another in the expression of SMA, the expression of 

this message by flank tissue was almost 20-fold greater than that of limb tissue (Fig. 

16). 
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Figure 16. SMA expression: in flank (1) and limbs (2). Expression level in limb was 

used as a normalizer and was set to one.  

 

DISCUSSION 

The above findings demonstrate that limb bud tissues have a larger surface 

tension, and are thus more cohesive, than the surrounding flank tissue in agreement 

with what we will term the “Limb Budding by Phase Separation” (LBPS) proposal of 

Heintzelman (1978).  This proposal was based, in turn, on the more general 

Differential Adhesion Hypothesis (DAH) of Steinberg (Steinberg 1963, 1978, 1998), 

a major morphogenetic principle. DAH states that relative arrangements of cells 

within complex tissues, and tissues relative to one another within organs, can be 
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predicted, under appropriate conditions, by the relative adhesive strengths of the cells 

or cohesivities of the tissues, measured, respectively, on common quantitative scales.  

Like a liquid droplet of higher cohesivity that phase separates from a second 

liquid (of lower cohesivity) with which it is immiscible, it is expected that limb bud 

tissues, based on the measurements presented above, would also phase separate from 

the flank.  According to this scenario as the limb mesoderm develops within the flank 

tissue it will be surrounded by it just as a small water drop would be by a thick layer 

of oil.  Once the linear size of the expanding limb mesoderm is larger than the 

thickness of the flank budding will inevitably take place.  Our results thus 

quantitatively validate the hypothesis that embryonic tissue surface tension 

differences can lead to phase separation of the limb field from the flank, within which 

it originates. 

In addition to the marked difference between limb and flank surface tensions we 

also found a slightly smaller difference in cohesivity between hindlimb and forelimb 

mesenchyme, a result consistent with indirect assays of the properties of these tissues 

by Heintzelman et al. (1978) and Downie and Newman (1994).  Since the two types 

of limb buds never confront one another in the course of development, this difference 

does not have a developmental implication analogous to the limb-flank distinction, 

but rather serves as a confirmation of the consistency of the various methods that 

have been used to assess tissue cohesivity.      

The increase in surface tension of flank tissue explants incubated with FGF8b to 

values intermediate between that of hindlimb and forelimb is consistent with the 

ability of this factor to induce an ectopic limb bud from flank with intermediate 
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morphology between forelimb and hindlimb (Cohn et al., 1995).  The limb-budding 

hypothesis tested here entails that this inductive process would be accompanied by 

increased cohesiveness of the flank tissue.  Indeed, since the changes in the 

biomechanical properties induced in the flank by FGF8b will inescapably lead to limb 

budding, it is plausible that the “physical phenotype” (i.e., change in a “generic” 

physical property of a tissue; Newman and Comper, 1990) induced in the limb field 

by the spatiotemporally regulated expression of FGF8 in the flank ectoderm 

(Mahmood et al., 1995) is the causal basis of both the initiation of limb formation 

during ontogeny and of the paired appendages as a morphological innovation during 

phylogeny (Newman and Müller, 2005).  

We do not know the function of the active response due to compression seen in 

the flank tissue, though it may be another aspect (apart from cohesivity differences) 

of the differentiation of material properties of limb bud from flank in tetrapod 

embryos. The abolition of the active response in flank by FGF8 (Fig. 15C) 

concomitant with the transformation of its cohesivity to limb-like values is consistent 

with this suggestion.  While this effect may be akin to the qualitatively acertained 

“hyperrestoration response” described in some embryonic tissues by Beloussov and 

his coworkers (Beloussov et al., 1994), it has never been noted in any previously 

published tensiomety measurements of either intact tissue explants or aggregated 

cells.  Alhough it is dependent on an organized actin cytoskeleton (by evidence of its 

suppression by lantrunculin; Fig. 15B) it is not due to skeletal muscle. This is because 

the myoblasts that eventually give rise to body wall muscle have not reached the flank 

at 4 days of chicken embryo development (Nowicki et al., 2003).   
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The high levels of α -smooth muscle actin in flank, relative to limb bud (Fig. 16) 

provides a likely basis for the active response. This cytokeletal protein, which is 

characteristic of smooth muscle and certain pathological contractile tissues (Wang et 

al., 2006), is not generally expressed at high levels in embryonic tissues apart from 

pericytes and the interesting case of the developing cardiac cushion mesenchyme 

(Sugi et al. 2004).  The fact that the active response was observed in tensiometry 

measurements with flank tissue explants and was not observed in limb bud or flank 

samples that were treated with FGF8b is further evidence that FGF8b treatment 

signals the change in the biomechanical properties of flank tissue which cause it to 

differentiate into limb bud precartilage mesenchyme.  

We conclude that the cellular activity which leads to the increased cohesivity of 

the lateral plate mesenchyme in the region of the presumptive limb bud and is 

responsible for the phase transformation which leads to development of the limb bud 

is initiated by FGF8b signaling.  Based on this data it is possible to speculate that the 

observed quantitative differences in the biophysical properties of these tissues may be 

due to differences in extracellular matrix composition (ECM) which has been shown 

for collagen networks and model tissues (Forgacs et al. 2003, Newman et al. 1985, 

Newman et. al. 1987, Newman et al. 1990, Newman et al. 1998 and Newman et al 

2004).  In collagen rich matrices such as the ECM of the lateral plate mesoderm and 

pre-cartilage limb mesenchyme, increased cohesivity may be created by increasing 

the number of crosslinks in the network by either increasing the number of cell-

matrix or matrix-matrix linkages.  Additionally we conclude that the active response 

observed in the flank tissue tensiometry force data is due to actin pre-muscle fibers 
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and that these fibers may be stimulated to contract by the application of an external 

force.   

Taken together these data suggest that shape transformation in early development 

or tissue morphogenesis is the direct consequence of physical forces generated by the 

inherent physical properties of the individual tissues involved.  These results 

quantitatively validate the concept that embryonic tissue surface tension can 

contribute to forces necessary for tissue migration and the formation of the limb buds 

and shed new light on the specific mechanisms driving embryonic shape changes in 

early development.   
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-5- 

CARDIAC CUSHION MORPHOGENESIS 

Quantitative measurements of biomechanical properties of embryonic 

atrio-ventricular cushion tissue: possible role of TGFβ3 and periostin. 

 

The mature four-chambered vertebrate heart develops from a primitive heart tube 

consisting of two cell layers: myocardium and endocardium.  Between these two cell 

layers is an acellular, matrix rich zone termed the cardiac jelly.  Following cardiac 

looping, enhanced production of cardiac jelly is observed.  The majority of matrix 

produced is synthesized from the underlying myocardium and contains mainly 

proteoglycans and glycosaminoglycans such as versican and hyaluronan (Krug et al. 

1985, Manasek et al. 1970, Manasek et al. 1973).  These matrix components and 

others induce localized acellular swellings between the atrium and ventricle that are 

essential to the proper formation of endocardial cushions (Markwald and Smith, 

1972, Markwald et al. 1977).  Subsequently, a complex inductive event between the 

myocardium and endocardium results in an endothelial to mesenchymal (EMT) 

transformation of a subpopulation of endocardial cells into activated, migratory 

mesenchymal cells that become the progenitors of the cardiac valves and septa 

(Kinsella and Fitzharris 1980, 1982).  The formation and transformation of AV 

cushions will ultimately give rise to the mitral and tricuspid AV valves and the 

septum intermedium, whereas the outflow track cushions initiate the formation of the 

aortic and pulmonary valves (de la Cruz and Markwald 1998).  Over the past thirty 
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years much effort has been put forth to determine the inductive signals essential for 

proper EMT progression.  Facilitated by a novel in vitro collagen gel atrioventricular 

explant assay (Bernanke and Markwald 1982, Mjaatvedt et al. 1987, Mjaatvedt and 

Markwald 1989) more than 100 + genes, their encoded proteins, and their signaling 

cascades have now been linked to this important morphogenetic event (Person et al 

2005).  Specific genes essential in initiating and completing the transformation of 

endocardial epithelium to mesenchyme include members of the TGFβ super family 

(TGFβ1-3, BMP2,4,5-7, and their receptors), Nf1/ras, ErbB2/3, and downstream 

molecules such as versican, hyaluronan, and the transcription factors, slug, and msx2 

(Holifield et al 2004, Lakkis et al. 1998, Mjaatvedt et al. 1998, Yamamura et al. 1997, 

Camenisch et al. 2002, Schroeder et al. 2003, Savagner et al. 2001, Ma et al. 2005).  

EMT, AV cushion tissue formation and proceeding valvulogenesis are complex 

morphogenetic phenomena which involve several important processes including cell 

proliferation and differentiation as well as the production, assembly, deposition, cross 

linking and remodeling of the extra cellular matrix (ECM).  As a result, AV cushion 

tissue evolves into mature heart valve tissue and septa with specific biomechanical 

properties essential for heart function.  To date, the material properties of developing 

cushion tissue have not been the subject of systematic quantitative biomechanical 

analysis.  

Here we investigate the role of these material properties in the morphogenesis of 

cardiac cushions.  In particular, we measured σ for chicken embryonic AV cushion 

tissue preceding and during AV cushion fusion HH23, 27 and 30.  To elucidate the 

regulation of these biophysical factors by molecular determinants known to play 
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critical roles in the formation of cardiac cushions, quantitative measurements were 

also carried out in the presence of exogenous TGFβ3 or periostin expressing virus, an 

important mediator of EMT and post-EMT AV cushion morphogenesis.  These 

studies provide novel insight into the interplay of genetic and physical/biomechanical 

components in cardiac cushion morphogenesis, and may provide essential 

information on mechanisms underlying congenital cardiovascular anomalies.  

 

RESULTS  

Using the described methods of tensiometry and fusion the surface tension and 

viscosity of spherical explants of AV cushion tissue from 3 different developmental 

stages was measured: HH23 when the AV cushions first appear, HH27 when the 

cushions begin to fuse and HH30 when the cushions have fused completely.  The 

surface tension was found to increase from stage HH23 to HH30 and appears to 

plateau at HH30, indicating that as the cushions develop from the endocardium their 

cohesivity increases rapidly over the first 24 hours and then appears to begin to 

saturate (Fig. 17).  For these measurements there was a total of 5 measurements per 

group and the ANOVA – Tuckey Kramer multi comparison test, the p values for 

differences between groups were: p(23, 27) = 0.004, p(23, 30) = 0.00006 and p(27, 

30) = 0.380.  The biological implications of these results are that as the AV cushions 

develop (HH23-27) they seek to become more cohesive in order to protrude outward 

from the myocardium.  As the AV cushion tissue entered its next phase of 

morphogenesis (fusion to form the septum, HH27-30) the surface tension values 

appeared to plateau at what may have been the optimal value for tissue fusion in vivo 
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that does not interfere with maintaining continued tissue function (that of providing 

unidirectional blood flow). 

 

  

Figure 17. AV cushion tissue surface tension: a graph of the surface tension of 

spherical AV cushion tissue explants from stages HH23, 27 and 30, (5 measurements 

per test group), shows that σ increases with developmental stage, error bars indicate 

the standard error. 

 

Tissue explant fusion measurements in vitro allowed the calculation of the surface 

tension/viscosity ratio for HH23, 27 and 30 AV cushion tissue (Fig. 18A).  This ratio 

was found to decrease across all 3 developmental stages.  There was a total of 5 

measurements per group and the ANOVA – Tuckey Kramer multi comparison test 

was used to calculate differences between groups and the p values were: p(23, 27) = 

0.005, p(23,30) = 0.00005 and p(27, 30) = 0.015.    
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Figure 18. AV cushion tissue viscosity: a graph of the σ/η for spherical AV cushion 

tissue explants from stages HH23, 27 and 30 AV cushion tissue (5 measurements per 

test group), error bars indicate the standard error (A).  A graph of the viscosity of AV 

cushion tissue explants from stages HH23, 27 and 30 (5 measurements per group), 

shows that tissue viscosity increases across all 3 developmental stages, error bars 

indicate the standard error (B).  

 

These results indicate that explants of HH30 AV cushion tissue fuse slower than 

those from HH27 and HH23, additionally those from HH27 fuse slower than those 

from HH23 demonstrating that as this newly generated tissue develops and matures in 

the developing heart it becomes more rigid in order to preserve the emerging 

architecture of the heart.  In combination with the tensiometry measurements, fusion 
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measurements allow the direct calculation of the tissue viscosities of AV cushion 

tissue from stages HH23, 27 and 30 which was found to increase across all 3 

developmental stages indicating that the tissue becomes more resistant to flow (Fig. 

18B).  In order for the viscosity of a tissue to have increased it is possible that the 

connectivity of the network of ECM molecules (collagen, laminin, tenascinm, 

fibrillin, etc.) increased.  These results indicate that as the AV cushion tissue matures, 

its biomechanical properties are developmentally regulated and that both tissue 

cohesivity and connectivity increase during stages HH23, 27 and 30.     

As an additional control the surface tension was also measured for tissue explants 

incubated for 24 hours in either 3ml of DMEM* on the gyratory shaker or a 30μl 

hanging drop (Fig. 19) as an additional control measurement to ensure that 30μl 

hanging droplets produce spherical explants with the same biomechanical properties 

as those produced in the gyratory shaker.  The ANOVA – Tuckey Kramer multi 

comparison test was used to calculate differences between these groups and the p 

value was: p(gyratory, hanging drop) = 0.81, indicating that the surface tensions for 

the two different methods of sample preparation are not significantly different.  These 

results demonstrate that the preparation of samples using hanging droplets does not 

significantly alter the biomechanical properties of the tissue when compared to 

samples prepared using the gyratory shaker.  The practical utility of the hanging drop 

method is the fact that a small volume of liquid is required, allowing the measurement 

of the effects of growth factors. 
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Figure 19. Tensiometry controls: A graph of the surface tension which was measured 

for tissue explants incubated for 24 hours in either 3ml of DMEM* on the gyratory 

shaker or a 30μl hanging drop (5 measurements per group).  

 

With the appropriate controls established , we were then in the position to look at 

the interplay between physical and molecular determinants in AV cushion tissue 

morphogenesis and start building a correlation map between the physical properties 

of this embryonic tissue and its biomolecular components.  In order to assay the affect 

periostin has on the biomechanics of connective tissues; a periostin over-expressing 

adenovirus was constructed as shown in figure 19A.  This virus (and a LacZ control 

adenovirus) was functionally evaluated in HEK293 cells to ensure extracellular 

secretion (Figure 20B).  Western blot analysis confirms the ability for periostin to be 

secreted as well as the ability to homodimerize.  These adenoviruses were then used 

in tensiometry experiments with cushion tissue tissue.   
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Figure 20. Validation of periostin virus: (A) Schematic of periostin showing the 

fasciclin domains (Fas1-4), signal sequence (S.S.), Cysteine rich domain (Cys), 

heparin binding domain (green ovals), putative glycosylation site and stop codon (red 

asterisk).  Below the periostin schematic is a representation of the two adenoviruses 

(LacZ and mouse periostin) generated for experimentation. (HA- hemagluttinin 

epitope tag fused at the carboxyl-terminus of periostin, ITR-Internal terminal repeat, 

CMV-cytomegalovirus promoter, red asterisk-stop codon).  (B) Western blot for 

periostin (OX) or LacZ adenoviral infected HEK293 cells under reducing (reducing 

conditions break disulfide bonds and prevent multimerization) or non-reducing 

conditions.  Under non-reducing conditions, periostin migrates as both a monomer 

and a dimer and is capable of being secreted into the supernatant (Sup).  Periostin is 

also seen still attached to the cells, suggesting its ability to be matricellular (interacts 

with both the cytoskeleton and cell membrane proteins). Infectability of AV cushions, 

in hanging drops, was initially assessed by infecting the tissue with green fluorescent 
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protein (GFP) and periostin expressing viruses.  This tissue is able to be infected as 

demonstrated by immunofluorescence and Western blotting (Fig. 21A-B).   

 

 

Figure 21.  HH27 AV cushion infectability: To verify that HH27 AV cushions in 

hanging drops are amenable to infection, the GFP and periostin adenoviruses were 

added to the cultures.  Immunofluorescence verified infection and expression of the 

GFP adenovirus (A).  Western blotting (using an anti-HA antibody) was performed to 

further confirm the infection of adenovirally produced periostin.  The arrows show 

immunopositive periostin expression thereby validating the adenovirus infection and 
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expression in H27 AV cushion hanging drop cultures.  Actin was used to verify equal 

loading.  Positive (+)  and negative (-) controls were media from HEK293 cells  either 

infected or not-infected with the periostin adenovirus, respectively. 

 

Following infection of the mouse periostin adenovirus, surface tension was not 

appreciably affected (Fig. 22).  ANOVA – Tuckey Kramer multi comparison 

indicated that the p-values were: 0.5879 (periostin OX – control), 0.8685 (Lacz – 

Control) and 0.9298 (Lacz – Periostin OX). 

 

 

Figure 22.  Perisotin OX tensiometry: a graph of the surface tension values measured 

for HH27 AV cushion tissue treated with no virus, periostin over-expressing virus 

and lacz control virus indicates that there is not a large change in σ when perisotin is 

overexpressed. 

 

In order to estimate tissue viscosity, tissue fusion assays were performed on 

HH23 AV cushion tissue explants from control or periostin OX virus treated groups 
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(Fig. 23).  To validate that these results were specific to periostin and not a non-

specific adenovirus affect, tissue aggregates were also infected with a LacZ control 

adenovirus.  Incubation with the LacZ adenovirus generated statistically similar 

values as observed with the non-infected controls (Fig. 23).   Kinetics of tissue fusion 

of two opposing rounded mesenchymal tissue aggregates allowed calculation of the 

ratio of tissue surface tension to tissue viscosity (Fig. 23A).  This ratio, combined 

with the results of the tensiometry measurements allowed the direct calculation of 

tissue viscosity (Fig 23B).  The ANOVA – Tuckey Kramer multi comparison test was 

used to calculate differences between groups, the p-values were: Periostin OX – 

Control = 0.0166, Lacz Control – Periostin OX = 0.0491 and Lacz Control – Control 

= 0.8996.  These data demonstrate that over-expression of periostin increased tissue 

viscosity (Fig. 23B).   
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Figure 23.  Tissue viscosity with periostin OX: A graph of the surface tension to 

viscosity ratio for HH27 AV cushion tissue infected with 6x106 particles of periostin 

over-expressing virus, Lacz control virus or control with no virus (A), A graph of the  

calculated viscosities (B). 

 

These data demonstrated that the differences obtained in tissue viscosity are specific 

for periostin over-expression and not due to non-specific adenovirus affects.  These 

results provided for the first time direct quantitative evidence that the mechanical 

properties of mesenchymal connective tissues are regulated in part by periostin.  It is 
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curious that the observed cohesivity of AV cushion tissue did not change significantly 

when the periostin OX virus was used but there were changes in tissue viscosity.   

 Optical confocal sections through the heart allow for the visualization of the 

geometry and location of the AV cushions ex vivo.  By HH23, the AV cushion 

swellings protrude distally from the myocardium into the AV canal functioning as 

rudimentary valve structures separating the atrium from the ventricle.  The AV 

cushions continue to expand into the AV canal and HH27 at which point the most 

anterior aspect of the superior and inferior cushions begin to fuse (Fig. 4B).  Figure 

3B depicts a transverse section of an HH27 heart at a more posterior aspect of the AV 

canal (represented by the double headed arrow in Fig. 3A).  By HH23 the cushions 

are sufficiently large enough to provide explants for measurement (~300μm).  AV 

cushions were dissected at this stage and placed into the tensiometer for surface 

tension measurements as described in Materials and Methods and Appendix A (Fig. 

2).  The structure of AV cushion tissue during development was visualized in vivo 

using whole mount confocal microscopy and periostin expression was localized (Fig. 

24), in the region of the AV cushion and appears within tissue structures that require 

large tensile strength (Kern et al. 2005).   
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Figure 24.  Periostin immunolocalization: A whole mount confocal microscope image 

of antibody staining for periostin.  The periostin signal (p) demonstrates that perisotin 

is localized within the developing heart in the vicinity of the developing AV cushions 

(*).  The atrium (a) and ventricle (v) ends of the myocardial canal are indicated.   

 

The signal detected in the confocal microscopy measurements was located in the 

region which develops to form the tendonous cords within the mature adult heart.  

The structure of the signal, suggested that periostin may be incorporated into fibrous 

structures within the developing cardiac tissue. 

Due to the fact that TGFβ3 causes AV cushion tissue to form from the 

endocardium, the surface tension of AV cushion tissue explants was measured when 
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samples are incubated with exogenous TGFβ3. It has been demonstrated that TGFβ3 

increased the production of the matricellular protein periostin (Horiuchi et al. 1999). 

When tissue explants from stages HH23, HH27 and HH30 were incubated in 10ng/ml 

of TGFβ3, a dramatic increase in tissue explant surface tension was observed (Fig. 

25A).  The ANOVA – Tuckey Kramer multi comparison test was used to evaluate 

differences between groups the p-values were:  HH23 TGF – HH23 Control = 0.0005, 

HH27 TGF – HH27 Control < 0.0001, HH30 TGF – HH30 Control < 0.0001.  Upon 

comparison of the percent increase in tissue explant surface tension when treated with 

TGFβ3, it was observed that the effect of TGFβ3 is diminished for stage HH30, an 

indication that the tissue has become less responsive to the effect of the growth factor 

(Fig. 25B).  The biological implications of these results are quite clear.  At stage 

HH23 the EMT is taking place which is signaled by TGFβ3, therefore it is no surprise 

that this growth factor has an effect on the biomechanical properties at this stage.  At 

stage HH27 the tissue is still developing and is fusing and the expression of 

exogenous TGFβ3 still has a strong effect.  However, at stage HH30 the tissue has 

fused completely and will begin other morphogenetic processes thus it is no longer 

responsive.  
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Figure 25.  Exogenous TGFβ3 tensiometry: tensiometry measurements performed on 

HH23, 27 and 30 AV cushion tissues treated with 10ng/ml TGFβ3 (A) show that 

there is a remarkable increase in tissue surface tension when the growth factor is 

added.  A comparison of the percent increase in the surface tension values due to the 

addition of TGFβ3 shows that both stages HH23 and 27 become more than twice as 

cohesive with stage HH30 having less of a response to the growth factor (B). 

 

One mechanism by which TGFβ3 may increase surface tension is through up 

regulating various matrix molecules.  To test this hypothesis, HH23 AV cushion 
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explants in hanging drop cultures were stimulated with 10ng/mL of TGFβ3 (as 

described previously) and assayed 24 hours later for expression of fibronectin, 

collagen I, and periostin.  These molecules were chosen based on their previously 

defined expression in the AV cushions as well as their critical importance at this time 

during the considered stage of development. Western blot analysis demonstrated that 

there are significant increases in all three matrix proteins (Fig. 26).  The dramatic 

increase in matrix production may mechanistically define how this growth factor is 

affecting surface tension, and ultimately fusion of the AV cushions in vivo.  

 

 

Figure 26.  Western blot with exogenous TGFβ3: Western blotting of AV cushions in 

hanging drops 24 hours after TGFβ3 stimulation.  (A&B)  Representative blots of 

periostin, collagen, and fibronectin expression with or without TGFβ3 stimulation.  

Enhanced production of collagen (arrows), periostin (asterisks), and fibronectin is 

clearly evident.  A 70-75kDa periostin immunoreactive band (arrow head) does not 
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appear to change in expression level suggesting isoform specific activation of the 

90kDa and ~40 kDa periostin variants (*).  Actin is used as a loading control.  

Molecular weight markers are indicated at the left of the blots.  

 

DISCUSSION 

This report defined for the first time the biomechanical properties of avian AV 

cushions during embryogenesis and the affect that molecular determinants have on 

these material properties.  As demonstrated, excised AV cushion mesenchymal tissue 

fragments spontaneously rounded up into spheres within 24 hours in vitro.  The 

values for the surface tension measured using the described method of tensiometry 

were consistent with previously reported data from embryonic tissue (Forgacs et al 

1998).  Tissue explant fusion measurements demonstrated yet another manifestation 

of tissue liquid like behavior due to the fact that the kinetics of fusion was similar to 

the coalescence of two liquid drops (controlled by surface tension and viscosity). 

Careful analysis of the kinetics of coalescence (or fusion) for pairs of opposing 

identical spherical explants of embryonic tissue has been shown to allow the 

calculation of σ/η (microns/min) the ratio of the tissues surface tension and viscosity 

η  (poise) (Gordon et al. 1972) based upon mathematical approximations developed 

for the analysis of the kinetics of liquid drop fusion (Frenkel 1945).  The combination 

of the two methods of tensiometry and fusion kinetics measurements allowed the 

direct and precise calculation of tissue viscosity.  The novelty of our approach was 

not only that we measure intact living embryonic tissue surface tension but also its 

viscosity and that these methods were sensitive enough to detect differences between 
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tissues from different stages of development.  The limitation of our approach was that 

both tensiometry and fusion measurements required ideally round tissue explants 

(Fig. 11).  It was assumed that the rounding process did not dramatically change the 

native material properties of this tissue in situ and that measurement of these 

properties of cushion tissue explants reflected the essential biomechanical properties 

of heart cushion tissue in vivo.  This assumption was based on previous data 

regarding the ECM protein content (collagen, fibronectin and periostin) of AV 

cushion tissue during development (Lincoln et. al., 2004, Bouchey et. al., 1996, 

Icardo and Manasek 1984, Kern et. al., 2006, Nakajima et al., 1997).   

The results of the measurements presented here indicated that during normal 

cardiogenesis, the AV cushions became more cohesive and viscous, thereby more 

resistant to the increasing hemodynamic pressures of the growing heart.  This 

increase in tissue surface tension and viscosity during development was consistent 

with previous data regarding changes in composition, chemistry, and maturation of 

various ECM proteins (collagen, fibronectin and periostin) during cardiovascular 

tissue development (Lincoln et. al., 2004, Bouchey et. al., 1996, Icardo and Manasek 

1984, Kern et. al., 2006, Nakajima et al., 1997).   

 In an effort to investigate the role of specific proteins in morphogenesis, 

particularly heart valve development, the novel matricellular protein periostin 

(molecular weight 90kD) was implemented.  It was previously reported that periostin 

is expressed specifically in cushion tissue during development in the region of the 

developing chordae tendoneae (Kern et al. 2005) but its biomechanical function 

remained largely unknown.  Over expression of periostin in isolated rounded 
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embryonic chick heart mesenchymal cushion tissue explants resulted in increased 

tissue viscosity as measured by the combined methods of tensiometry and tissue 

fusion assays which indicated and correctly predicted that periostin may have been be 

involved in cross linking the ECM.  It is important to note that for these experiments 

(in which periostin OX virus was used) only the 90kDa immunoreactive band for 

periostin was overexpressed using this specially and specifically designed virus.      

Periostin as well as its close homolog BigH3 (70% homology) was shown in related 

studies to bind collagen type I (considered to be the most important structural protein 

component of the ECM responsible for material properties, Norris and Damon et. al. 

2007).  Thus it was logical to further speculate and demonstrate that periostin was 

involved, as well as many other proteins, in direct regulation of collagen 

fibrillogenesis and cross linking as well as the associated biomechanical properties of 

developing AV cushion tissue (as demonstrated by Norris and Damon et. al. 2007).  

To fully appreciate the significance periostin may play in regulating and maintaining 

proper biomechanics of connective tissues, additional assays must be employed 

which examine specific biomechanical parameters when periostin expression is 

eliminated.  Due to strong expression of periostin in heart valves and their tendinous 

supporting structures (chordae tendineae) it will be important to evaluate the periostin 

null mice for cardiovascular defects in future studies.  It is possible that these 

potential defects stem from altered formation and remodeling of the ECM within the 

cardiac valves, which would compromise their ability to withstand extensive 

hemodynamic stresses during the cardiac contraction cycle.  Developmental defects 

in the ECM can have major implications that over time greatly affect valve function.  

 71



Thus even small changes in the composition (and alignment) of the valvular ECM 

can, over time, compromise valve integrity and result in valvular and cardiovascular 

diseases (i.e. ECM changes over time = pathology). 

TGFβ3 a 25 kDa homodimeric peptide growth factor which has been shown to 

have diverse effects on cellular differentiation and proliferation including the 

promotion of cellular phenotypic changes, the control of migration, cellular 

adhesiveness and invasiveness, and the regulation of ECM accumulation and 

deposition (Akhurst, 1994, Sporn et al., 1986, Huojia et. al, 2005; Miyanishi et al., 

2006).  Additionally, at the onset and during endocardial cushion tissue formation 

TGFβ3 mRNA has been found to be expressed in the AV myocardium (Dickenson et 

al., 1993; Millan et al., 1991).  Furthermore, at the onset of EMT in chick 

cardiogenesis, transforming growth factor TGFβ3 was shown to be expressed in 

transforming endothelial and invading mesenchymal cells (Nakajima et al., 2000).  It 

was also been shown that TGFβ3 and its receptors are expressed in cushion tissue and 

change during development (Boyer et al. 1999, Boyer and Runyan 2001, Camenisch 

et al. 2002 and Nakajima et al. 2000).  Therefore, it was hypothesized that TGFβ3 

could be involved in the developmental regulation of the material properties of 

cushion tissue by changing the composition of the ECM.  Indeed, TGFβ3 did 

dramatically change the material properties by increasing the tissue cohesivity or 

surface tension.  What was interesting was that the capacity of cushion tissue to 

respond to TGFβ3 and the resulting change in tissue surface tension was a function of 

embryonic developmental stage.  As development proceeded from HH23 to HH27, 

the percent increase in tissue surface tension of AV cushion tissue, under the 
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influence of exogenous TGFβ3, was dramatically elevated.  By HH30, the percent 

increase in tissue surface tension decreased, indicating that the AV cushions were 

either: a) less responsive to exogenous TGFβ3, b) no longer require TGFβ3 

stimulation, and/or c) are sufficiently mature.   

In order to ascertain whether TGFβ3 was affecting the biomechanical properties 

of AV cushion tissue by enhancing various ECM components, the expression levels 

of three main matrix components were evaluated by Western analysis.  Recently, 

periostin was been found to directly interact with collagen as well as fibronectin and 

this binding was shown to be essential for proper collagen cross-linking, collagen 

fibrillogenesis and the biomechanics of connective tissues (Norris and Damon 2007 

and unpublished observations).  Therefore evaluating the potential change in 

expression of these three matrix proteins in AV cushion tissue due to exposure to 

TGFβ3 was a logical step in understanding the mechanism(s) underlying how TGFβ3 

affected the biomechanical properties of AV cushion tissue.   The western blot data 

demonstrated that following TGFβ3 stimulation, the expression levels of all three 

matrix proteins dramatically increased.  The effect of TGFβ3 observed on the 

compostion of the ECM and the corresponding biomechanical properties of the tissue 

is far more severe than that of the periostin OX virus and rightly so due to the fact 

that TGFβ3 has very diverse effects on ECM protein production and the periostin OX 

virus has but one (that of the production of only a single isoform of periostin).   

Interestingly the ~75kDa band immunoreactive for periostin detected in the western 

blot was present and remained relatively constant in both control and TGFβ3 

stimulated samples, however the 90kDa band was upregulated as well as a previously 
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undetected ~40kDa band.  This indicated that TGFβ3 may be involved in the 

signaling of the production of a splice variant of periostin and that these new isoforms 

of periostin may be in part responsible in concert with the increased production of 

fibronectin and collagen I for the observed dramatic increases in tissue biomechanical 

properties when TGFβ3 was administered.   

A great number of studies have already demonstrated the presence and 

importance of specific ECM proteins in AV cushion tissue during valvulogenesis.  

Fibronectin was previously detected in the region of the endocardial cushions and in 

portions of the endocardium and myocardium throughout the development and 

morphogenesis of the AV cushion tissue in vivo (Bouchey et al., 1996).  Fluorescence 

for fibronectin has been detected almost entirely in association with the basal surfaces 

of endocardium and myocardium as well as scattered spots and thin dotted strands of 

fibronectin within the cardiac jelly, additionally cushion tissue cells migrating into the 

cardiac jelly contained patches of fibronectin associated with their surfaces (Icardo 

and Manasek 1984).  Fibronectin and collagen type I have been observed in the thick 

cardiac jelly of control hearts at the onset of mesenchymal formation (Nakajima et al., 

1997).  Normal valve development has previously been characterized by 

spatiotemporal coordination of ECM organization (Hinton et al., 2006).  The 

disruption of ECM organization is a common feature of heart valve disease and has 

often been linked to genetic defects (Lincoln et al., 2006).  All of these findings 

demonstrated the need for the development of a correlation map between the 

biomechanical properties of embryonic tissue and the respective biomolecular 

components so that preventative and regenerative medicines may be developed.   
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In summary, this work investigated the biomechanical properties of avian AV 

cushions during embryogenesis and how these properties are affected by molecular 

determinants.  Taken together these data demonstrated that the biomechanical 

properties (i.e. surface tension and viscosity) of AV cushion tissue are 

developmentally regulated and increase over successive developmental time-points 

which strongly suggests associated changes in the composition of the ECM.  The 

methods presented here were sensitive enough to detect differences in the 

biomechanical properties of AV cushion tissue during the early stages of septum 

morphogenesis.  It was shown here that during normal cardiogenesis rounded 

explants of AV cushion tissue become more cohesive and increasingly resistant to the 

hemodynamic pressures of the growing heart.   This change in material properties was 

necessary to accommodate a growing and maturing cardiovascular system and was 

correlated with changes in ECM composition.  Furthermore it was shown that the 

addition of TGFβ3 dramatically increases the expression of specific ECM proteins.  

The molecular, biochemical and biomechanical data provided important insights into 

the mechanisms of periostin function at the tissue level.  It was also shown that key 

ECM proteins associated with changes in the mechanical properties of tissues (i.e. 

collagen, fibronectin, and periostin) were present within explants of AV cushion 

tissue after rounding, consistent with previously established in-vivo data.   

Based on this data it was logical to suggest that protein expression profiles 

uniquely define the biomechanical properties of cushion tissue which consequently 

provide the morphogenetic forces necessary for embryonic shape transformations.  

By correlating changes in ECM composition with changes in biomechanical 
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properties we were able to predict potential molecular interactions and are able to 

better understand the physical mechanisms which govern shape changes during 

morphogenesis.   
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