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Abstract Coarctation of the aorta (CoA) is defined as a

congenital stenosis of the thoracic aorta and is one of the

most common congenital cardiovascular diseases. Despite

successful surgical treatment for CoA, arterial abnormali-

ties, including refractory hypertension, aortic aneurysm,

and proatherogenic phenotypic changes, frequently affect

patients’ quality of life. Emerging evidence from mor-

phological and molecular biological investigations suggest

that the area of CoA is characterized by phenotypic mod-

ulation of smooth muscle cells, intimal thickening, and

impaired elastic fiber formation. These changes extend to

the pre-and post-stenotic aorta and impair arterial elastic-

ity. The aim of this review is to present current findings on

the pathology and molecular mechanisms of vascular

remodeling due to CoA. In particular, we will discuss the

association between CoA and the ductus arteriosus since

the most common site for the stenosis is in the proximity of

the ductus arteriosus.
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Introduction

Early diagnosis and appropriate management of coarctation

of the aorta (CoA) have resulted in a low mortality rate

associated with the repair of CoA. It has been suggested

that patients with CoA are at increased risk of myocardial

infarction because systemic hypertension and premature

atherosclerosis tend to develop early in life even after

successful surgical treatment [1, 2]. The increased cardio-

vascular risk in this patient group is the result of both

frequent relapses of hypertension and proatherogenic

abnormalities that are present even in the absence of

arterial hypertension [3, 4]. Recent findings have demon-

strated phenotypic modulation of smooth muscle cells,

accumulation of excessive collagen, and inborn impaired

arterial elasticity in patients with CoA. This accumulating

body of evidence suggests that CoA is a systemic vascular

disease rather than a simple mechanical obstruction that

can be resolved through surgical intervention alone. Here,

we review the historical background and current under-

standing of the pathology and molecular mechanisms of

CoA.

Historical and clinical features

Identification of coarctation of the aorta

‘‘Coarctation’’ derives from the Latin term coarctatio,

which literally means drawing together to make tight [5, 6].

CoA, therefore, is defined as a narrowing or obstruction of

the aortic arch. The first description of this condition is

generally attributed to Johann Freidrich Meckel, a Prussian

anatomist who demonstrated the case of an 18-year-old

female to the Royal Academy of Sciences of Berlin in
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1750. The postmortem examination of the young woman

revealed that her aorta was extremely narrow, with a

diameter that was less than half that of her pulmonary

artery [6]. A second account of CoA was written in 1791 by

M. Paris, the prosecutor of the amphitheater at the Hotel-

Dieu in Paris, who described the case of a 50-year-old

woman as follows [6]: ‘‘The part of the aorta which is

beyond the arch, between the ligamentum arteriosum and

the first inferior intercostal, was so narrowed it had at most

the thickness of a goosequill. The part of the vessel which

was above the constriction was slightly dilated. Neither of

these early cases revealed any cause, either in the aorta or

in its vicinity, to which this extraordinary condition could

be attributed.’’

Epidemiology

Coarctation of the aorta is the fifth or sixth most common

congenital heart defect, accounting for 5–8% of neonates

with congenital heart diseases [7, 8]. The incidence of CoA

has been reported to one per 2500 births [7, 9] and the ratio

of males to females with the condition to be between 1.27:1

and 1.74:1 [7, 9]. In these studies, CoA was considered to

be hemodynamically dominant in complex congenital heart

defects with a left-to-right shunt.

Morphology and hemodynamics

Coarctation of the aorta was originally classified as either

infantile coarctation, characterized by a long narrow seg-

ment, or adult coarctation, characterized by a sharp local-

ized constriction [10]. However, this classification does not

account for the frequent finding of adult-type coarctation in

newborn infants. Elzenga and Gittenberger-de Groot pro-

posed that the name tubular hypoplasia be used for the type

characterized by a long narrow segment, while the term

coarctation be reserved for the type characterized by a

sharp localized constriction [10]. In a typical case, CoA is

located near the entrance of the ductus arteriosus. Although

the relationship between CoA and the ductus arteriosus is

sometimes difficult to determine when the ductus arteriosus

is closed and ligamentous [6], CoA is currently classified

into three types based on this relationship: preductal,

paraductal, and postductal. Preductal CoA is most fre-

quently encountered in infants and young children, while

postductal CoA, on the other hand, is rare in patients under

5 years of age and can coexist with an open duct [11].

Narrowing of the aortic isthmus without other signifi-

cant intracardiac anomalies is defined as simple CoA.

Some patients with CoA have additional congenital heart

defects [6], of which the two most common concurrent

defects are perimembranous-type ventricular septal defects

and postero-inferior overriding of the aortic valve. Other

malformations which have been reported to be associated

with CoA are left ventricular outlet tract stenosis, bicuspid

aortic valve, and mitral valve malformations [12, 13]. CoA

can also occur with a double-outlet right ventricle (also

known as Taussig-Bing anomaly) and with transposition

when there is a restrictive subaortic infundibulum [14].

After birth, depending on the severity of coarctation and

the presence of associated intra-cardiac lesions, CoA cau-

ses mild systolic hypertension, severe congestive heart

failure, and shock. In isolated CoA, left ventricular pres-

sure overload rapidly occurs upon closure of the ductus

arteriosus, resulting in left ventricular dysfunction

(Fig. 1a). In complex CoA, the ventricular septal defect

increases left ventricular end-diastolic volume and ven-

tricular preload, which leads to an increase in left ven-

tricular end-diastolic pressure and the subsequent

development of pulmonary venous and arterial hyperten-

sion (Fig. 1b).

Treatment and prognosis

Patients with CoA have a poor prognosis if they do not

receive surgical or catheter interventions. Campbell et al.

examined the natural history of CoA and demonstrated that

the median age of death for unrepaired CoA is 31 years,

with 76% of deaths attributable to complications of aortic

coarctation (25.5% cardiac failure, 21% aortic rupture,

18% bacterial endocarditis, 11.5% intracranial hemor-

rhage) [15].

Crafoord and Nylin performed the first surgical inter-

vention in 1944, about 200 years after the first description

of CoA [16]. These surgeons resected the narrowed seg-

ment and re-attached the transected ends using an end-to-

end anastomosis. The Blalock–Park procedure was

reported in that same year [17]. Following the introduc-

tion of prosthetic patch aortoplasty in 1961 [18], the

subclavian flap aortoplasty procedure was reported in

1966 by Waldhausen and Nahrwold as a strategy to lower

the high rates of restenosis [19]. At that time, mortality

among patients with CoA after repair surgery at the Mayo

Clinic was almost 30% over a follow-up period of

30 years (1946–1981) [20]. Similarly, Pedersen et al.

reported that the estimated mortality after surgery in

Denmark from 1965 to 1985 was almost 23% [21]. Since

recoarctation is the most frequent complication after

surgical repair, patients with CoA frequently underwent

multiple operations to correct stenosis and other compli-

cations. For small children with/without hypoplasia of the

isthmus or transverse arch, an extended end-to-end anas-

tomosis using a broader longitudinal incision across the

proximal aorta improved the outcome and is currently

preferred because of low mortality rates and low rates of

restenosis [22, 23].
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In the early 1980s, the technique of balloon angioplasty

for CoA was developed as an alternative to repeat surgery

[24, 25]. This technique was rapidly introduced into routine

clinical practice, and in the intervening years it has become

an established option for patients with CoA. However,

balloon angioplasty is associated with its own set of

complications, including re-coarctation, aneurysm, and

aortic dissection [26]; consequently, it is often preferred for

recurrent CoA rather than native CoA. In the subsequent

decade, endovascular expandable stents were introduced to

replace balloon dilatation for both native CoA and recur-

rent CoA, although the use of endovascular stents in small

children remains controversial [23]. The primary argument

for this change was that endovascular stents support the

integrity of the vessel wall and permit a more controlled

tear, thereby minimizing tear extension and subsequent

dissection or aneurysm formation [26].

Due to advancements such as these in the treatment and

management of CoA, the mortality of patients with this

condition has declined. Peres et al. compared surgery and

balloon angioplasty as treatment and management strate-

gies in 100 patients with simple CoA between 1987 and

2008 in Portugal [27]. The immediate mortality was 2% in

the surgical group but 0% in the balloon angioplasty group;

likewise, there was no late mortality in either the surgical

or balloon angioplasty group during a mean follow-up

Fig. 1 Hemodynamics of

simple coarctation of the aorta

(CoA) and complex CoA.

a Hemodynamics of simple

CoA. Closure of the ductus

arteriosus leads to left

ventricular pressure overload,

resulting in left ventricular

dysfunction. b In complex CoA,

blood flow from the left

ventricle to the right ventricle

through the ventricular septal

defect causes left ventricular

volume overload. Subsequent

increase in left ventricular endo-

diastolic pressure leads to

pulmonary venous and arterial

hypertension
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period of 7.2 ± 5.4 years [27]. Burch et al. reported that

the immediate and late mortality rates in 167 patients with

simple CoA who underwent surgical repair between 1996

and 2006 were 0.6 and 1.2%, respectively [28].

Etiology

Hemodynamic theory

Various developmental aberrations have been proposed as

explanations for abnormalities of the aortic arch. One of

the morphological abnormalities proposed as an explana-

tion for CoA concerns fetal blood flow [29, 30]. Rudolph

et al. described three features of CoA in support of this

hypothesis, namely, the localized shelf, the associated

intracardiac defects, and the hypoplastic aortic arch with a

reduced anterograde aortic flow. Indeed, hypoplasia of the

left heart has been associated with decreased anterograde

flow through the developing left ventricle in the fetus

[31, 32]. A recent report also supports the hemodynamic

theory not only in tubular hypoplasia of the aortic arch but

also in simple CoA. Van den Boom et al. analyzed four

cases of monochorionic diamniotic pregnancies with twin–

twin transfusion syndrome and found an increased risk of

simple CoA in the donor twin [33]. Thus, the pattern of

blood flow in the fetal circulation influences embryogene-

sis; in particular, a reduction in the volume of blood

passing through the ascending aorta during the fetal period

in CoA with ventricular septal defect, left ventricular out-

flow obstruction, and tubular hypoplasia of the transverse

arch leads postnatally to the development of CoA.

Ductus tissue theory

In 1855, Skoda speculated that the constriction of the aorta

is related to the closure of the ductus arteriosus extending

into the walls of the aorta [34], a proposal which is referred

to as the Skodiac hypothesis [5]. In a normal junction with

no coarctation, the extension of the ductus into the aortic

wall is minimal. When coarctation is present, however,

there is a variable but greatly increased quantity of ductus

tissue in the aorta, frequently in the form of rings that

almost completely surround the vessel [35]. Russell et al.

reported that the ductal tissue forming the circumferential

sling extends distally beyond the major coarctation shelf in

simple CoA and complex CoA [35], leading these authors

to suggest that the ductus tissue theory may be applicable

to both simple CoA and complex CoA.

It is well known that the ductus arteriosus is dilated by

prostaglandin E1 [36–39]. Several studies have demon-

strated that CoA is relieved following prostaglandin E1

infusion, leading to the suggestion that in such cases the

ductus arteriosus functionally extends into the aortic wall.

Callahan et al. reported a case of a 9-day-old male with

CoA accompanied by ventricular septal defect who

responded to a prostaglandin E1 infusion [40]. Liberman

et al. reported similar results from three cases of infants

presenting with critical CoA that included simple CoA and

complex CoA [41, 42]. The age of these patients ranged

from 2 days to 7 weeks, and all patients were born after

uneventful pregnancies lasting at least 36 weeks. In all

these patients, prostaglandin E1 was administrated after

closure of the ductus arteriosus and did not cause reopening

of the ductus arteriosus. Since vascular remodeling pro-

gresses significantly after the anatomical closure of the

ductus arteriosus [36–39, 43–46], it is reasonable to con-

clude that prostaglandin E1 did not open the ductus arte-

riosus in these patients. These results support the concept

that CoA is caused by excessive distribution of the tissue of

the ductus arteriosus.

Histology

Elastic fiber formation

The concept that CoA is related to an abnormal extension

of the tissue unique to the ductus arteriosus is largely based

on histological findings on elastic fiber formation

[10, 47, 48]. Elastic fibers are differentially formed

between the aorta and the ductus arteriosus [44]. The

normal thoracic aorta is characterized by an aortic media

with regular elastic lamellae alternating with smooth

muscle cell layers [10]. Although the aorta and ductus

arteriosus are connected and exposed to essentially the

same hemodynamics, the ductus arteriosus has structural

properties similar to those of muscular arteries rather than

those of elastic arteries [39, 44]. The ductus arteriosus

exhibits disassembly and fragmentation of the internal

elastic lamina and sparse elastic fibers in the middle layer,

in contrast to its connecting arteries, i.e., the main pul-

monary trunk and the descending aorta. This impaired

elastogenesis is a hallmark of the vascular remodeling of

the ductus arteriosus in late gestation [44, 49–51].

Elzenga and Gittenberger-de Groot examined the

extension of ductal tissue into the aortic media in 45 CoA

specimens that had no intracardiac abnormality [10]. The

range of the patients ranged from 2 weeks to 40 years. The

ductal tissue in the coarctation shelf was represented by

loosely arranged spindle cells without elastic fibers, as

visualized using an elastic tissue stain. Ductal tissue bor-

dered the aortic lumen for more than half of the total aortic

circumference in all patients despite the existence of patent

ductus arteriosus. In transverse sections of normal aortas,

on the other hand, ductal tissue did not extend beyond one-
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third of the total circumference of the aorta at the level of

the ductus arteriosus. These histological properties were

also found in CoA combined with tubular hypoplasia and/

or intracardiac abnormality [5, 52]. As show in Fig. 2,

impaired elastic fiber formation occurs in the ductus arte-

riosus and extends to the proximal portion of the ascending

aorta, which is considered to be CoA. Kim et al. reported

that the percentage of ductal tissue relative to the whole

luminal circumference was 69 ± 24 and 61 ± 21% in

coarctation segments and transitional zones, respectively

[52]. In their study, the extension of ductal tissue was also

observed in preterm-delivered babies.

Iwaki et al. recently demonstrated the three-dimensional

extent of ductal tissue in resected human coarctation seg-

ments using synchrotron radiation-based X-ray phase

contrast tomography, based on the Talbot grating inter-

ferometer X-ray imaging system at the SPring-8 syn-

chrotron radiation facility (Hyōgo Prefecture, Japan) [53]

(Fig. 3). These images show the circular or partial

distribution of ductal media in aortic tissues as low-density

areas (indicated in blue), which correspond to impaired

elastic fiber formation, and that ductal tissues spread more

distally on the inner curvature than on the greater curvature

[53].

We also recently found that the prostaglandin E receptor

EP4, which is known to be a predominant prostanoid

receptor in the ductus arteriosus, is abundantly expressed in

human coarctation segments [44]. In the process of elastic

fiber formation, soluble tropoelastins are deposited on

microfibrils, following which lysyl oxidase cross-links

tropoelastins to confer elastic properties to elastic fibers.

Our study demonstrated that prostaglandin E-EP4 signaling

inhibits elastogenesis in the ductus arteriosus by degrading

lysyl oxidase proteins [44]. Similarly, we observed lower

lysyl oxidase expression in human coarctation segments, as

well as abundant EP4 expression (Fig. 4a, b). These data

further support the concept of ductal extension into the

aortic wall in CoA.

Fig. 2 Elastic fiber formation of CoA and the ductus arteriosus.

Upper panel Elastic fiber formation in the tissue of CoA with

hypoplastic left heart syndrome (1-month-old). Lower panel Magni-

fied images of upper panel. Elastic fiber formation was impaired in

the ductal side and elastic fibers were abundantly formed in the aortic

side in CoA tissue. Scale bars 100 lm. Elastic fibers were visualized

by elastica–van Gieson stain as previously described [44]
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Impaired elastic fiber formation is also known to cause

aortic aneurysm [38, 54, 55], which was the most common

cause of death in patients with CoA before the introduction

of surgical repair. Thus, abnormally extended ductal tissue

may be the cause of the increased risk of aneurysm for-

mation in CoA patients through the mechanism of impaired

elastic fiber formation.

Intimal thickening

The aortic intima consists of a simple flattened endothe-

lium that directly covers the internal elastic lamina. Intimal

thickening is one of the prominent phenotypic changes of

the ductus arteriosus [36–39, 46] and has also been

observed in coarctation segments [10, 52, 56] (Fig. 2). In

the ductus arteriosus, intimal thickening is characterized by

an area of subendothelial deposition of extracellular

matrix, the disassembly of the internal elastic lamina and

loss of elastic fiber in the medial layer, and the migration of

undifferentiated medial smooth muscle cells into the

subendothelial space [36–39, 46, 57, 58].

Jimenez et al. examined ten cases of CoA with no intrac-

ardiac lesions or prostaglandin E1 infusion in patients ranging

in age from 15 days to 4 years [56]. Widened subendothelial

regions and collagen deposition in this area were demon-

strated. The prostaglandin E receptor EP4 and its downstream

signaling have been found to mediate hyaluronan-induced

intimal thickening of the ductus arteriosus [36–39, 45, 46].

Although deposition of hyaluronan in the subendothelial area

of CoA was not examined in the study by Jimenez et al., it is

most likely that prostaglandin E promotes the intimal thick-

ening in coarctation segment during late gestation.

In addition to widened subendothelial spaces, fragmen-

tation of the internal elastic lamina has also been observed

in specimens of CoA [44]. Proliferative smooth muscle

cells have not been observed in the intimal thickening of

coarctation segments. Endothelial cells have been observed

to be aligned at the border of the lumen with no prolifer-

ation [56], suggesting that smooth muscle cell migration

contributes to the formation of intimal thickening in CoA.

Secondary intimal proliferation

Elzenga and Gittenberger-de Groot observed secondary

intimal proliferation in coarctation segments of older

patients with CoA in both ductal and aortic tissue, and

based on these observations they precisely describe the

difference between intimal thickening and secondary inti-

mal proliferation [10]. According to these authors, sec-

ondary intimal proliferation consists of loose fibrous tissue

where smooth muscle cells and elastic fibers are scattered.

In contrast, intimal thickening in the ductus arteriosus and

ductal tissue in coarctation segments exhibit more abun-

dant fine elastic fibers. This pathological architecture has

been shown to narrow the residual lumen of the CoA and

has been observed from around 1 year of age, becoming

prominent in the teenage years [10]. This secondary intimal

proliferation is thought to be the result of flow disturbance

at the point of stenosis [59].

Molecular mechanism and functions

Smooth muscle phenotype

Smooth muscle cell differentiation has been shown to

occur earlier in the fetal ductus arteriosus than in adjacent

arteries [60–62]. The resulting mature-phenotype smooth

Fig. 3 Three-dimensional extent of ductal tissue with three-dimen-

sional reconstruction of phase-contrast tomography images. Syn-

chrotron radiation-based X-ray phase contrast tomography based on

the Talbot grating interferometer at the SPring-8 synchrotron

radiation facility shows the circular or partial distribution of ductal

media in aortic tissues as low-density areas (indicated in blue), which

correspond to impaired elastic fiber formation Reprinted from Iwaki

et al. [53] copyright (2016), with permission from Elsevier (License

Number: 3986330814990)
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muscle cells in the ductus arteriosus are believed to par-

ticipate in the immediate closure of the ductus arteriosus

after birth. Following observations of the extension of

ductus tissue into the aortic wall in CoA, Kim et al. per-

formed immunohistochemical analysis of tissues of 15

patients with CoA either with or without intracardiac

anomalies [52]. Most patients were less than 2 months old.

These authors found that the expression levels of the

myosin heavy chain isoforms SM1 and SM2, markers for

differentiated smooth muscle cells, were lower in the

intima of the coarctation segments than in that of the

ductus arteriosus [52]. The dedifferentiated smooth muscle

cell marker SMemb was abundantly expressed in both the

intima of the coarctation segments and in the ductus arte-

riosus. In the medial layer, expression levels of SM1 and

SM2 were similar in coarctation segments and the ductus

arteriosus. These data suggest that in the medial layer, the

expression of the smooth muscle cell phenotype in CoA is

similar to that in the ductus arteriosus, while in the intimal

layer the expression of the dedifferentiated smooth muscle

cell phenotype in CoA is greater than that in the ductus

arteriosus.

Jimenez et al. examined the smooth muscle phenotype

in a set of older CoA patients with a mean age of

15.8 ± 12.2 months, focusing on analyzing the smooth

muscle cell phenotype in normal aortas, in moderately

stenotic areas of CoA, and in the coarcted shelf [56]. In the

medial layers, immunoreactivity with smooth muscle-

myosin heavy chain (SM-MHC) and high-molecular-

weight caldesmon (h-caldesmon), both differentiated

Fig. 4 Protein expressions in CoA and the ductus arteriosus.

Immunohistochemistry for prostaglandin E receptor EP4 (EP4; a),
lysyl oxidase (b), and phosphodiesterase 3A (PDE3A; c) in the tissue

of CoA with hypoplastic left heart syndrome (1-month-old patient).

The expressions of EP4 and PDE3A were higher in the ductus

arteriosus and ductal side of CoA, and lower in the aorta and aortic

side of CoA. Lysyl oxidase was abundantly expressed in the aorta and

aortic side of CoA, but not in the ductus arteriosus and ductal side of

CoA. Immunohistochemical analysis was performed as previously

described [44, 63]. Serial sections of Fig. 2 were used for immuno-

histochemistry. Scale bars 100 lm
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smooth muscle cell markers, was observed in moderately

stenotic areas and the coarcted shelf as well as in the

normal aorta. In the intima, the faint expression of SM-

MHC and h-caldesmon was observed in the moderately

stenotic areas. In the intima of moderately stenotic areas,

electron microscopic analysis also confirmed the dediffer-

entiated smooth muscle cell phenotype, which was char-

acterized by a dramatic increase in rough endoplasmic

reticulum. In the coarcted shelf, in contrast, the strong

expression of differentiated markers was observed in the

intima. These data suggest that, in older populations, the

smooth muscle cells in the intima of CoA and in that of the

ductus arteriosus are dedifferentiated, while the smooth

muscle cells in the coarcted shelf, the most stenotic part of

CoA, are redifferentiated.

The ductus arteriosus has greater contractile ability, and

we previously demonstrated that phosphodiesterase type 3

(PDE3) is highly expressed in the ductal tissues and that

inhibition of PDE3 maintains the ductal opening, but not

dilation of the adjacent arteries [63]. Expression of PDE3

was highly expressed both in the ductus arteriosus and CoA

compared to the aorta (Fig. 4c).

Apoptosis

Regulated cell death, known as apoptosis, has been

demonstrated in various developmental vascular remodel-

ing processes, including the closure of the ductus arterio-

sus. In the ductus arteriosus, extensive apoptosis is

observed in areas of cytolytic necrosis and, to a lesser

extent, in the intima in this region [62, 64]. Kim et al.

performed apoptosis assays using tissues from coarctation

sites and the ductus arteriosus and frequently found ter-

minal dUTP nick end labeling (TUNEL)-positive cell

deaths in the intima and media of both coarctation seg-

ments and the ductus arteriosus but none in normal aortas

and transitional zones [52]. These results further support

the concept that abnormal extension of ductal tissue into

the aorta plays a crucial role in the pathogenesis of CoA.

Neural crest perturbation

Subpopulations of cardiac neural crest cells differentiate

into vascular smooth muscle cells that consist of the

ascending aorta, aortic arch, and head vessels [65, 66].

Since CoA is often associated with the bicuspid aortic

valve, these abnormalities of the left ventricular outflow

tract are suggested to developmentally and genetically

relate to a disorder of the neural crest [13]. In accordance

with this concept, Jain et al. used mice with primary and

secondary cardiac neural crest deficiencies to demonstrate

that perturbation of the neural crest contributes to abnormal

semilunar valves and CoA [67]. In their study, loss of Pax3,

which is expressed in the premigratory neural crest, led to

thickened aortic valve leaflets and increased extracellular

matrix deposition in the aortic smooth muscle layer. In

addition, the authors generated mice with disrupted Notch

signaling in the second heart field by Cre-inducible

expression of a truncated form of the mastermind-like

protein DNMAML using Mef2c-AHF-Cre. These mice

also exhibited aortic valve abnormalities and thickened

aortic walls [67].

The ductus arteriosus is also derived largely from neural

crest cells. In humans, patent ductus arteriosus (PDA) is

associated with DNA-binding mutations in the gene

encoding the neural crest-enriched transcription factor

TFAP2b [68]. In mice, Tfap2b mRNA was found to be

strongly expressed in smooth muscle cells of mouse ductus

arteriosus at embryonic day 13. However, Tfap2b was not

expressed in the ascending aorta [68]. In addition, in the

above-mentioned mice with primary and secondary cardiac

neural crest deficiencies, abnormality of the ductus arte-

riosus was not demonstrated [67]. These data suggest that

subpopulations of neural crest cells may be differentially

involved in CoA and ductal tissues.

Gridlock/HEY2 mutation

Mutant zebrafish homozygous for gridlock have no circu-

lation to the posterior trunk and tail because of a localized

block to caudal blood flow at the base of the dorsal aorta,

the region where the two anterior lateral dorsal aortae

merge to form the single midline dorsal aorta [69–71].

Peterson et al. further demonstrated that inducing vascular

endothelial growth factor is sufficient to suppress the

gridlock phenotype, including aortic abnormality in zeb-

rafish [72]. These results led to further study of gridlock as

a candidate gene for CoA.

Surprisingly, however, knock-out of the mouse gridlock

gene did not result in CoA but instead in other cardiac

malformations, including ventricular septal defect [73–75].

In humans, Reamon-Buettner et al. analyzed the sequences

encoding the bHLH domain of the human HEY2, a

homolog of gridlock, in 52 explanted hearts and concluded

that mutations in these domains are rare in complex con-

genital heart disease [76]. Although the gridlock mutation

contributes to the CoA phenotype in zebrafish, the role of

the gene in human CoA remains unclear.

Genetics

Coarctation of the aorta has a high rate of sibling recur-

rence, as do other congenital heart diseases [69]. Tagariello

et al. recently examined 83 cases of non-syndromic CoA

and found two missense mutations in exons 8 and 9 of

TBL1Y [77]. TBL1Y is similar to its gonosomal homolog,
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TBL1X, and its autosomal homolog, TBLR1. Both genes are

part of co-repressor machineries and are required for

transcriptional activation by transcription factors that

involve CtBP1/2, which contributes to Notch signaling. It

has also been reported that Alagille syndrome is associated

with CoA [78] and is caused by mutations in human Jag-

ged1, which encodes a ligand for Notch1 [79]. These

findings suggest an association of Notch signaling with

CoA.

Quintero-Rivera et al. recently reported the association

of the MATR3 mutation with CoA and PDA [80]. MATR3

encodes the nuclear matrix protein Matrin 3, and mouse

Matr3 is highly expressed in the neural crest. These authors

generated mice in which the 30 portion of Matr3 was dis-

rupted and found that heterozygotes of the mice exhibited

incompletely penetrant bicuspid aortic valve, CoA, and

PDA phenotypes that are similar to those in the human

proband [80].

A high prevalence of CoA (10–20%) in Turner syn-

drome has been noted [81, 82]. CoA is more prevalent in

subjects with 45,X than in those with mosaic monosomy X

[82]. In addition, familial bicuspid aortic valve, occasion-

ally with aortic coarctation, has been shown to be a

channelopathy caused by mutations in the potassium

channel gene KCNJ2 [83]. A recent study has demonstrated

that microdeletion of the centromeric gene, MCTP2 (mul-

tiple C2-domains with two transmembrane regions 2) is

associated with CoA and hypoplastic left heart syndrome.

Alteration of Mctp2 gene expression in Xenopus laevis

embryos resulted in the failure of proper left ventricular

outflow tract development [84].

Hemodynamics

Accumulating evidence of vasoreactivity and endothelial

function in patients with CoA suggests that CoA is not a

simple mechanical obstruction that can be cured surgically.

Sehested et al. measured isometric tension using pre- and

post-stenotic segments of CoA in response to potassium,

noradrenaline, and prostaglandin F2a. These CoA samples

were obtained during surgical repair from patients ranging

in age from 1 month to 38 years. The isometric force

induced by all contractile agents was significantly lower in

the pre-stenotic proximal segments than in the post-stenotic

distal segments [85]. This study showed significantly more

collagen and less smooth muscle mass in pre-stenotic seg-

ments than in post-stenotic segments, both in the arch and

distal to the ligamentum arteriosum in the normal aorta.

Elastic fiber formation did not differ between pre-stenotic

and post-stenotic segments. These results are consistent

with a rabbit model of CoA in which increased gene

expression for collagen types I and III has been demon-

strated in the aorta proximal to the coarctation site [86].

More recently, echocardiographic studies have sug-

gested that distensibility of the pre-stenotic aorta is lower

in preoperative simple CoA patients than in normal control

subjects and that this impairment of distensibility is not

improved during a 3-year follow-up period after surgical

repair [87, 88]. Taken together, these data suggest that CoA

is not only a localized anatomical problem of the stenotic

segment but also an inborn systemic vascular disease of the

pre-coarctational arteries. Impaired distensibility and

response to contractile agents of the pre-stenotic segment

of CoA may contribute to long-term cardiovascular mor-

bidity and mortality.

Other studies have documented early vascular wall

changes, including impaired flow-mediated vasodilation

and increased carotid intimal and medial thickness, in

children after successful coarctation repair [1, 3, 4]. The

authors of these studies concluded that arterial hyperten-

sion and a resting pressure gradient are the major con-

tributing factors to early atherosclerotic development.

However, further studies are needed to determine whether

this impairment in endothelial function and atherosclerotic

change in the carotid artery are simply due to a residual

pressure gradient.

Conclusions

It is widely accepted that CoA consists of ductal tissue

extending into the aortic wall. Recent findings have

revealed that smooth muscle cells in the intima of CoA

stenotic segments dedifferentiate at an early stage and

redifferentiate in older populations. In addition to this

localized phenotypic modulation of the aorta, vascular

distensibility is decreased and collagen content is increased

in precoarctational aortas, even in preoperative patients

with simple CoA that does not exhibit apparent gross

pathology in precoarctational segments. Although it is not

clear whether a gridlock mutation is associated with human

CoA, genetic studies suggest that CoA is associated with

the regulation of Notch signaling, which contributes to the

development of the aortic arch. Further research into the

cellular mechanisms involved in CoA could have great

implications for ensuring that longer-term morbidity, sec-

ondary to early-onset hypertension and atherosclerotic

progression, is minimized.
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