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ABSTRACT 38 

The umbilical artery lumen closes rapidly at birth, preventing neonatal blood loss, whereas the 39 

umbilical vein remains patent longer. Here, analysis of umbilical cords from humans and other 40 

mammals identified differential arterial-venous proteoglycan dynamics as a determinant of these 41 

contrasting vascular responses. The umbilical artery, but not the vein, has an inner layer 42 

enriched in the hydrated proteoglycan aggrecan, external to which lie contraction-primed 43 

smooth muscle cells (SMC). At birth, SMC contraction drives inner layer buckling and centripetal 44 

displacement to occlude the arterial lumen, a mechanism revealed by biomechanical 45 

observations and confirmed by computational analyses. This vascular dimorphism arises from 46 

spatially regulated proteoglycan expression and breakdown. Mice lacking aggrecan or the 47 

metalloprotease ADAMTS1, which degrades proteoglycans, demonstrate their opposing roles in 48 

umbilical vascular dimorphism, including effects on SMC differentiation. Umbilical vessel 49 

dimorphism is conserved in mammals, suggesting that differential proteoglycan dynamics and 50 

inner layer buckling were positively selected during evolution. 51 

  52 
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INTRODUCTION 53 

The umbilical cord, typically containing two arteries and one vein in humans, is a crucial 54 

fetal structure in placental mammals. Umbilical arteries carry fetal blood to the placental 55 

vascular bed whereas the umbilical vein returns oxygenated blood to the fetus. Fetal respiration 56 

at birth renders the maternal oxygen supply redundant. Umbilical arteries commence closure 57 

rapidly after delivery of the newborn whereas the veins remain open longer. The cord is 58 

routinely clamped following delivery and divided between the clamps in modern obstetric 59 

practice. Timing of cord clamping after birth, whether early or late, is extensively debated 60 

(Niermeyer, 2015, Tarnow-Mordi, Morris et al., 2017). A recent recommendation suggested 61 

clamping no earlier than 30-60 seconds after birth to facilitate the placental transfusion 62 

((ACOG), 2017). Although the necessity of clamping is rarely questioned, it appears to be a 63 

modern practice (Downey & Bewley, 2012). Cord clamping is rarely practiced in domesticated 64 

animals and certainly not in wild animals, yet all current mammalian species have survived 65 

evolutionarily. We hypothesized that intrinsic design characteristics of mammalian umbilical 66 

arteries prevent blood loss at birth without clamping.  67 

Prior histological work revealed that umbilical arteries have a bilaminar structure (Meyer, 68 

Rumpelt et al., 1978) but lack elastic lamellae, which endow large arteries with resilience during 69 

cyclic loading (Wagenseil & Mecham, 2009). However, the molecular mechanism underlying the 70 

bilayered structure and its relationship to arterial occlusion remains obscure. Here, we used a 71 

multi-disciplinary approach integrating a variety of morphologic approaches with mechanical 72 

testing, computational analysis and mouse mutants to demonstrate the molecular and 73 

biomechanical basis for rapid umbilical artery closure. The findings emphasize the dual 74 

importance of extracellular matrix proteoglycans in regulation of cell differentiation and 75 

conferment of desirable tissue mechanical characteristics. 76 

RESULTS 77 

The umbilical artery has a bilaminar wall 78 
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Three-dimensional imaging of term human umbilical cords, using synchrotron-based phase 79 

contrast micro-CT with effective pixel size 1.63 x 1.63 m2 (Norvik, Westöö et al., 2020) and 80 

histology, identified a much thicker tunica media (TM) in the umbilical artery than in the vein, 81 

with a visibly different structure (Fig. 1a-c, Fig. 1 Supplement-1a-c, Figure 1-video 1,2). Most 82 

umbilical arteries were occluded at birth independent of delivery method or cord region 83 

analyzed, whereas umbilical veins remained patent (Fig. 1b, Fig. 1 Supplement-1b). Smooth 84 

muscle cell (SMC) markers showed similar staining intensities within inner and outer TM of the 85 

umbilical arteries and TM of the vein with alternating layers of longitudinal and circumferentially 86 

oriented SMCs (Fig. 1 Supplement-1c,d). The veins showed fewer layers of SMCs compared to 87 

the arteries (Fig. 1 Supplement-1c,d).  88 

Alcian blue, which binds sulfated glycosaminoglycans (GAGs), intensely stained the 89 

inner layer of the bilayered arterial TM but only the innermost 3-4 cell layers of the venous TM 90 

(Fig. 1c). SMCs in this GAG-rich region of the arteries were radially oriented and round, with 91 

nuclear-localized Sox9, a chondrogenic factor (Fig. 1 Supplement-1e) (Ng, Wheatley et al., 92 

1997). The distribution of chondroitin sulfate (CS) coincided with Alcian blue staining (Fig. 1c-d, 93 

Fig. 1 Supplement-1e) whereas heparan sulfate was more abundant in the outer arterial TM 94 

(Fig. 1d), suggesting that the inner TM was enriched in CS-proteoglycans (CSPGs). RNA 95 

microarray data from matched human umbilical arteries and veins showed, among many 96 

differentially expressed genes (Fig. 1e, Fig. 1 Supplement-2, Sup. array data-1), arterial 97 

prevalence of mRNAs for ACAN and VCAN encoding CSPGs bearing the most CS-chains, 98 

aggrecan and versican, respectively (Fig. 1e). Microarray analysis of the inner versus outer 99 

arterial TM identified stronger ACAN and VCAN expression in the inner TM, among other 100 

differences (Fig. 1d, Fig. 1 Supplement-3, Sup. array data-2). RNA in situ hybridization (RNA-101 

ISH) localized strong ACAN and VCAN expression in inner arterial TM SMC, and 102 

immunostaining showed versican and aggrecan core proteins in a similar distribution as alcian 103 

blue and anti-CS staining (Fig. 1c, d). Versican is a well-characterized vascular component 104 
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(Wight & Merrilees, 2004), and aggrecan, which is known as a cartilage and neural proteoglycan 105 

(Lauing, Cortes et al., 2014, Schwartz & Domowicz, 2014) is emerging as a significant CSPG in 106 

vascular disease (reviewed in (Koch, 2020)).  107 

ADAMTS proteoglycanases are differentially expressed in the umbilical artery and vein 108 

Aggrecan and versican are proteolytically cleaved by ADAMTS1, 4, 5, and 9 (Dancevic, 109 

McCulloch et al., 2016). ADAMTS1 and ADAMTS4 mRNAs had higher levels in the venous wall 110 

in microarrays (Fig. 1e, Sup. Array data-1), and RNA-ISH demonstrated stronger expression of 111 

ADAMTS1, ADAMTS4, ADAMTS5, and ADAMTS9 in the veins (Fig. 2a).  ADAMTS1 was the 112 

most strongly expressed, localizing to venous endothelium and TM, with stronger umbilical 113 

artery expression seen in the outer than inner TM (Fig. 2a). ADAMTS9 was similarly expressed 114 

as ADAMTS1, whereas ADAMTS4 and ADAMTS5 mRNAs were restricted to umbilical vein 115 

endothelium and some venous SMC (Fig. 2a). Neo-epitope antibodies detecting ADAMTS-116 

cleaved aggrecan and versican (anti-NITEGE and anti-DPEAAE respectively) (Lark, Gordy et 117 

al., 1995, Sandy, Flannery et al., 1992, Sandy, Westling et al., 2001) showed strong staining 118 

throughout the venous TM and in the outer arterial TM, but not the inner arterial TM (Fig. 2b). 119 

Thus, proteoglycan accumulation in the inner TM of the umbilical artery may result from higher 120 

ACAN and VCAN expression and less proteolysis. In contrast, lower ACAN and VCAN 121 

expression and greater ADAMTS levels within the umbilical vein may preclude proteoglycan 122 

accumulation.  123 

ADAMTS-mediated differential proteoglycan abundance in the umbilical artery and vein 124 

is evolutionarily conserved 125 

 We postulated that abundant hydrated proteoglycans in the inner arterial TM provided 126 

compressive stiffness that could not only prevent kinking and premature occlusion but could 127 

potentially facilitate rapid umbilical artery closure at birth. If so, similar adaptations should be 128 
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present in other mammals. Analysis of umbilical cords from nine large primate and non-primate 129 

mammals disclosed similar dimorphism, namely, umbilical arteries were occluded and had 130 

thicker walls with similar infolding of the inner arterial TM (Fig. 3a) and strong Alcian blue and 131 

CS-staining, contrasting with veins (Fig. 3a,b). Anti-aggrecan and anti-NITEGE stained several 132 

animal species, confirming aggrecan abundance in the arterial TM and robust aggrecan 133 

cleavage resulting from ADAMTS protease activity in the outer TM of the artery and the TM of 134 

the vein (Fig. 3c-d, Fig.3 Supplement-1). 135 

Aggrecan and ADAMTS1 are necessary for normal umbilical cord morphogenesis   136 

Mouse umbilical cords also demonstrated vascular dimorphism (Fig. 4a), suggesting that 137 

genetically modified mice would provide mechanistic insights into proteoglycan dynamics and its 138 

impact. Aggrecan and versican immunofluorescence showed strong staining in the mouse 139 

umbilical artery inner TM and adventitia, with weaker staining in the veins (Fig. 4b). Acan, Vcan 140 

and Adamts1,4,5,9 RNA-ISH at early (E12.5) and late (E18.5) gestational stages showed that 141 

Acan and Vcan were strongly expressed in the umbilical arteries (Fig.4 Supplement-1a).  142 

Adamts1 was the most highly expressed proteoglycanase in the mouse umbilical vein just prior 143 

to parturition (E18.5) (Fig.4 Supplement-1a), evidenced by strong -gal staining in venous TM, 144 

adventitia and endothelium; The inner umbilical artery TM and endothelium of Adamts1lacZ/+ 145 

embryos lacked -gal staining (Fig. 4c). Although Adamts9 mutant embryos were previously 146 

observed to have short umbilical cords, abnormal umbilical artery development, and to die by 147 

14.5 days of gestation (Nandadasa, Nelson et al., 2015), umbilical cord development was not 148 

previously investigated in mutants of the two genes implicated here as potentially critical for 149 

umbilical cord vascular dimorphism, Acan and Adamts1.  150 

The Adamts1-/- mutant is an insertion of an IRES lacZ-bearing cassette into intron 1 of the gene 151 

(Oller, Mendez-Barbero et al., 2017). This insertion reveals Adamts1 expression via staining for 152 
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ß-galactosidase activity, and eliminated expression from the targeted allele but in its 153 

hemizygous state, the insertion led to reduction in both mRNA and protein (Oller et al., 154 

2017). The Acancmd-Bc allele is a spontaneous mutation found in a BALB/C colony (Bell, Juriloff 155 

et al., 1986) and resulted from deletion of exon 2 through exon 18 (Krueger, Kurima et al., 156 

1999). Acan-/- embryos do not survive past birth (Krueger et al., 1999, Lauing et al., 2014) and 157 

few surviving Adamts1-/- mice were identified at the time of weaning (Oller et al., 2017). Acan 158 

mutants are thought to succumb to respiratory failure resulting from soft tracheal cartilages and 159 

ribs, whereas the cause of Adamts1-/- lethality is unknown. At E18.5, Acan-/- and Adamts1-/- 160 

mutants each had significantly short umbilical cords (Fig. 4d) demonstrating their requirement 161 

for proper umbilical cord development. Umbilical cord histology showed thinner vascular walls in 162 

Acan-/- umbilical vessels, and conversely, thicker vascular walls in Adamts1-/- umbilical vessels 163 

(Fig.  4e-g). At earlier developmental stages (E12.5 to E14.5), lack of aggrecan did not affect 164 

either umbilical cord length or circumferential SMC reorientation (Fig.4 Supplement-1b-d), which 165 

occurs around E13.5 and is defective in Adamts9 mutants (Nandadasa et al., 2015). 166 

Furthermore, lack of aggrecan did not impair the survival of mouse embryos until parturition, 167 

since Acan-/- embryos  were observed at the expected Mendelian ratio at E18.5 (Fig.4 168 

Supplement-1c). Thus, Acan and Adamts1 appear to be involved in umbilical vessel 169 

development from early gestation, but their functions manifest near parturition.  170 

Contrasting SMC phenotypes in Acan and Adamts1 deficient umbilical cords 171 

The arterial and venous lumina were smaller in Adamts1-/- mice relative to wild-type, indicating 172 

that their thicker vascular walls compromised luminal diameter, and  larger in Acan-/- mice (Fig. 173 

4e-g). Phospho-histone H3 staining revealed fewer proliferating cells in Acan-/- umbilical cords at 174 

E18.5 (Fig. 4h). Immunostaining for SMC markers smooth muscle α-actin (SMA), smooth 175 

muscle myosin heavy chain (SMMHC), and phosphorylated myosin light chain (pMLC) showed 176 

weaker intensity in Acan-/- umbilical arteries compared to wild-type (Fig. 5a,b). In contrast, 177 
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Adamts1-/- umbilical vessels showed stronger SMA, SMMHC and pMLC staining than wild-type 178 

littermates and apparent overgrowth of the arterial and venous walls (Fig. 5c). Intriguingly, 179 

endomucin, a venous endothelium-specific marker (dela Paz & D'Amore, 2009), also stained 180 

Adamts1-/- umbilical arterial endothelium (Fig. 5c) suggesting that ADAMTS1 may have a role in 181 

specifying artery/vein identity. Immunostaining of E17.5 Adamts1-/- umbilical cords indicated a 182 

crucial role for ADAMTS1 in regulating proteoglycan dynamics in the mouse umbilical cord. 183 

Specifically, we observed robust aggrecan and versican accumulation in the Adamts1-/- umbilical 184 

vein and in the outer TM of the Adamts1-/- umbilical artery (Fig. 6a-d) with severe reduction of 185 

aggrecan and versican neo-epitope staining (Fig. 6a-d).  186 

Differential SMC contraction in the bilayered umbilical arteries  187 

 Despite uniform staining with SMC markers in human umbilical vascular SMC, co-188 

staining with serine20-phosphorylated myosin light chain (pMLC) marking contractile SMCs 189 

(Dougherty, Nepiyushchikh et al., 2014) revealed that human umbilical arteries had more 190 

contractile SMCs than the vein, predominantly in the outer TM (Fig. 7a, b). This suggests that 191 

outer umbilical artery SMCs are principally responsive to vasoconstriction stimuli at birth, 192 

whereas inner SMCs are relatively non-contractile. We hypothesized that an outer ring of 193 

contracting SMCs could drive the CSPG-rich inner arterial TM centripetally, occluding the 194 

lumen, and addressed this possibility initially using ex vivo biomechanical testing of late-195 

gestation mouse umbilical vessels (Fig. 7c, Fig. 7 Supplement-1). Mouse umbilical arteries had 196 

a smaller lumen, as expected at E18.5, and deformed less when loaded mechanically, namely, 197 

they exhibited lower (circumferential) distensibility and especially (axial) extensibility under 198 

passive conditions compared to the umbilical veins (Fig. 7 Supplement-1a-d). Umbilical arteries 199 

constricted significantly (30-50% reduction in measured outer diameter at 25mm Hg fixed 200 

pressure), causing complete luminal occlusion verified by optical coherence (OCT) imaging, 201 

which was not observed in the umbilical veins (Fig. 7c). Cross-sectional area measurements at 202 
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fixed lengths revealed wall volume reductions during vasoconstriction (Fig. 7 supplement-1e), 203 

less in the umbilical vein (~35%) than the umbilical artery (~50%), suggesting fluid exudation 204 

from the wall under forceful SMC contraction. 205 

Computational modeling of arterial occlusion  206 

These biomechanical tests of mouse umbilical cords, together with histological and 207 

immunostaining findings from human cords, motivated and informed a novel computational 208 

model of the umbilical artery incorporating its complex bi-layered, multi-constituent structure 209 

(GAG-rich inner layer and contractile SMC-rich outer layer; Fig. 7d) and multiaxial mechanical 210 

loading: axial extension, luminal pressurization, active contraction by SMCs, and intramural 211 

swelling of the inner layer that regulates tissue volume locally based on GAG content. Nonlinear 212 

regression of biaxial mechanical data from passive tests of the murine vessels identified best-fit 213 

values of the material parameters in the baseline constitutive model while data from active 214 

contraction studies guided the selection of the associated active constitutive parameters (Table 215 

1). Model-based parametric studies examined combinations of different levels of GAG-driven 216 

swelling and SMC-generated active stress to identify their roles in umbilical artery closure at 217 

different levels of fixed luminal pressure. Increasing inner layer swelling in the absence of active 218 

outer layer stress narrowed the lumen at a fixed pressure, as expected given the constraining 219 

effect of the outer stiff passive matrix (Fig. 7 Supplement-2a). This trend reversed in the 220 

presence of active stresses, with increasing inner layer GAGs able to oppose vasoconstriction if 221 

overall wall volume remained constant (Fig. 7 Supplement-2b). Thus, increased inner layer 222 

swelling attenuates the ability of SMC contraction to prematurely reduce luminal radius, as 223 

revealed by varying the active stress parametrically for different fixed values of inner layer 224 

swelling. Importantly, the model predicted a sharp transition from a widely patent to a narrowed 225 

lumen due to small changes in active stress at lower values of swelling whereas radius changes 226 

were more gradual at higher values of swelling (Fig. 7 Supplement-2b). This transition, at which 227 
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a decrease in volume of the inner layer associates with larger or smaller luminal radii for values 228 

of active stress below or above T𝑎𝑐𝑡 ≅ 50 kPa (a key parameter of active stress generation) 229 

appears to be close to the in vivo value. Hence, consistent with ex vivo findings (Fig. 7 230 

Supplement-1), it appears that inner layer volume loss during increased SMC contraction aids 231 

vessel narrowing. Regardless, the inner radius reached nearly constant values for increasing 232 

levels of active stress (Fig. 7 Supplement-2b). Thus, contraction alone is insufficient to occlude 233 

the vessel.  234 

Folding of the arterial inner layer is necessary for vascular occlusion  235 

Given the consistent histological finding of inner arterial TM infolding following birth, we 236 

modeled the biomechanics of superimposed inner layer buckling in the bi-layered arterial model. 237 

Buckling can release energy stored in the inner layer during vasoconstriction-induced 238 

compression, thereby reducing the structural stiffness and resistance to SMC contraction. This 239 

analysis parametrically considered possible perturbations to the cylindrical geometry achieved 240 

at various levels of fixed luminal pressure and different values of swelling and actively 241 

generated wall stress. Examining the influence of the number of inner layer folds for different 242 

values of swelling disclosed higher inward buckling probability with more folds (Fig. 7d). Since 243 

T𝑎𝑐𝑡 needed to cause buckling tended to plateau at 7 folds, we used 7 folds subsequently for 244 

illustrative purposes. T𝑎𝑐𝑡 needed to cause buckling decreased for a more swollen inner layer 245 

(Fig. 7d, Fig. 7 Supplement-2c) and increased exponentially with inner layer volume loss. This 246 

finding was likely due to the less negative values of circumferential wall stress in the inner layer 247 

occurring with shrinkage (Fig. 7 Supplement-2d). We found that an arterial wall consisting solely 248 

of SMCs and uniform matrix maintained a mean positive circumferential stress in the inner layer 249 

during contraction, preventing buckling. Thus, a delicate biomechanical balance exists – 250 

reduced inner layer volume allows a smaller radius to be achieved via SMC contraction prior to 251 
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buckling (Fig. 7 Supplement-2b), thus aiding closure, yet excess volume reduction of the inner 252 

layer increases the active stress requirement for buckling and achieving complete vessel 253 

closure (Fig. 7d). The umbilical artery can reduce its cylindrical radius dramatically at T𝑎𝑐𝑡 near a 254 

basal value of ~50 kPa, progressing to buckle and close via a subsequent near-maximal 255 

contraction (Fig. 7e). In agreement with the computational modeling, 20/25 of human umbilical 256 

arteries had 4 or more buckles whereas those with no buckles in the area analyzed by histology 257 

were patent (Fig. 7f). Other large mammalian species analyzed showed a similar phenomenon 258 

(Fig. 7f). Thus, buckling of the proteoglycan-rich inner tunica media may be a crucial and 259 

evolutionarily conserved mechanism employed by all mammals for rapid arterial occlusion at 260 

birth.     261 

 262 

DISCUSSION 263 

We report two distinct umbilical cord blood vessel specializations that may facilitate rapid 264 

umbilical artery occlusion at birth: a distinct proteoglycan-rich inner arterial TM, generating a bi-265 

layered arterial wall, and selective contraction of SMCs in the outer layer (Fig. 8). The rounded 266 

SMCs of the inner TM may be specialized for CSPG production rather than contraction, 267 

consistent with nuclear Sox9 staining, a function they exert prior to delivery. During delivery, 268 

lack of pMLC staining suggests that despite differentiated SMC marker expression, the inner 269 

cells play a passive role. Biomechanical testing and computational analysis confirm that 270 

selective proteoglycan enrichment in the inner arterial TM ensures that contracting SMCs in the 271 

outer TM can effectively occlude the arterial lumen at birth (Fig. 8). Histologic and computational 272 

analysis showed buckling of the inner TM and fluid redirection into the resulting TM protrusions 273 

as critical mechanisms resulting from specialization of the inner and outer arterial TM. By in 274 

silico simulations of umbilical arteries with modulation of the contractile outer layer and 275 
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proteoglycan-rich inner core, we demonstrate that complete occlusion can be achieved.   276 

Our work suggests that a principal mechanism governing umbilical cord vascular 277 

dimorphism resides in extracellular matrix, namely, differentially regulated dynamics of 278 

aggrecan and versican, which may then modulate SMC development and differentiation. Other 279 

mammalian umbilical vessels examined, from animals as large as the walrus and elephant to as 280 

small as the mouse, showed similar CSPG and aggrecan modulation as in humans. Although 281 

Vcan mutant mice die before umbilical cord development is completed (Yamamura, Zhang et 282 

al., 1997)  and could not be studied, Acan and Adamts1 mutants demonstrated their 283 

mechanistic contributions to the observed dimorphism. Our emphasis on aggrecan in the inner 284 

layer, with its abundant GAGs and their high fixed charge density, was relevant to the 285 

computational findings of the importance of inner layer swelling and buckling in response to 286 

SMC contraction. The umbilical vein contains fewer contractile SMCs and has scant aggrecan 287 

and versican. Hence, SMC activation in the umbilical vein does not occlude the lumen to the 288 

same degree as in the arteries, a contention supported by computational analysis. Given the 289 

evolutionary pressure to achieve hemostasis urgently in the artery rather than the vein, these 290 

findings suggest a highly evolved mechanism for preventing exsanguination of the newborn that 291 

is potentially relevant to other embryonic shunts that occlude rapidly at birth.   292 

The computational model was built on a long history of studying murine arteries and 293 

veins (Ferruzzi, Bersi et al., 2013), but was specialized to the GAG-rich inner layer and SMC-294 

rich outer layer of the umbilical artery. Modeling the dynamics of associated volume changes 295 

would have required a mixture or poroelastic model and significantly more experimental data, 296 

including measurement of layer-specific permeabilities and fixed-charge densities. Instead, we 297 

modeled the quasi-equilibrated states using a well-accepted approach wherein the degree of 298 

swelling can be adjusted for each simulation (Demirkoparan & Pence, 2007, Szafron, Breuer et 299 

al., 2017). Interestingly, prior results by others showed that swelling of an initially unloaded, 300 
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unilayered cylindrical tube consisting of a neo-Hookean material (which we used to model GAG-301 

rich tissue) increases luminal diameter if the tube is unconstrained (Demirkoparan & Pence, 302 

2007). The tube must be constrained, such as by a stiff outer layer surrounding the swollen 303 

layer if swelling is to decrease luminal diameter (Szafron et al., 2017). The abundance of 304 

contractile SMCs in the stiffer outer layer and their basal tone may in fact enhance outer layer 305 

stiffness contributed by extracellular matrix and hence buckling appears to be essential to 306 

augment contraction-induced closure of the umbilical artery (cf. (Moulton & Goriely, 2011)). 307 

This observed architecture of the umbilical cord is likely to have supported survival of 308 

mammalian species, humans included, well before formal obstetric involvement in labor. Cord 309 

clamping is the default practice today and has the sanction of convention, offering the option of 310 

immediate neonatal resuscitation if needed. In regard to the umbilical artery, it would replicate 311 

the effect of a natural and apparently conserved physiologic process that interrupts its blood 312 

flow during transition from fetal to neonatal life. The latest recommendation to clamp the cord 313 

later rather than immediately after birth appears to align better with the delayed closure of the 314 

umbilical vein. The present studies in humans and other mammals show that evolution has 315 

devised an umbilical cord-intrinsic mechanism that facilitates rapid arterial occlusion at birth, 316 

leaving the vein patent and permitting a placental infusion. This unfailing sequence ensures 317 

continuation of mammalian species without other formal intervention, since evolutionary 318 

success is not about minimizing poor outcomes, but ensuring survival of a significant majority. 319 

 320 

Methods  321 

Key Resources Table 

Reagent type 
(species) or 
resource 

Designation 
Source or 
reference 

Identifiers 
Additional 
information 
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gene  
(Homo sapiens)  ACAN  GenBank 

RRID:HGNC:
319 

Chondroitin 
sulphate 
proteoglycan 1 

gene  
(Homo sapiens)  VCAN  GenBank 

RRID:HGNC:
2464 

Chondroitin 
sulphate 
proteoglycan 2 

gene  
(Homo sapiens) ADAMTS1  GenBank 

RRID:HGNC:
217 

ADAM 
metallopeptidase 
with 
thrombospondin 
type 1 motif 1 

gene  
(Homo sapiens) ADAMTS4  GenBank 

RRID:HGNC:
220 

ADAM 
metallopeptidase 
with 
thrombospondin 
type 1 motif 4 

gene  
(Homo sapiens) ADAMTS5  GenBank 

RRID:HGNC:
221 

ADAM 
metallopeptidase 
with 
thrombospondin 
type 1 motif 5 

gene  
(Homo sapiens) ADAMTS9  GenBank 

RRID:HGNC:
13202 

ADAM 
metallopeptidase 
with 
thrombospondin 
type 1 motif 9 

genetic reagent 
(Mus musculus) 

Acancmd-Bc 

(C57BL/6J 
background) 

Krueger et 
al. (1999) 

RRID:MGI:18
55999 

Acan null allele 

genetic reagent 
(Mus musculus) 

Adamts1tm1Dgen 

(C57BL/6J 
background) 

Oller et al. 
(2017) 

RRID:MGI:542
7602 
 

Adamts1 null  
and LacZ 
reporter allele 

antibody 

Mouse 
monoclonal 
smooth muscle 
-actin (-SMA) 
Cy3 conjugated 

Millipore 
Sigma 
C6198 
 

RRID:AB_4768
56 
 

 IF (1:400) 

antibody 

Rat monoclonal 
smooth muscle 
myosin heavy 
chain (SMMHC) 

Kamiya 
Biomedical 
MC352 
 

RRID:AB_1241
986 
 

 IF (1:400) 
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antibody 

Rabbit polyclonal 
Serine-20 
phosphorylated 
myosin light 
chain (pMLC) 

 Abcam 
Ab2480 
 

RRID:AB_3030
94 
 

   IF (1:200) 

antibody 

Rabbit 
polyclonal anti-
serine-10 
phosphorylated 
histone H3 
(pHH3) 

Millipore 
Sigma 
06-570 

RRID:AB_3101
77 
 

 IF (1:200) 

antibody 

Mouse 
monoclonal anti-
chondroitin sulfate 
(7D4) antibody  

Bruce 
Caterson/C
lare 
Hughes 
laboratory 
(Caterson   
B et al. 
1990) 

RRID:AB_2864
328 
 

 IF (1:200) 

antibody 

Mouse 
monoclonal 
FITC-
conjugated anti-
heparan sulfate 
(10E4) antibody 

US 
Biological 
H-1890 

RRID:AB_1001
3601 
 

 IF (1:200) 

antibody 

Rabbit 
polyclonal 
Anti-versican 
(pVC) 

Apte 
laboratory 
(Foulcer et 
al., 2014) 

RRID:AB_2864
327 
 

IF (1:400) 
human tissue 

antibody 

Rabbit 
polyclonal 
anti-versican 
GAG-beta 

Millipore 
Sigma 
AB1033 

RRID:AB_9046
2 
 

IF (1:400) 
mouse tissue 

antibody 

Rabbit 
polyclonal 
anti-versican 
V0/V1 neo 
epitope 
DPEAAE  

Invitrogen 
PA1-
1748A 

RRID:AB_2304
324 
 

 
IF (1:200) 
human/mouse 
 

antibody 
Rabbit 
polyclonal  
anti-aggrecan 

Millipore 
Sigma 
AB1031 
 

RRID:AB_9046
0 
 

IF (1:400) 
all species 
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antibody 

Rabbit 
polyclonal  
anti-aggrecan 
neo epitope 
NITEGE  

Invitrogen 
PA1-1746 

RRID:AB_2242
021 
 

 
IF (1:200) 
all species 

antibody 

Rat monoclonal 
anti-endomucin 
antibody (clone 
eBioV.7C7) 

Invitrogen 
14-5851-
85 

RRID:AB_8915
31 
 

IF (1:400) 
 

antibody 

Rabbit 
polyclonal 
anti-SOX9 
antibody 

Millipore 
Sigma 
AB5535 

RRID:AB_2239
761 
 

IF (1:200) 

commercial 
assay or kit 

ACAN 
RNAscope 
In situ probe 

 ACD bio  506841 Human probe 

commercial 
assay or kit 

Acan RNAscope 
In situ probe  ACD bio  439101 Mouse probe 

commercial 
assay or kit 

VCAN-E8 
RNAscope 
In situ probe 

 ACD bio  452241 Human probe 
detects exon 8 

commercial 
assay or kit 

Vcan-E8 
RNAscope 
In situ probe 

 ACD bio  428321 Mouse probe 
detects exon 7 

commercial 
assay or kit 

ADAMTS1 
RNAscope 
In situ probe 

 ACD bio  524501  Human probe 

commercial 
assay or kit 

Adamts1 
RNAscope 
In situ probe 

 ACD bio 463361  Mouse probe 
 

commercial 
assay or kit 

ADAMTS4 
RNAscope 
In situ probe 

 ACD bio  537341  Human probe 

commercial 
assay or kit 

Adamts4 
RNAscope 
In situ probe 

 ACD bio 497161  Mouse probe 
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commercial 
assay or kit 

ADAMTS5 
RNAscope 
In situ probe 

 ACD bio  427611  Human probe 

commercial 
assay or kit 

Adamts5 
RNAscope 
In situ probe 

 ACD bio 427621  Mouse probe 
 

commercial 
assay or kit 

ADAMTS9 
RNAscope 
In situ probe 

 ACD bio  445321  Human probe 

commercial 
assay or kit 

Adamts9 
RNAscope 
In situ probe 

 ACD bio 400441 Mouse probe 
 

commercial 
assay or kit 

RNAscope 2.5 
HD Red In situ 
detection kit 

 ACD bio 322350 

Used for 
detecting all 
probes in this 
study 
 

software, 
algorithm 

Affymetrix 
Transcriptome 
Analysis 
Console, RMA-
SST sketch 
algorithm 

Affymetrix 
TAC 4.0 
 

RRID:SCR_01
8718 
 

Used for gene 
expression 
analysis for all 
microarray 
experiments in 
the study 

software, 
algorithm R 

Bell 
Laboratori
es/ R 
Foundatio
n for 
Statistical 
Computing 
Ver. 3.5.2. 
 

RRID:SCR_00
1905 
 

Used for 
statistical 
computing of 
microarray data 

software, 
algorithm 

GraphPad Prism  GraphPad 
RRID:SCR_00
2798 
 

Used for statistical 
computing of other 
experimental data 

 322 
Abbreviations, IF, Immunofluorescence 323 
 324 

  325 
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Human and large mammal cords: Twenty-five human umbilical cords were obtained from 326 

uncomplicated term pregnancies either after vaginal birth (n=13) or Cesarean section for 327 

obstetric indications (n=12), that is, malpresentation or repeat Cesarean section. The samples 328 

were collected under an IRB exemption from Cleveland Clinic (EX-0118) for use of discarded 329 

tissue without patient identifiers. These cords were used for histological/immunohistologic 330 

analysis, synchrotron imaging, RNA in situ hybridization, and transcriptomics of inner versus 331 

outer umbilical artery TM. Animal cord sections were provided by Disease Investigations, 332 

Institute for Conservation Research, San Diego Zoo Global from the Benirschke archive.  333 

Mutant mice: The Adamts1 transgenic allele (Adamts1tm1Dgen), referred to herein as Adamts1-/-, 334 

was produced by insertion of an IRES-lacZ cassette into intron 1 of Adamts1 using homologous 335 

recombination in mouse embryonic stem cells (Oller et al., 2017). The Acancmd-Bc allele was 336 

previously described (Krueger et al., 1999) and is referred to herein as Acan-/-.  Mice were 337 

handled under standard conditions under approved IACUC protocols at the Cleveland Clinic 338 

(IACUC protocol nos. 18-1996 and 18-2045) and University of Chicago (IACUC protocol no. 339 

43751). Mutant mouse embryos were collected by timed matings of heterozygous mice by the 340 

detection of copulation plugs (taken as day 0.5 of gestation). Embryos were dissected out 341 

immediately following CO2 mediated euthanasia and cervical dislocation of pregnant mice. 342 

Dissected whole embryos with umbilical cords and placentas attached, were fixed in 4% 343 

paraformaldehyde at 4°C overnight. Umbilical cords were dissected out the following day and 344 

washed thrice in PBS and embedded in paraffin or in 4% agarose for vibratome sectioning as 345 

previously described (Nandadasa et al., 2015).   346 

Biomechanical and computational analysis: The umbilical artery and vein were obtained at 347 

E18.5 from mouse embryos (n=4 ) following approval by the Yale University IACUC (protocol no 348 

2018-11508), then mounted within a custom computer-controlled biaxial device designed 349 

specifically for biomechanical testing of murine vessels (Gleason, Gray et al., 2004). Vessel 350 

maintenance, pre-conditioning, biaxial loading protocols and data collection are described in 351 
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Appendix 1. The umbilical artery was modeled computationally as a thick-walled, bi-layered 352 

cylindrical tube subjected to swelling of the GAG-rich inner layer and active contraction of the 353 

smooth muscle-rich outer layer; the model also included a passive contribution of extracellular 354 

matrix as revealed by biomechanical tests. 355 

Statistical analysis: Statistical analyses were carried out using GraphPad Prism analytical 356 

software (versions 6-8, GraphPad, San Diego, CA) in determining statistical significance using 357 

two-tailed Student’s t-test. Statistical details including N and p values are provided in each 358 

corresponding figure legend.  Statistical analyses for microarray gene expression were 359 

performed using Affymetrix’s Transcriptome Analysis Console (TAC 4.0) through the RMA-SST 360 

sketch algorithm and R version 3.5.2. Fold changes were calculated by an empirical Bayes 361 

ANOVA method through the TAC 4.0 software. 362 

Details of these and additional methods are provided in Appendix 1. 363 

Acknowledgements  364 

We acknowledge the Paul Scherrer Institut, Villigen, Switzerland for provision of synchrotron 365 

radiation beamtime at the TOMCAT beamline X02DA of the SLS and would like to thank Goran 366 

Lovric for assistance. We are grateful to the Disease Investigations team at San Diego Zoo 367 

Global for use of sections from the Benirschke archive, and to the late Dr. Kurt Benirschke for 368 

collecting the animal umbilical cords used in this study.    369 



 21 

References 370 

(ACOG) TACoOaG (2017) Delayed umbilical cord clamping after birth. Obstet 371 

Gynecol 129: e5-10 372 

Baek S, Gleason RL, Rajagopal K, Humphrey J (2007) Theory of small on large: 373 

potential utility in computations of fluid–solid interactions in arteries. 374 

Computer Methods in Applied Mechanics and Engineering 196: 3070-3078 375 

Bell L, Juriloff M, Harris MJ (1986) A new mutation at the cmd locus in the 376 

mouse. J Hered 77: 205-6 377 

Dancevic CM, McCulloch DR, Ward AC (2016) The ADAMTS hyalectanase 378 

family: biological insights from diverse species. Biochem J 473: 2011-22 379 

dela Paz NG, D'Amore PA (2009) Arterial versus venous endothelial cells. Cell 380 

Tissue Res 335: 5-16 381 

Demirkoparan H, Pence TJ (2007) Swelling of an internally pressurized 382 

nonlinearly elastic tube with fiber reinforcing. International journal of solids 383 

and structures 44: 4009-4029 384 

Dougherty PJ, Nepiyushchikh ZV, Chakraborty S, Wang W, Davis MJ, Zawieja 385 

DC, Muthuchamy M (2014) PKC activation increases Ca(2)(+) sensitivity of 386 

permeabilized lymphatic muscle via myosin light chain 20 phosphorylation-387 

dependent and -independent mechanisms. Am J Physiol Heart Circ Physiol 306: 388 

H674-83 389 

Downey CL, Bewley S (2012) Historical perspectives on umbilical cord 390 

clamping and neonatal transition. J R Soc Med 105: 325-9 391 

Ferruzzi J, Bersi M, Humphrey J (2013) Biomechanical phenotyping of central 392 

arteries in health and disease: advantages of and methods for murine models. 393 

Annals of biomedical engineering 41: 1311-1330 394 

Ferruzzi J, Bersi MR, Uman S, Yanagisawa H, Humphrey JD (2015) Decreased 395 

elastic energy storage, not increased material stiffness, characterizes central 396 

artery dysfunction in fibulin-5 deficiency independent of sex. J Biomech Eng 397 

137 398 

Foulcer SJ, Nelson CM, Quintero MV, Kuberan B, Larkin J, Dours-Zimmermann 399 

MT, Zimmermann DR, Apte SS (2014) Determinants of versican-V1 400 

proteoglycan processing by the metalloproteinase ADAMTS5. J Biol Chem 289: 401 

27859-73 402 

Gleason RL, Gray SP, Wilson E, Humphrey JD (2004) A multiaxial computer-403 

controlled organ culture and biomechanical device for mouse carotid arteries. 404 

J Biomech Eng 126: 787-95 405 



 22 

Haughton D, Ogden R (1978) On the incremental equations in non-linear 406 

elasticity—I. Membrane theory. Journal of the Mechanics and Physics of Solids 407 

26: 93-110 408 

Haughton D, Ogden R (1979) Bifurcation of inflated circular cylinders of 409 

elastic material under axial loading—II. Exact theory for thick-walled tubes. 410 

Journal of the Mechanics and Physics of Solids 27: 489-512 411 

Haughton D, Orr A (1997) On the eversion of compressible elastic cylinders. 412 

International journal of solids and structures 34: 1893-1914 413 

Koch CD, Lee, C, Apte, S.S. (2020) Aggrecan in cardiovascular development and 414 

disease. Journal of Histochemistry and Cytochemistry 58 415 

Krueger RC, Jr., Kurima K, Schwartz NB (1999) Completion of the mouse 416 

aggrecan gene structure and identification of the defect in the cmd-Bc mouse 417 

as a near complete deletion of the murine aggrecan gene. Mamm Genome 10: 418 

1119-25 419 

Lark MW, Gordy JT, Weidner JR, Ayala J, Kimura JH, Williams HR, Mumford RA, 420 

Flannery CR, Carlson SS, Iwata M, et al. (1995) Cell-mediated catabolism of 421 

aggrecan. Evidence that cleavage at the "aggrecanase" site (Glu373-Ala374) is 422 

a primary event in proteolysis of the interglobular domain. J Biol Chem 270: 423 

2550-6 424 

Lauing KL, Cortes M, Domowicz MS, Henry JG, Baria AT, Schwartz NB (2014) 425 

Aggrecan is required for growth plate cytoarchitecture and differentiation. 426 

Dev Biol 396: 224-36 427 

Li B, Cao Y-P, Feng X-Q (2011) Growth and surface folding of esophageal 428 

mucosa: a biomechanical model. Journal of biomechanics 44: 182-188 429 

Lindsay K, Rooney C (1992) A note on compound matrices. Journal of 430 

Computational Physics 103: 472-477 431 

McCulloch DR, Goff CL, Bhatt S, Dixon LJ, Sandy JD, Apte SS (2009) Adamts5, 432 

the gene encoding a proteoglycan-degrading metalloprotease, is expressed by 433 

specific cell lineages during mouse embryonic development and in adult 434 

tissues. Gene Expr Patterns 9: 314-323  435 

Mead TJ, Apte SS (2020) Expression Analysis by RNAscope In Situ 436 

Hybridization. Methods Mol Biol 2043: 173-178 437 

Meyer WW, Rumpelt HJ, Yao AC, Lind J (1978) Structure and closure 438 

mechanism of the human umbilical artery. Eur J Pediatr 128: 247-59 439 

Moulton D, Goriely A (2011) Circumferential buckling instability of a growing 440 

cylindrical tube. Journal of the Mechanics and Physics of Solids 59: 525-537 441 

Nandadasa S, Nelson CM, Apte SS (2015) ADAMTS9-Mediated Extracellular 442 

Matrix Dynamics Regulates Umbilical Cord Vascular Smooth Muscle 443 

Differentiation and Rotation. Cell Rep 11: 1519-28 444 



 23 

Ng LJ, Wheatley S, Muscat GE, Conway-Campbell J, Bowles J, Wright E, Bell DM, 445 

Tam PP, Cheah KS, Koopman P (1997) SOX9 binds DNA, activates 446 

transcription, and coexpresses with type II collagen during chondrogenesis in 447 

the mouse. Dev Biol 183: 108-21 448 

Niermeyer S (2015) A physiologic approach to cord clamping: Clinical issues. 449 

Matern Health Neonatol Perinatol 1: 21 450 

Norvik C, Westöö CK, Peruzzi N, Lovric G, van der Have O, Mokso R, 451 

Jeremiasen I, Brunnström H, Galambos C, Bech M, Tran-Lundmark K (2020) 452 

Synchrotron-based phase-contrast micro-CT as a tool for understanding 453 

pulmonary vascular pathobiology and the 3-D microanatomy of alveolar 454 

capillary dysplasia. Am J Physiol Lung Cell Mol Physiol 318: L65-l75 455 

Ogden RW (1984) Non-Linear Elastic Deformations. Ellis Horwood, Chichester, 456 

UK 457 

Oller J, Mendez-Barbero N, Ruiz EJ, Villahoz S, Renard M, Canelas LI, Briones 458 

AM, Alberca R, Lozano-Vidal N, Hurle MA, Milewicz D, Evangelista A, Salaices 459 

M, Nistal JF, Jimenez-Borreguero LJ, De Backer J, Campanero MR, Redondo JM 460 

(2017) Nitric oxide mediates aortic disease in mice deficient in the 461 

metalloprotease Adamts1 and in a mouse model of Marfan syndrome. Nat Med  462 

Sandy JD, Flannery CR, Neame PJ, Lohmander LS (1992) The structure of 463 

aggrecan fragments in human synovial fluid. Evidence for the involvement in 464 

osteoarthritis of a novel proteinase which cleaves the Glu 373-Ala 374 bond of 465 

the interglobular domain. J Clin Invest 89: 1512-6. 466 

Sandy JD, Westling J, Kenagy RD, Iruela-Arispe ML, Verscharen C, Rodriguez-467 

Mazaneque JC, Zimmermann DR, Lemire JM, Fischer JW, Wight TN, Clowes AW 468 

(2001) Versican V1 proteolysis in human aorta in vivo occurs at the Glu441- 469 

Ala442 bond, a site that is cleaved by recombinant ADAMTS-1 and ADAMTS- 470 

4. J Biol Chem 276: 13372-8. 471 

Sanft R, Power A, Nicholson C (2019) Modeling the effects of muscle 472 

contraction on the mechanical response and circumferential stability of 473 

coronary arteries. Math Biosci 315: 108223 474 

Schwartz NB, Domowicz MS (2014) Chemistry and function of 475 

glycosaminoglycans in the nervous system. Adv Neurobiol 9: 89-115 476 

Sorrell JM, Mahmoodian F, Schafer IA, Davis B, Caterson B (1990) 477 

Identification of monoclonal antibodies that recognize novel epitopes in 478 

native chondroitin/dermatan sulfate glycosaminoglycan chains: their use in 479 

mapping functionally distinct domains of human skin. J Histochem Cytochem 480 

38: 393-402 481 



 24 

Szafron JM, Breuer CK, Wang Y, Humphrey JD (2017) Stress analysis-driven 482 

design of bilayered scaffolds for tissue-engineered vascular grafts. Journal of 483 

biomechanical engineering 139 484 

Tarnow-Mordi W, Morris J, Kirby A, Robledo K, Askie L, Brown R, Evans N, 485 

Finlayson S, Fogarty M, Gebski V, Ghadge A, Hague W, Isaacs D, Jeffery M, 486 

Keech A, Kluckow M, Popat H, Sebastian L, Aagaard K, Belfort M et al. (2017) 487 

Delayed versus Immediate Cord Clamping in Preterm Infants. N Engl J Med 488 

377: 2445-2455 489 

Wagenseil JE, Mecham RP (2009) Vascular extracellular matrix and arterial 490 

mechanics. Physiological Reviews 89: 957-89 491 

Wight TN, Merrilees MJ (2004) Proteoglycans in atherosclerosis and 492 

restenosis: key roles for versican. Circ Res 94: 1158-67 493 

Yamamura H, Zhang M, Markwald RR, Mjaatvedt CH (1997) A heart segmental 494 

defect in the anterior-posterior axis of a transgenic mutant mouse. Dev Biol 495 

186: 58-72 496 

Yang W, Fung T, Chian K, Chong C (2007) Instability of the two-layered thick-497 

walled esophageal model under the external pressure and circular outer 498 

boundary condition. Journal of biomechanics 40: 481-490 499 
 500 

  501 



 25 

FIGURE LEGENDS 502 

Figure 1.  Dimorphism of the human umbilical artery and vein. (a) Synchrotron imaging of 503 

umbilical vessels at birth illustrates a bilayered arterial wall comprising an inner buckled tunica 504 

media (TM) (red) and outer TM (purple) but no distinct inner layer or buckling in the vein. X-Y 505 

and Y-Z image planes are indicated by red dashed lines (n=3 umbilical cords). (b) Quantitation 506 

of luminal cross-sectional area at birth shows that the umbilical arteries are occluded whereas 507 

the veins remain patent (top) and have significantly thicker walls (bottom) (n=20 cords, error 508 

bars indicate mean ± S.E.M., whiskers indicate minimum and maximum values. ***, p<0.001). 509 

(c) Alcian blue, eosin (pink) and nuclear fast red staining of umbilical vessel cross-sections 510 

shows a proteoglycan-rich (blue) inner TM in the umbilical artery but not the vein. Quantified 511 

staining intensity is shown on the right (n=6 umbilical cords, whiskers indicate minimum and 512 

maximum values, ***, p<0.001. (d) Chondroitin sulfate (CS), heparan sulfate (HS), aggrecan 513 

and versican immunofluorescence (n=4 cords for each antibody) showing that CS staining 514 

corresponds with aggrecan and versican staining and alcian blue in (c). (e) Volcano plots 515 

illustrating differential gene expression between human umbilical artery (red) and vein (green) 516 

(top, n=4 umbilical arteries and veins) and differential gene expression between human 517 

umbilical artery inner TM (red) and the outer TM (green) (bottom, n=2). (f) RNA in situ 518 

hybridization shows robust ACAN and VCAN expression (red signal) in the inner artery TM and 519 

weak expression in the vein (n=3 umbilical cords for each in situ probe).  * marks the vessel 520 

lumen. Brackets in c,d,f mark the TM. Wj, Wharton’s jelly. Scale bars = 100μm in c,d,f. Figure 521 

Supplement 1: Morphological and cellular characteristics of human umbilical arteries and veins 522 

at birth. Figure Supplement 2: Transcriptome comparison and pathway analysis of differences 523 

in the human umbilical artery and vein.  Figure Supplement 3: Transcriptome comparison and 524 

pathway analysis of differences in the human inner umbilical artery tunica media (TM) vs the 525 

outer TM.  Figure video 1: Synchrotron image stack of an umbilical artery. Figure video 2: 526 

Synchrotron image stack of an umbilical vein. 527 
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  528 

Figure 1 Supplement-1. Morphological and cellular characteristics of the human umbilical 529 

arteries and veins at birth. (a) Synchrotron image from Figure 1a without red and purple 530 

shading illustrates contrast between inner and outer arterial tunica media (TM) as well as inner 531 

TM buckling, compared with a uniform appearance of venous TM and lack of buckling (n=3 532 

umbilical cords). (b) Hematoxylin and eosin stained human umbilical artery cross-sections 533 

collected from the placental and fetal ends show occlusion of the umbilical artery with buckling 534 

of its interior, while the vein remains patent and lacks buckling (n=25 umbilical cords). (c) 535 

Hematoxylin and eosin stained cross-sections show multiple cell layers composed of alternating 536 

circumferentially (C) or longitudinally (L) oriented smooth muscle cells (SMC) in the umbilical 537 

artery. Curved white arrows indicate internal protrusion of the inner TM of the umbilical artery 538 

arising from buckling.  (d) -SMA (-smooth muscle actin, red) and DAPI (blue) staining of the 539 

umbilical artery and vein shows distinct orientation of the SMC layers as in c (n=3 umbilical 540 

cords). (e) (Left) Alcian blue staining shows intense staining of the inner arterial TM, with 541 

radially-oriented rounded cells contrasting with outer TM cells having elongated morphology. 542 

Eosin (pink) and nuclear fast red counterstaining. (Right) Sox9 immunostaining shows nuclear 543 

staining of SMCs of the inner umbilical artery TM (n=6 umbilical cords,  * marks the vessel 544 

lumen in panels c,d,e. White brackets in c,d and e mark the TM. Tm, tunica media). Scale bars 545 

= 200m in b and c, 100m in d and 50m in e. 546 

 547 

Figure 1 Supplement-2. Transcriptome comparison and pathway analysis of differences 548 

in the human umbilical artery and vein. (a) Heat map of a subset of differentially expressed 549 

genes (1.9 fold-change) from umbilical artery vs vein (n=4 umbilical cords). (b) Ingenuity 550 

pathway analysis (IPA) summary of the most significantly different pathways (n=4 umbilical 551 

cords). 552 
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 553 

Figure 1 Supplement-3. Transcriptome comparison and pathway analysis of differences 554 

in the human inner umbilical artery tunica media (TM) vs the outer tunica media. (a) Heat 555 

map of a subset of differentially expressed genes (1.9 fold-change) (n=2 umbilical arteries, 2 556 

inner TM samples matched to 2 outer TM samples). (b) Ingenuity pathway analysis (IPA) 557 

showing significantly different pathways in the umbilical artery inner and outer tunica media (n=2 558 

umbilical arteries, 2 inner TM samples matched to 2 outer TM samples).  559 

 560 

Figure 1- video 1: Synchrotron image stack of an umbilical artery. A human umbilical artery 561 

was imaged cross-sectionally and the images reconstructed along the luminal axis using Amira. 562 

 563 

Figure 1- video 2: Synchrotron image stack of an umbilical vein. A human umbilical vein was 564 

imaged cross-sectionally and the images reconstructed along the luminal axis using Amira. 565 

 566 

Figure 2. ADAMTS proteoglycanases are highly expressed and active in the human 567 

umbilical vein.  (a) RNA in situ hybridization shows robust ADAMTS1 and ADAMTS9 568 

expression in umbilical vein endothelium and tunica media (TM) and in outer arterial TM. Robust 569 

ADAMTS4 and ADAMTS5 expression was confined to the venous endothelium, with moderate 570 

ADAMTS4 expression and minimal ADAMTS5 expression in SMC (n=3 umbilical cords for each 571 

probe). (b) ADAMTS-cleaved aggrecan (anti-NITEGE, red) and versican (anti-DPEAAE, red) 572 

both showed strong ADAMTS proteolytic activity throughout the venous wall and the outer 573 

artery TM. Unlike aggrecan, extensive versican proteolysis is seen in the arterial intima and sub-574 

intima (n=4 umbilical cords for each antibody). Wj, Wharton’s jelly. The brackets mark TM 575 

boundaries.  Scale bars in a-b= 100μm 576 

 577 
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Figure 3. Aggrecan enrichment in the inner umbilical artery tunica media (TM) and its 578 

proteolysis in the umbilical vein is a characteristic of large mammals. (a) Alcian blue-eosin 579 

staining of umbilical cord sections shows proteoglycan enrichment (blue) in the inner arterial 580 

tunica media (TM). The elephant umbilical vein was unavailable. (b) Anti-CS 581 

immunofluorescence (7D4, green) shows enrichment in the inner arterial TM. Bonobo cords 582 

lacked 7D4 reactivity. (c,d) Aggrecan and anti-NITEGE immunostaining from reactive species 583 

showed aggrecan enrichment in the inner arterial TM and aggrecan proteolysis in the vein and 584 

outer artery TM. n=3 for Gazelle and n=1 for other mammals. Triplicate sections were stained 585 

from each animal cord). Scale bars = 100μm and 200μm. * indicates the vessel lumen. 586 

Figure Supplement-1: Aggrecan cleavage site conservation in mammals.  587 

 588 

Figure 3 Supplement-1: Aggrecan cleavage site conservation in mammals. The cleavage 589 

site location is shown over the sequence alignment by scissors, and the critical Glu(E) residue 590 

essential for cleavage is shown by red highlighting. Bold text identifies the cleavage-revealed 591 

neo-epitope NITEGE. Residue numbers are indicated for human and mouse aggrecan only. 592 

 593 

 594 

Figure 4. Defective morphogenesis in Acan and Adamts1 mutant mouse umbilical cords. 595 

(a) H&E staining of E18.5 wild-type cords showing thicker umbilical arterial (A) and thinner 596 

venous (V) wall (n=6 umbilical cords). (b) Aggrecan and versican localization (red, DAPI 597 

counterstain blue) in E18.5 wild-type cords showing staining in the arterial inner tunica media 598 

(TM) and adventitia but not the vein (n=3 umbilical cords). (c) -gal (blue) and eosin (red) 599 

staining of E18.5 Adamts1LacZ/+ (Adamts1+/-) cord showing strong Adamts1 expression in venous 600 

endothelium and TM and outer artery TM (n=3 umbilical cords). (d) Short umbilical cords in 601 

E18.5 Adamts1-/- and Acan-/- embryos compared to wild type.  Red arrowhead indicates an 602 
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omphalocele in Adamts1-/- embryos.  (e) H&E staining of E18.5 wild type, Acan-/-  and Adamts1-/- 603 

cord cross-sections showing thinner walls in Acan-/- umbilical vessels and thicker walls in 604 

Adamts1-/- umbilical vessels (f-g) Cord length, TM thickness and vessel luminal area 605 

quantifications for Adamts1-/- (f) and Acan-/- mice (g) at E18.5 compared to wild type littermates. 606 

Acan-/-  umbilical cords show larger lumens and Adamts1-/-  vessels show smaller lumens in 607 

(n=7-11 umbilical cords each, whiskers indicate minimum and maximum values, *, p<0.05; **, 608 

p<0.01; ***, p<0.001; ****, p<0.0001 (h) Phospho-histone H3 (pHH3) staining shows 609 

significantly fewer proliferating cells (white arrowheads) in Acan-/-  umbilical vessels. Dotted 610 

white lines mark the boundaries of vessel lumens (n=4 cords each, whiskers indicate minimum 611 

and maximum values, **, p<0.001; *, p<0.05).   Scale bars = 100μm in a, 25μm in c, 100μm and 612 

50μm in e. Figure Supplement-1: ADAMTS, Vcan and Acan expression and  impact of 613 

aggrecan loss on early mouse umbilical cord and vessel development. 614 

 615 

Figure 4 Supplement-1. ADAMTS, Vcan and Acan expression and  impact of aggrecan 616 

loss on early mouse umbilical cord and vessel development. (a) RNA in situ hybridization 617 

analysis of E12.5 and E18.5 mouse umbilical cord sections Acan, Vcan and relevant ADAMTS 618 

genes (n=3 umbilical cords for each probe). (b) E12.5 and E14.5 wildtype and Acan-/- embryos 619 

have a comparable umbilical cord length (n=2 Acan-/- at E12.5 and n=3 at E14.5)  (c) Observed 620 

and expected genotype ratios at different embryonic stages from Acan+/- and Adamts1+/- 621 

intercrosses. (d) Hematoxylin and eosin staining of E14.5 wild type and Acan-/- umbilical cords 622 

shows completion of longitudinal to circumferential reorientation of smooth muscle cells in the 623 

mutant arterial tunica media (TM). Upper panels show tangential longitudinal sections whereas 624 

the lower panels are taken through the approximate center of each vessel (n=3 umbilical cords 625 

of each genotype). Adv, adventitia; Tm, tunica media. Scale bars in a= 100m, 3mm and 7mm 626 

in b and 50m in d. 627 
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 628 

Figure 5. Contrasting smooth muscle cell (SMC) phenotype modulation in Acan and 629 

Adamts1-deficient umbilical vessels. (a) Aggrecan (green) and -SMA staining (red) in E18.5 630 

umbilical cords show loss of aggrecan and weak -SMA staining in Acan-/- vessels (n=3 631 

umbilical cords each genotype). (b) Smooth muscle myosin heavy chain (SMMHC, red) and 632 

phosphorylated myosin light chain (pMLC, green) staining in E18.5 umbilical cords showing 633 

dramatic signal attenuation in the Acan-/- vessels (n=3 umbilical cords each genotype) (c) pMLC 634 

(green), endomucin (red), -SMA (red, center panels) and SMMHC (red, right-hand panels) 635 

staining shows blunted dimorphism of Adamts1-/- umbilical artery and vein with stronger 636 

expression of differentiated SMC markers in Adamts1-/- umbilical vessels and acquisition of 637 

endomucin, a venous endothelium marker, by arterial endothelium (n=3 umbilical cords each 638 

genotype) Scale bars= 100μm in a-c. 639 

 640 

Figure 6. Reduced aggrecan and versican proteolysis in Adamts1-/- umbilical vessels. 641 

(a,b) E17.5 Adamts1-/- umbilical vessels show increased aggrecan staining and reduced anti-642 

NITEGE staining in (a), quantified in (b) (n=3 cords each genotype , error bars indicate mean ± 643 

S.D.*, p<0.05; **, p<0.01; ***, p<0.001. (c,d) Adamts1-/- umbilical vessels show increased 644 

versican (c) and reduced anti-DPEAAE staining quantified in (d) (n=3 cords each genotype, 645 

error bars indicate mean ± S.D. *, p<0.05; **, p<0.01. Scale bars= 50μm in a-c. 646 

 647 

Figure 7. Contraction-induced buckling ensures effective closure of the umbilical artery 648 

at birth. (a) Smooth muscle myosin heavy chain (SMMHC-red) and serine-20 phosphorylated 649 

myosin light-chain (pMLC-green) show more contraction-primed SMCs in the outer arterial 650 

tunica media (TM, white brackets) than the umbilical vein. Scale bars are 100 µm. (b) 651 

Quantitation of pMLC+ SMCs in the artery (red) and vein (blue) (top, n=5 arteries, 4 veins, 652 
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whiskers indicate minimum and maximum values, *, p<0.05) and inner and outer TM of both 653 

reveal similar distributions but more pMLC+ SMC in the outer artery TM (bottom, n=3 arteries, 4 654 

veins, error bars indicate mean ± S.D. *, p<0.05; **, p<0.01). (c) Differential contraction of 655 

murine umbilical artery and vein stimulated by 100 mM potassium chloride (KCl) under biaxial 656 

loading confirms greater contractility in the artery, with OCT images prior to and following 657 

contraction-induced arterial closure (n=4 arteries and n=4 veins). (d) Computational simulations 658 

of a bilayered artery with contractile SMCs in the outer layer and swollen inner layer: critical 659 

contractile stress values leading to buckling for (left) different numbers of folds for a normalized 660 

inner layer volume of 0.5 and (right) decreasing values of normalized volume of the inner layer 661 

for 7 folds. (e) Normalized inner radius as a function of contractile stress for inner layer volume 662 

change of 0.5 and 7 folds. The states for the inflection (square) and critical active stress (star) 663 

are illustrated by the schematics; complete closure achieved with contraction-induced buckling. 664 

All simulations were run for 25mmHg pressure. Due to the linear stability analysis, the amplitude 665 

of the folds in the buckled schematics is illustrative. (f) Number of buckles observed in human 666 

(top, indicated as umbilical cord (UC)1 -25) and other large mammalian (bottom) umbilical 667 

arteries. Both arteries per cord were included. Open vessel lumens are indicated where 668 

observed. 669 

Figure Supplement-1: Differential biomechanical properties of arteries and veins of the mouse 670 

umbilical cord. Figure Supplement-2: Computational results for a model umbilical artery.  671 

 672 

Figure 7 Supplement-1. Differential biomechanical properties of arteries and veins of the 673 

mouse umbilical cord. Biaxial structural (a,b) and material (c,d) behaviors exhibited by 674 

umbilical arteries and veins harvested from wild type E18.5 umbilical cords. The curves show 675 

model predicted results for the mean behaviors based on best-fit parameters determined from 676 

seven different testing protocols performed individually on n=4 arteries and n=4 veins. Though 677 

based on data from all seven protocols, for illustrative purposes results are shown for pressure-678 
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diameter behaviors during quasi-static pressurization at a fixed vessel-specific in vivo length 679 

and quasi-static axial extension at fixed pressures (25 mmHg for the arteries, and 5 mmHg for 680 

the veins). Grey shaded regions show S.D. (e) Change in normalized cross-sectional area for 681 

the umbilical vein at 5 mm Hg and for the umbilical artery at 25 mm Hg during isobaric 682 

contraction. Error bars indicate S.E.M, **, p<0.01. 683 

 684 

Figure 7 Supplement-2. Computational results for a model umbilical artery. (a) Normalized 685 

inner radius as a function of normalized volume of the inner layer alone for different fixed values 686 

of the active stress parameter Tact and (b) inner radius as a function of the active stress 687 

parameter Tact for different fixed values of normalized volume in the inner layer. Loaded inner 688 

radius a was normalized by the unloaded inner radius A; the current volume of the vessel v was 689 

normalized by the original volume of the vessel V. (c) Critical value of the active stress 690 

parameter Tact as a function of the normalized volume in the inner layer for different numbers of 691 

buckling-induced luminal folds n. (d) Mean circumferential stress tθθ across the umbilical artery 692 

wall for varying normalized volumes: (i) and (ii) show circumferential stress for the case of 693 

shrinkage of the inner layer alone with v/V=0.5 while (iii) and (iv) show the case of no swelling 694 

with v/V=1.0. All simulations use the loading conditions, luminal pressure P=25 mmHg and fixed 695 

axial stretch λz=1.28.    696 

 697 

Figure 8. The unique bilayered design of the umbilical artery underlies its rapid occlusion 698 

at birth. (a) Differential expression of ADAMTS proteases and large CS-proteoglycans during 699 

development results in a bilayered artery with a hydrated proteoglycan-rich inner layer and most 700 

contractile SMCs located in the outer layer, contrasting with the umbilical vein (see key at top of 701 

figure identifying the illustrated major elements). (b) At birth, SMC contraction in the outer layer 702 

and fluid movement-induced inner layer buckling redirects the inner layer into the lumen. The 703 
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single layered vein does not undergo buckling. (c) Umbilical artery occlusion at birth prevents 704 

neonatal exsanguination, whereas the patent vein allows a final transfusion from the placenta. 705 

  706 
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Table 1. Model parameters fixed for all simulations of the umbilical artery, determined primarily 707 
from the biaxial biomechanical data and histological findings. 708 
 709 

Parameters Description Values 

𝐴, 𝐵, 𝐶 Unloaded inner, interface, outer radius 161.77, 206.86, 236.92 𝜇m 
𝜆𝑧 Loaded axial stretch 1.28 

𝜇1, 𝜇2 GAG/matrix shear modulus inner, outer layer 3.0 kPa, 0.1 kPa 
𝑐1
1, 𝑐2

1 Axial fiber family material parameters  0.013 kPa, 11.65 
𝑐1
2, 𝑐2

2 Circumferential fiber family material parameters  2.66 kPa, 1.20 
𝑐1
3,4, 𝑐2

3,4 Diagonal fiber families’ material parameters 3.04 kPa, 4.23 
𝜂3, 𝜂4 Diagonal fiber families’ alignment parameter 41.92⁰, -41.92⁰ 
𝜆𝑚, 𝜆0 Maximum, minimum contractile stretch 2.5, 0.2 

 710 
  711 
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Vascular dimorphism ensured by regulated proteoglycan dynamics favors rapid 712 

umbilical artery closure at birth 713 
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 726 
 727 
DETAILED METHODS 728 

Human tissue 729 

After delivery of the neonate, the umbilical cord was doubly clamped and cut. The time from 730 

delivery to cord clamping varied between deliveries and in general ranged from 5-30 seconds. 731 

Two additional clamps were placed on the cord after a fetal blood sample was obtained for 732 

Rhesus typing, and scissors were used to cut between these two clamps to obtain a segment of 733 

umbilical cord for analysis. Umbilical cord samples were fixed in 4% paraformaldehyde for 48 h 734 

at 4°C and embedded in paraffin. All human umbilical cord sections analyzed contained all three 735 

vessels and both arteries were imaged in addition to the vein.  For microarray analysis of 736 

umbilical artery versus vein, human umbilical cords were separately collected as a part of the 737 

National Children’s Study (NCS) (UHCMC IRB# 01-11-28). Immediately upon delivery, cords 738 

were sectioned into 1-inch segments (for a total of 3 segments per cord at 0 h) and flash frozen 739 

in liquid nitrogen. RNA Later-ICE (Ambion) was used to maintain nucleic acid viability during 740 

freeze-thaw of tissue. The umbilical vein and both umbilical arteries were dissected from each 741 

segment for homogenization. RNA from homogenized vein and artery tissue was extracted 742 

using Qiagen’s RNeasy nucleic acid isolation kit. For microarray analysis of the inner versus 743 

outer arterial tunica media, human umbilical arteries were dissected immediately upon neonatal 744 

delivery and sectioned into 1-inch segments (for a total of 3 segments per artery) and their inner 745 

and outer tunica media were carefully dissected under a dissecting microscope and flash frozen 746 

in liquid nitrogen in Trizol reagent (Ambion). RNA from homogenized arteries was extracted 747 

using the chloroform-isopropanol precipitation method. 748 

Histological and immuno-staining 749 

Seven-micron thick paraffin sections were collected using a Leica RM 2255 microtome and 750 
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stained with hematoxylin and eosin, Alcian blue, or Masson’s trichrome after deparaffinization. 751 

For immunostaining, sections were deparaffinized, and boiled in citrate buffer (10mM citric acid, 752 

0.05% Tween 20, pH 6.0) for 90 seconds for antigen retrieval, washed with PBST and  blocked 753 

in 10% normal goat serum before incubation with the following primary antibodies overnight at 754 

4°C: Cy3-conjugated smooth muscle -actin (-SMA) (1:400, Sigma C6198), anti-smooth 755 

muscle myosin heavy chain (SMMHC) (1:400 Kamiya Biomedical, MC352), anti-serine20-756 

phosphorylated myosin light chain (pMLC) (Abcam, ab2480 1:200), anti-phospho histone H3 757 

(ser10)(1:200, Millipore, 06-570), anti-chondroitin sulfate (7D4) antibody (Sorrell, Mahmoodian 758 

et al., 1990) (1:200), FITC-conjugated anti-heparan sulfate (10E4) antibody (1:200, US 759 

biological H-1890), polyclonal anti-versican (Foulcer, Nelson et al., 2014) (anti-VC; 1:400), 760 

polyclonal anti-versican GAG- (1:400, Milipore Sigma, AB1033), anti- DPEAAE (versican 761 

V0/V1 neo epitope antibody, 1:200, Invitrogen, PA1-1748A), polyclonal anti-aggrecan (1:400, 762 

Milipore Sigma, AB1031), anti- NITEGE (aggrecan neo epitope antibody, 1:200, Invitrogen, 763 

PA1-1746), rat monoclonal anti-endomucin (1:400, Invitrogen, 14-5851-85), anti-Sox9 (1:200, 764 

Milipore Sigma Ab5535). Alexa-488 or Alexa-568 conjugated secondary antibodies against 765 

rabbit and mouse IgG, respectively, were used at 1:400 dilution. Vectashield mounting medium 766 

(H-1200) contained DAPI for staining nuclei.  All images were taken using an Olympus BX51 767 

microscope connected to a Leica DFC 7000T camera using bright field or fluorescence modes. 768 

Multi-channel fluorescent images were merged using the NIH Image J software.  769 

Synchrotron-based phase contrast micro-CT 770 

Imaging of arteries and veins from 3 umbilical cords was performed at the X02DA TOMCAT 771 

beamline of the Swiss Light Source at the Paul Scherrer Institute (Villigen, Switzerland). A 4x 772 

magnifying objective was used, resulting in a field-of-view of 4.2 x 3.5 mm2 and an effective 773 

pixel size of 1.63 x 1.63 μm2. For each scanned vessel, a stack of 1080 tomographic images 774 

was acquired. Data analysis was performed using NIH Image J and Amira®. Amira® allowed for 775 
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visualization of the vessels from any angle and images were created by combining two different 776 

tomographic imaging planes at a 90-degree angle. NIH Image J was used for creating Figure 1-777 

video 1 and Figure 1-video 2. 778 

Microarray analysis of human umbilical cords 779 

NCS samples to evaluate changes in expression in artery versus vein were run on the 780 

Affymetrix Hu-Gene U219 microarray Peg-plate; 150 ng of input RNA from each sample was 781 

labeled using an Affymetrix 3’ IVT labeling protocol. Samples hybridized to the PEG arrays were 782 

washed, stained, and scanned by the Affymetrix Gene Titan. RNA from 2 of the 4 cords was 783 

also evaluated on the Affymetrix Hu-Gene 1.1 ST Peg-plate microarray, using the whole 784 

transcriptome (WT) labeling protocol also starting with 150 ng of input total RNA. The hybridized 785 

PEG Arrays were washed, stained, and scanned by the Affymetrix Gene Titan according to 786 

standard protocols. RNA (150 ng) from inner and outer TM samples was labeled using 787 

Affymetrix’s WT PLUS protocol.  Labeled samples were hybridized overnight to Affymetrix Hu-788 

Gene 2.0 ST microarray cartridges.  The sample was removed, then the microarray cartridges 789 

were washed and stained on the Affymetrix GeneChip Fluidics Station450 and scanned by the 790 

Affymetrix GeneChip Scanner 3000. Total RNA was labeled using Affymetrix’s FLASH Tag 791 

Protocol. Labeled samples were hybridized overnight to Affymetrix GeneChip miRNA 2.0 Array, 792 

which interrogates all the mature human miRNA sequences in miRBase Release 20microRNAs. 793 

The sample was then removed and the microarray cartridges were washed and stained on the 794 

Affymetrix GeneChip Fluidics Station450 and scanned by the Affymetrix GeneChip Scanner 795 

3000. Gene expression analysis for each microarray study was performed using Affymetrix’s 796 

Transcriptome Analysis Console (TAC 4.0) through the RMA-SST sketch algorithm and R 797 

version 3.5.2. Fold changes were calculated by an empirical Bayes ANOVA method through the 798 

TAC 4.0 software. Parameters for gene expression changes include a p-value ≤0.05 and a fold 799 

change value ≥ 1.5 and ≤ -1.5. Data collected from samples labeled by different labeling 800 
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protocols, obtained using different scanners or hybridized to different arrays were analyzed as 801 

independent data sets.  802 

 Additional details of transgenic mice 803 

The Adamts1 transgenic allele used here (referred to as Adamts1-) was generated by Deltagen 804 

Inc (San Carlos, CA; Deltagen identifier T1288; MGI:5427602 (B6;129P2-805 

Adamts1<tm1Dgen>/H;)) by inserting an IRES-lacZ-neomycin resistance gene cassette into 806 

intron 1. RT-PCR using PCR primers bridging exon 1 and exon 2 showed that the insertion 807 

eliminated gene expression (Deltagen, unpublished data). The allele was deposited in the MRC 808 

Harwell, Frozen Embryo and Sperm Archive (Harwell, UK). Frozen Adamts1+/- embryos 809 

harvested at the 2-cell stage of development from matings of wild-type C57BL/6 females with 810 

hemizygous males at MRC Harwell were obtained under an academic use license signed by the 811 

Cleveland Clinic with Deltagen. Frozen embryos were implanted into pseudo-pregnant female 812 

recipient mice at the Case Transgenic and Targeting Facility (Cleveland, OH). Subsequently, 813 

the Adamts1- allele was crossed into the C57BL/6 strain for at least 10 generations and is 814 

maintained in this strain. The Acancmd-Bc  allele (referred to here as Acan+/-) was back-crossed to 815 

C57BL/6 for over 20 generations at the University of Chicago (Lauing et al., 2014) and 816 

subsequently transferred to the Cleveland Clinic Lerner Research Institute. -galactosidase 817 

staining of Adamts1+/- umbilical cords was done as previously described (McCulloch, Goff et al., 818 

2009). Both -galactosidase staining and genotyping were used to identify Adamts1+/- mice 819 

obtained from hemizygous with wild-type matings, whereas PCR genotyping was used to 820 

distinguish the three genotypes possibly arising from crosses of Adamts1 or Acan hemizygous 821 

animals which were used to generate homozygous embryos. 822 

For genotyping, genomic DNA was isolated from clipped toes between 7-10 days after 823 

birth or from embryo tails using 100l or  50 l Direct PCR Tail Lysis reagent, respectively 824 

(Viagen, catalog number 102-T) containing 1l of proteinase K (Milipore Sigma, catalog number 825 
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3115879001) followed by digestion overnight at 55°C.  Alternatively, tail DNA was extracted 826 

using QuickExtractTM DNA (Lucigen) at 65 °C for 15 min and reaction was stopped by 827 

incubation at 100 °C for 5 min. 828 

The targeted Adamts1 allele was detected by PCR using forward primer 5' 829 

GGGCCAGCTCATTCCTCCCACTCAT 3' and reverse primer 830 

5'GCCATCGGGGTCAGCTTTTCAAATG 3' (generating a 356 bp product) and the wild-type 831 

Adamts1 allele was detected using forward primer 5' GGTTGTAGTTTCGCGCTGAGTTTTG3' 832 

and reverse primer 5'GCCATCGGGGTCAGCTTTTCAAATG 3' (generating a 189 bp product). 833 

Acan genotyping was performed using the following primer pairs: Acancmd  forward primer 5' 834 

ATCAAGACCCTCAGCTTTTATTAATCTTTA 3' and reverse primer 5' 835 

CATAAGATGAGAGGAGATGGTTTAGAGTAT 3' (expected product 811 bp); Acan wild 836 

type allele forward primer 5' TCCTATTTACACAAAGTCTGAAATTAATGC 3' and reverse primer 837 

5' GAGAATTGGCTATAGCTGTTTATGACTC 3' (expected product 332 bp).  838 

RNA in situ hybridization  839 

Six-micron thick paraffin sections were probed with RNAscope probes according to 840 

manufacturer’s guidelines. The following probes were used: ACAN (Advanced Cell Diagnostics 841 

(ACD) Cat. No. 506841), VCAN-exon 8 (ACD Cat. No. 452241), ADAMTS1 (ACD Cat. No. 842 

524501), ADAMTS4 (ACD Cat. No. 537341), ADAMTS5 (ACD Cat. No. 427611), ADAMTS9 843 

(ACD Cat. No. 445321), Acan (ACD Cat. No. 439101), Vcan-exon 8 (ACD Cat. No. 428321), 844 

Adamts1 (ACD Cat. No. 463361), Adamts4 (ACD Cat. No. 497161), Adamts5 (ACD Cat. No. 845 

427621) and Adamts9 (ACD Cat. No. 400441).  The probes were detected using RNAscope 2.5 846 

HD Red reagent kits (ACD Cat. No. 322350) essentially as recently described (Mead & Apte, 847 

2020).  848 

 849 

Biomechanical characterization of mouse umbilical arteries and veins  850 
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Umbilical cords were excised and separated from the placenta from wild-type C57BL/6J mice at 851 

embryonic day E18.5 (n=4). The umbilical arteries and veins were identified by opening the 852 

abdomen of the embryo and locating an artery by its connection to the iliac artery and a vein by 853 

its connection to the inferior vena cava through the ductus venosus. After separating and 854 

cleaning the umbilical arteries and veins from excessive adipose tissue, the intact vessels were 855 

cannulated on custom-drawn glass micropipettes, secured with silk sutures at each end, and 856 

mounted within a custom computer-controlled biaxial test device designed specifically for testing 857 

murine vessels. These cylindrical specimens were then immersed in a Krebs-Ringer 858 

bicarbonate solution (Krebs) and oxygenated with 95% O2 and 5% CO2 while maintained at 859 

37oC. The lumen of the umbilical artery closed immediately after separating the umbilical cord 860 

from the placenta but was relaxed by acclimation within the testing chamber for 5-15 minutes at 861 

10 mmHg and wash-out with Krebs solution up to 3 times. The vessels were then subjected to 862 

two isobaric (luminal pressure of 5 mmHg, then 10 mmHg) - axially isometric (fixed specimen-863 

specific in vivo axial stretch) contractions by adding 100 mM KCl to the bath to ensure viability 864 

of the SMC. The transmural organization of the vessel wall was monitored during different 865 

stages of contraction using an optical coherence tomography (OCT) system having an axial 866 

(depth) resolution <7 microns and lateral resolution of 8 microns (Callisto Model, Thorlabs, 867 

Newton, NJ).  868 

For the subsequent passive tests, the normal Krebs solution was replaced with a Ca2+-free 869 

Krebs solution. The vessels were preconditioned via four cycles of pressurization (artery: 0 - 40 870 

mmHg and vein: 0 - 25 mmHg) while held fixed at their individual in vivo axial stretch. 871 

Subsequently, the vessels were subjected to a series of seven biaxial testing protocols: cyclic 872 

pressurization over ranges noted above at three different fixed values of axial stretch and cyclic 873 

axial stretching at four different fixed values of luminal pressure (artery at 10, 20, 30 or 40 874 

mmHg and vein at 1, 2, 10 or 20 mmHg). Data collected online included outer diameter, luminal 875 
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pressure, axial length, and axial force, which facilitated robust parameter estimation of the 876 

biaxial biomechanical behavior (Ferruzzi, Bersi et al., 2015). Toward this end, we used a 877 

validated “four-fiber family” type constitutive relation (see below) that has proved useful in 878 

characterizing murine arteries (systemic and pulmonary) and veins.  879 

Note that these biaxial data were used to build a baseline, bi-layered cylindrical model for the 880 

purposes of parametrically exploring possible effects of different levels of smooth muscle 881 

contractility in the outer tunica media, GAG-induced swelling of the inner tunica media, and 882 

possible buckling of this innermost layer in silico. Hence, rather than focus on specimen-to-883 

specimen differences, we sought “mean” properties of the normal murine umbilical artery. 884 

Hence, data from all seven passive biaxial testing protocols from all 4 mice were grouped as a 885 

single data set and best-fit values of the associated 8 material parameters were determined 886 

simultaneously by minimizing the sum-of-the-squares differences between predicted and 887 

measured pressures and axial forces, as described previously (Ferruzzi et al., 2015). To 888 

facilitate a global, rather than local, minimization, we used multiple randomly generated initial 889 

guesses for the parameter estimation, accomplished using the MATLAB routine (lsqnonlin 890 

function). It is important to note that best-fit parameters in exponential constitutive relations 891 

need not be unique, hence what is most important is that together they yield correct values of 892 

biaxial stress (verified by comparison to measured values) and predict appropriate levels of 893 

material stiffness and stored energy. Finally, it is noted that initial parameter estimation was 894 

based on data from a representative specimen rather than all data combined; the subsequent 895 

model simulations were similar in both cases, suggesting that the baseline model captured 896 

salient features as desired.   897 

Computational modeling of the umbilical artery 898 

Swelling and Contraction 899 
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The traction-free, non-swollen configuration (𝑅, Θ, 𝑍)  is treated as the reference with inner 900 

radius, interfacial radius, and outer radius denoted [𝐴, 𝐵, 𝐶], respectively. Swelling is accounted 901 

for via previously outlined methods (Demirkoparan & Pence, 2007, Szafron et al., 2017), which 902 

leads to a residually stressed, traction-free configuration with corresponding material points 903 

mapped to [𝐴∗, 𝐵∗, 𝐶∗]  in (𝑅∗, Θ∗, 𝑍∗) . The final loaded configuration, pressurized and axially 904 

stretched, is then characterized by [𝑎, 𝑏, 𝑐]  in (𝑟, θ, 𝑧). 905 

Consider a deformation from (𝑅, Θ, 𝑍) to (𝑅∗, Θ∗, 𝑍∗) via the deformation gradient tensor 𝐅∗ =906 

diag(∂𝑅∗ ∂𝑅⁄ , 𝑅∗ 𝑅⁄ , Λz
∗ ), where volume change is imposed by det 𝐅∗ = 𝜈∗ = 𝑣/𝑉 with 𝜈∗ the ratio 907 

of volume 𝑣  in (𝑅∗, Θ∗, 𝑍∗) to volume 𝑉  in (𝑅, Θ, 𝑍). With 𝜈∗ = 1, there is no swelling and the 908 

vessel is considered to have no residual stresses; in contrast, 𝜈∗ > 1 (expansion) and 𝜈∗ < 1 909 

(shrinkage) yields self-equilibrating wall stresses in the absence of external loading. Note that 910 

∂𝑅∗ ∂𝑅⁄ = 𝑅𝜈∗/Λz
∗𝑅∗. Further deformation to any loaded configuration (𝑟, θ, 𝑧) from the swollen 911 

configuration (𝑅∗, Θ∗, 𝑍∗)  is then described by 𝐅𝑃 = diag(𝜕𝑟 𝜕𝑅∗⁄ , 𝑟 𝑅∗⁄ , Λ𝑧) , where the 912 

assumption of incompressibility during transient external loading requires det 𝐅𝑃 = 1 , thus 913 

𝜕𝑟 𝜕𝑅∗⁄ = 𝑅∗/(Λ𝑧𝑟) . A multiplicative decomposition of the deformations yields 𝐅 = 𝐅𝑃𝐅∗ =914 

diag(𝑅𝜈∗ 𝜆𝑧𝑟⁄ , 𝑟/𝑅, 𝜆𝑧) with 𝜆𝑧 = Λz
∗Λ𝑧 for convenience. The matrix component 𝐹11 can also be 915 

expressed in terms of the original derivatives, such that (𝜕𝑟 𝜕𝑅∗⁄ )(∂𝑅∗ ∂𝑅⁄ ) = 𝑅𝜆𝑧𝜈
∗ 𝑟⁄ , which 916 

allows us to apply the chain rule and integrate ∫ 𝑟𝜕𝑟
𝑟

𝑎
= ∫ 𝜈∗𝑅/𝜆𝑧 ∂𝑅

𝑅

𝐴
 to find any radial point 𝑟 917 

within the vessel wall.  918 

The vessel is assumed to be quasi-equilibrated in any state, such that linear momentum 919 

balance requires div 𝐭 = 𝟎 , where 𝐭  is the Cauchy stress tensor. Circumferential and axial 920 

equilibrium is satisfied identically at each (𝑟, θ, 𝑧) . Radial equilibrium requires 𝜕𝑟 𝜕𝑅⁄ +921 

(𝑡𝑟𝑟 − 𝑡𝜃𝜃) 𝑟⁄ = 0 . The Cauchy stress is specialized as 𝐭 = 𝐭𝑒𝑥 − 𝑝𝐈  with 𝑝  the Lagrange 922 
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multiplier enforcing incompressibility during transient loading, 𝐈 the identity tensor, and 𝐭𝑒𝑥 the 923 

“extra” part of the stress due to deformation and the constitutive response. Integration yields 924 

𝑃 = ∫ (𝑡𝜃𝜃
𝑒𝑥 − 𝑡𝑟𝑟

𝑒𝑥)/𝑟𝑑𝑟 + ∫ (𝑡𝜃𝜃
𝑒𝑥 − 𝑡𝑟𝑟

𝑒𝑥)/𝑟𝑑𝑟
𝑐

𝑏

𝑏

𝑎
, 925 

where 𝑃  is the transmural pressure across the vessel wall, with 𝑃 > 0  indicating internal 926 

pressurization. We also calculate the overall axial load required for overall equilibrium, 927 

𝐿 = 𝜋 ∫ (2𝑡𝑧𝑧
𝑒𝑥 − 𝑡𝜃𝜃

𝑒𝑥 − 𝑡𝑟𝑟
𝑒𝑥)𝑟𝑑𝑟

𝑏

𝑎
+ 𝜋 ∫ (2𝑡𝑧𝑧

𝑒𝑥 − 𝑡𝜃𝜃
𝑒𝑥 − 𝑡𝑟𝑟

𝑒𝑥)𝑟𝑑𝑟
𝑐

𝑏
+ 𝑃𝜋𝑎2. 928 

See Fig. 7d. The equilibrium problem is solved iteratively for the loaded inner radius 𝑎 for each 929 

luminal pressure 𝑃 and axial extension 𝜆𝑧. 930 

Constitutively, the extra part of the Cauchy stress can be computed from a stored energy 931 

density function 𝑊  for the vessel, with 𝐭 = 2𝐅(𝜕𝑊 𝜕𝐂⁄ )𝐅𝑇/ det 𝐅 − 𝑝𝐈  and 𝐂 = 𝐅𝑇𝐅  the right 932 

Cauchy-Green tensor. Due to the microstructure of the umbilical vessels, the GAG-rich inner 933 

layer is modeled as a neo-Hookean matrix that can swell (Demirkoparan & Pence, 2007), with 934 

𝑊 =
𝜇1

2
(tr(𝐂) − 3𝜈∗

2

3)   ∀ 𝑟 < 𝑏, 935 

with 𝜇1 a shear modulus for this inner layer. As there is no evidence of collagen with a preferred 936 

orientation or smooth muscle cells capable of contraction within the inner layer, it is considered 937 

isotropic and passive. Fewer GAGs are present in the outer layer, but we include the possibility 938 

of a swellable matrix for illustrative purposes and to provide radial stiffness. The outer layer is 939 

then modeled using a modified four-fiber family model for a passive nonlinear stress-stretch 940 

behavior and a Rachev-type model for SMC contractility (i.e., active behavior), with a potential 941 

function  942 

𝑊 =
𝜇2

2
(tr(𝐂) − 3𝜈∗

2
3) + ∑

4

𝛼=1

𝑐1
𝛼

4𝑐2
𝛼 (exp (𝑐2

𝛼(𝜆𝛼2
− 1)

2
) − 1) 

+T𝑎𝑐𝑡 (𝜆𝜃 +
1

3

(𝜆𝑚−𝜆𝜃)3

 (𝜆𝑚−𝜆0)2
) ∀ 𝑟 > 𝑏, 943 



 45 

where 𝜇2 is shear modulus for the outer layer, 𝑐1
𝛼 and 𝑐2

𝛼 are material parameters for each fiber 944 

family 𝛼 = 1,2,3,4, 𝜆𝛼 = sqrt(𝐂 ∶ 𝐌𝛼⨂𝐌𝛼), T𝑎𝑐𝑡 is the magnitude of the active stress, 𝜆𝑚 is the 945 

stretch at which contraction is maximum, and 𝜆0  is the stretch at which contraction ceases 946 

(Baek, Gleason et al., 2007). Each fiber family has an orientation vector 𝐌𝛼 = sin(𝜂𝛼) 𝐞Θ +947 

cos(𝜂𝛼)𝐞𝑍 with 𝜂𝛼 the fiber angle relative to the axial direction. The fiber families are assumed to 948 

lie in the circumferential direction (𝛼 = 1, 𝜂1 = 90°), the longitudinal direction (𝛼 = 2, 𝜂2 = 0°), 949 

and symmetric diagonal directions about the 𝑧 -axis with 𝜂𝛼  fit from the experimental data 950 

(𝛼 = 3, 𝜂3 = 𝜂𝑑  and 𝛼 = 4, 𝜂4 = −𝜂𝑑 ). Parameter values are given in Table 1 based on the 951 

aforementioned nonlinear least squares approach  (Ferruzzi et al., 2013). 952 

Bifurcation Analysis – Basic Approach 953 

To examine the potential for unstable equilibria (i.e., bifurcations in the solutions) leading to 954 

buckling of the wall, consider an incremental deformation added to the finite deformation 955 

(Ogden, 1984) with a notation similar to that previously used to describe bifurcation behaviors in 956 

growing elastic solids (Li, Cao et al., 2011, Moulton & Goriely, 2011), which is mathematically 957 

similar to swelling. Quantities related to the intermediate finite deformation are given as (⋅)(0) 958 

while those related to the incremental motions are denoted as (⋅)(1). The current position 𝒙 from 959 

position 𝒙(0)  is specified as 𝒙 = 𝒙(0) + 𝜖𝒖(1)  with 𝜖 ≪ 1  scaling the displacement 𝒖(1) , which 960 

allows the deformation gradient to be written as 𝐅 = 𝐅(0) + 𝜖𝐇(1)𝐅(0)  with 𝐅(0) = 𝐅𝑃𝐅∗  the 961 

deformation gradient from the reference to the finitely deformed configuration and 𝐇(1)  the 962 

incremental displacement gradient with respect to that configuration. The nominal stress 𝐏, 963 

defined through 𝐭 = 𝐅𝐏, follows as 𝐏 = 𝐏(0) + 𝜖𝐏(1). As noted previously (Haughton & Ogden, 964 

1978, Sanft, Power et al., 2019), it is convenient to update the reference configuration to the 965 

current configuration yielding 𝐏0 = 𝐏0
(0)

+ 𝜖𝐏0
(1) , which, along with considering the Lagrange 966 

multiplier as 𝑝 = 𝑝(0) + 𝜖𝑝(1) , allows us to write 𝐏0
(1)

= 𝓑:𝐇(1) + 𝑝(0)𝐇(1) − 𝑝(𝟏)𝐈  with 𝓑 =967 
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𝐅(0)(𝜕2𝑊/𝜕𝐅(0)𝜕𝐅(0))𝐅(0)  the fourth-order stiffness tensor calculated in the finitely deformed 968 

configuration and 𝑝(1) the increment in the Lagrange multiplier. Linear momentum balance then 969 

requires div𝐏0 = 𝟎 , which is satisfied by the finite deformation, leaving div𝐏0
(1)

= 𝟎  to be 970 

resolved. We proceed by assuming a form for the incremental displacement describing buckling 971 

as 𝒖(1) = [u(𝑟, 𝜃), v(𝑟, 𝜃), 0], with no incremental motion in the axial direction. Displacements in 972 

the 𝑟  and 𝜃  directions are not a function of 𝑧 . The incremental displacement gradient then 973 

becomes  974 

𝐇(1) =

[
 
 
 
 u𝑟

u𝜃 − v

𝑟
0

v𝑟

u + v𝜃

𝑟
0

0 0 0]
 
 
 
 

, 

where (∙)𝑟 ≡ 𝜕(∙)/𝜕𝑟  and (∙)𝜃 ≡ 𝜕(∙)/𝜕𝜃 . The incremental deformation is assumed to be 975 

isochoric, requiring tr(𝐇(1)) = 0 . As there is no axial dependence in the incremental 976 

deformation, the equilibrium equations reduce to a system of two differential equations in u, v, 977 

and 𝑝(1). These functions are assumed to have sinusoidal forms in the buckled configuration, 978 

where u = 𝑓(r) cos(𝑛𝜃), v = 𝑔(r) sin(𝑛𝜃), and 𝑝(1) = ℎ(𝑟) cos(𝑛𝜃) with 𝑛 the buckling mode (i.e. 979 

the number of folds in the inner portion of the vessel wall). Using the incompressibility condition, 980 

it is possible to rewrite 𝑔(𝑟)  in terms of 𝑓(𝑟) , and the two equilibrium equations can be 981 

combined to eliminate ℎ(𝑟), yielding a single fourth order, ordinary differential equation in 𝑓(𝑟) 982 

(Haughton & Ogden, 1979, Sanft et al., 2019) of the form 983 

𝐴4𝑓
′′′′ + 𝐴3𝑓

′′′ + 𝐴2𝑓
′′ + 𝐴1𝑓

′ + 𝐴0𝑓 = 0, 

where coefficients 𝐴0-𝐴4 are given below and (∙)′ = 𝑑(∙)/𝑑𝑟. We assume that the incremental 984 

tractions on the inner surface are zero with 𝐧 ∙ 𝐭(1) = 𝟎, which yields two equations 985 

[𝐵1,3𝑓
′′′ + 𝐵1,2𝑓

′′ + 𝐵1,1𝑓
′ + 𝐵1,0𝑓 = 0]

 𝑟=𝑎
  and   [𝐵2,2𝑓

′′ + 𝐵2,1𝑓
′ + 𝐵2,0𝑓 = 0]

 𝑟=𝑎
, 986 

with coefficients 𝐵𝑛,𝑚 given below. As there is little evidence of buckling in the outer layer, and 987 

the Rachev-type contractility model generally yields tensile stresses that would inhibit buckling, 988 
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we specify that the incremental deformation vanishes at the interface of the two layers with 989 

𝑓(𝑏) = 0 and 𝑓′(𝑏) = 0 and that the incremental shear traction is zero (Yang, Fung et al., 2007), 990 

which gives 991 

[𝐶1,2𝑓
′′ + 𝐶2,1𝑓

′ = 0]
 𝑟=𝑏

  and   [𝐶2,2𝑓
′′ + 𝐶1,1𝑓 = 0]

 𝑟=𝑏
, 992 

with coefficients 𝐶𝑛,𝑚 given below.  993 

We used the compound matrix method (Haughton & Orr, 1997, Lindsay & Rooney, 1992), a 994 

modification of the determinantal method commonly used for linear bifurcation analysis 995 

(Haughton & Ogden, 1979), to solve the differential equation numerically. The fourth order 996 

equation above was rewritten as a system of four, first order differential equations, 𝒚′ = 𝑨𝒚, 997 

where 𝒚 = [𝑓, 𝑓′, 𝑓′′, 𝑓′′′]𝑇 and 𝑨 is the corresponding coefficient matrix. Boundary conditions at 998 

the inner surface and interface were similarly re-written as [𝑩𝒚 = 𝟎]𝑎  and [𝑪𝒚 = 𝟎]𝑏 , 999 

respectively. We define two linearly independent initial conditions at 𝑟 = 𝑎 , which can be 1000 

integrated to 𝑟 = 𝑏 to create linearly independent solutions 𝒚(1) and 𝒚(2) such that 𝒚 = 𝑘1𝒚
(1) +1001 

𝑘2𝒚
(2) = 𝑴𝒌. For the determinantal method, one iterates on T𝑎𝑐𝑡 until det([𝑪𝑴]𝑏) = 0. However, 1002 

this method can fail for stiff systems, thus we use Laplace expansions to write a new bifurcation 1003 

condition equivalent to the original with  det(𝑪𝑴) =∑ |𝐶𝑘|𝑘 𝜙𝑘 where 1004 

𝜙1 = |
𝑦1

(1)
𝑦1

(2)

𝑦2
(1)

𝑦2
(2)

| = (1,2), 𝜙2 = |
𝑦1

(1)
𝑦1

(2)

𝑦3
(1)

𝑦3
(2)

| = (1,3), 

and similarly, 𝜙3 = (1,4), 𝜙4 = (2,3), 𝜙5 = (2,4), 𝜙6 = (3,4). We evaluate 𝒞𝑘 = |𝐶𝑘| with 1005 

𝒞1 = |
𝐶1,1 𝐶2,1

𝐶1,2 𝐶2,2
| = (1,2) ,        𝒞2 = |

𝐶1,1 𝐶2,1

𝐶1,3 𝐶2,3
| = (1,3), 1006 

and similarly, 𝒞3 = (1,4), 𝒞4 = (2,3), 𝒞5 = (2,4), 𝒞6 = (3,4), where 1007 

(𝑛,𝑚) ≡ |
𝐶1,𝑛 𝐶2,𝑛

𝐶1,𝑚 𝐶2,𝑚
|. 1008 

To evaluate the new bifurcation condition, we create a system of equations 𝝓′ = 𝓐𝝓  and 1009 

identify the components of 𝝓′ as, for example, 1010 
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𝜙1
′ = |

𝑦1
(1)

′ 𝑦1
(2)

′

𝑦2
(1)

𝑦2
(2)

| + |
𝑦1

(1)
𝑦1

(2)

𝑦2
(1)

′ 𝑦2
(2)

′
| = |

∑ 𝐴1𝑖𝑦𝑖
(1)4

𝑖 ∑ 𝐴1𝑖𝑦𝑖
(2)4

𝑖

𝑦2
(1)

𝑦2
(2)

| + |
𝑦1

(1)
𝑦1

(2)

∑ 𝐴2𝑖𝑦𝑖
(1)4

𝑖 ∑ 𝐴2𝑖𝑦𝑖
(2)4

𝑖

|. 1011 

The components of 𝓐 can thus be conveniently defined in terms of the original components of 𝑨 1012 

(Haughton & Orr, 1997), as listed below. This new system is then integrated from 𝑎 to 𝑏 using a 1013 

fourth order Runge-Kutta method, and T𝑎𝑐𝑡 is varied iteratively until the boundary condition at 𝑏 1014 

is satisfied, namely [∑ 𝒞𝑘𝑘 𝜙𝑘]𝑏 = 0 . Loading conditions, including the volume change 𝜈∗ , 1015 

luminal pressure 𝑃, and axial stretch 𝜆𝑧, can be varied parametrically to understand their effects 1016 

on the critical value of T𝑎𝑐𝑡 needed to induce buckling. Note, one may also fix the value of T𝑎𝑐𝑡 1017 

and identify the critical value of a different loading variable of interest. 1018 

Bifurcation Analysis – Specific Functions 1019 

For the fourth order governing differential equation for the incremental displacement: 1020 

𝐴4𝑓
′′′′ + 𝐴3𝑓

′′′ + 𝐴2𝑓
′′ + 𝐴1𝑓

′ + 𝐴0𝑓 = 0 

we have 1021 

𝐴0 = (𝑛2 − 1)(𝑟2ℬ′′
𝑟𝜃𝑟𝜃 + 𝑟ℬ′

𝑟𝜃𝑟𝜃 + (𝑛2 − 1) ∗ ℬ𝑟𝜃𝑟𝜃 + 𝑛2(ℬ𝜃𝜃𝜃𝜃 − ℬ𝑟𝑟𝑟𝑟)) 

𝐴1 = 𝑟 ((𝑟2ℬ′′
𝑟𝜃𝑟𝜃 + 𝑟ℬ′

𝑟𝜃𝑟𝜃 − ℬ𝑟𝜃𝑟𝜃 − 𝑛2(ℬ𝜃𝜃𝜃𝜃 + ℬ𝑟𝑟𝑟𝑟)) − 𝑛2𝑟(ℬ′𝜃𝜃𝜃𝜃 + ℬ′𝑟𝑟𝑟𝑟)) 

𝐴2 = 𝑟2(𝑟2ℬ′′
𝑟𝜃𝑟𝜃 + 7𝑟ℬ′

𝑟𝜃𝑟𝜃 + 5ℬ𝑟𝜃𝑟𝜃 − 𝑛2(ℬ𝜃𝜃𝜃𝜃 + ℬ𝑟𝑟𝑟𝑟)) 

𝐴3 = 𝑟3(2𝑟ℬ′
𝑟𝜃𝑟𝜃 + 6ℬ𝑟𝜃𝑟𝜃 ) 

𝐴4 = 𝑟4ℬ𝑟𝜃𝑟𝜃  

Note: These coefficients include only the non-zero components of 𝓑 for the considered stored 1022 

energy density function. 1023 

For the fourth order differential equation  1024 

𝒚′ = 𝑨𝒚 with 𝒚 = [𝑓, 𝑓′, 𝑓′′, 𝑓′′′]𝑇 1025 

note that 1026 

𝑨 = [

0 1 0 0
0 0 1 0
0 0 0 1

−𝐴0 𝐴4⁄ −𝐴1 𝐴4⁄ −𝐴2 𝐴4⁄ −𝐴3 𝐴4⁄

]. 1027 
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 1028 

For boundary conditions on the governing equation at the inner surface: 1029 

[𝐵1,3𝑓
′′′ + 𝐵1,2𝑓

′′ + 𝐵1,1𝑓
′ + 𝐵1,0𝑓 = 0]

 𝑟=𝑎
 and [𝐵2,2𝑓

′′ + 𝐵2,1𝑓
′ + 𝐵2,0𝑓 = 0]

 𝑟=𝑎
 1030 

we have, 1031 

𝐵1,0 = (𝑛2 − 1)(𝑟ℬ′
𝑟𝜃𝑟𝜃 + ℬ𝑟𝜃𝑟𝜃 ) 

𝐵1,1 = 𝑟(𝑟ℬ′
𝑟𝜃𝑟𝜃 − (𝑛2 − 1)ℬ𝑟𝜃𝑟𝜃 + 𝑛2(ℬ𝜃𝜃𝜃𝜃 + ℬ𝑟𝑟𝑟𝑟)) 

𝐵1,2 = 𝑟2(𝑟ℬ′
𝑟𝜃𝑟𝜃 + 4ℬ𝑟𝜃𝑟𝜃 ) 

𝐵1,3 = 𝑟3ℬ𝑟𝜃𝑟𝜃  

 1032 

𝐵2,0 = ℬ𝑟𝜃𝑟𝜃 (𝑛
2 − 1) 

𝐵2,1 = ℬ𝑟𝜃𝑟𝜃 𝑟 

𝐵2,2 = ℬ𝑟𝜃𝑟𝜃 𝑟
2 

𝐵2,3 = 0 

 1033 

For boundary conditions on the governing equation at the interface: 1034 

[𝐶1,2𝑓
′′ + 𝐶1,1𝑓

′ = 0]
 𝑟=𝑏

 and [𝐶2,2𝑓
′′ + 𝐶2,0𝑓 = 0]

 𝑟=𝑏
 1035 

we have 1036 

𝐶1,0 = 0 

𝐶1,1 = ℬ𝑟𝜃𝑟𝜃 𝑟 

𝐶1,2 = ℬ𝑟𝜃𝑟𝜃 𝑟
2 

𝐶1,3 = 0 

 1037 

𝐶2,0 = ℬ𝑟𝜃𝑟𝜃 (𝑛
2 − 1) 

𝐶2,1 = 0 
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𝐶2,2 = ℬ𝑟𝜃𝑟𝜃 𝑟
2 

𝐶2,3 = 0 

 1038 

Finally, for the compound matrix method component matrix 1039 

 1040 

𝓐 =

[
 
 
 
 
 
𝐴11 + 𝐴22 𝐴23 𝐴24 −𝐴13 −𝐴14 0

𝐴32 𝐴11 + 𝐴33 𝐴34 𝐴12 0 −𝐴14

𝐴42 𝐴43 𝐴11 + 𝐴44 0 𝐴12 𝐴13

−𝐴31 𝐴21 0 𝐴22 + 𝐴33 𝐴34 −𝐴24

−𝐴41 0 𝐴21 𝐴43 𝐴22 + 𝐴44 𝐴23

0 −𝐴41 𝐴31 −𝐴42 𝐴32 𝐴33 + 𝐴44]
 
 
 
 
 

 

 1041 
with the components of 𝑨 given above. 1042 
 1043 
 1044 
 1045 
 1046 

 1047 

 1048 
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