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 I    INTRODUCTION 

1.1 History and anatomy of ductus arteriosus 

1.1.1. Ductus arteriosus 

The ductus arteriosus is the embryonic connection between the pulmonary trunk and the 

aortic arch which allows oxygenated fetal blood to be shunted from the right ventricle into 

systemic circulation by-passing pulmonary circulation. Although the ductus arteriosus 

directly connects two elastic arteries, it is a muscular artery (Chuaqui et al. 1977, Toda et 

al. 1980). The first report of a structure allowing for the passage of blood from the left to 

the right side of the heart was by Galen in his De Usu Partium in the second century when 

he wrote: “This is the explanation of the communication of the vena cava with the vein-like 

artery [i.e., our pulmonary veins and left atrium] during foetal life. In as much as this latter 

vessel was then acting as the venous supply of the lung, its companion [i.e., the artery-like 

vein, or our pulmonary trunk and its branches] had to act as the arterial supply of that 

organ, and nature therefore made a communication between it and the great artery [i.e., 

the aorta]. As, however, the two vessels were separated by a short distance, a small third 

vessel [i.e., the ductus] was created by nature to unite them” (Reese 2018). Though 

accepted, this was not given a lot of consideration and simply remained a curiosity. 

Leonardo Botallo, an Italian surgeon in 1564, whose name appears in several dictionaries 

for the three major anatomical shunts in foetal circulation, refuted the earlier reports of 

Galen and gave the name canalis to the ductus arteriosus (Dorland 1974, Feneis 1976). In 

1561, both Fallopio and Vesalius also mentioned the ductus arteriosus and the foramen 

ovale in a report (Franklin 1941, Gatzsche 1952). Then in 1564, another Italian physician, 

Julio Cesare Aranzio, pupil of Vesalius at Padua who later became a professor of anatomy 

at Bologna, acknowledged the earlier descriptions of Galen before publishing a more 

detailed description of the fetal foramen ovale and the ductus arteriosus (Fransson 1999). 

In 1660, Van Home also acknowledged the earlier works of Galen and Botallo by inserting 

a short version of Botallo and also briefly mentioning Galen’s description. He then gave a 

description of some cardiovascular structures in his edition of the Opera Omnia and gave 

a footnote and illustration of the heart. A persistent ductus arteriosus after birth was 

described much later in 1757 by the German Reinmann.  
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In 1786, the Swedish surgeon Hagströmer presents a correct knowledge of physiology of 

the ductus arteriosus in fetal circulation (Franklin 1941, Gillispie 1970). All these great 

men of science in one way or another added a bit of enlightenment to this structure, 

however, none gave a known complete and concrete description of the ligamentum 

arteriosum (LA) or what becomes of the layers of the ductus arteriosus after birth. 

 

 

 

 

 

1.1.2.  Fetal circulation 

In the normal adult, oxygenation of de-oxygenated blood and its distribution to the entire 

body is achieved be two main types of circulation. These are pulmonary circulation (with 

major organs being the pulmonary vessels, lungs and its accessory structures, found within 

and around the heart, and responsible for oxygenating the oxygen deficient blood returning 

Figure 1. LA and its attachment to the pulmonary trunk (PT) and the aortic arch. The PT 

giving off the left pulmonary artery (LPA) and right pulmonary artery (RPA). The aortic 

arch also giving off the first 3 branches brachiocephalic trunk (BT), left carotid (LCA) 

and left subclavian artery (LSA). Green, blue and yellow colour within LA indicates areas 

of intense innervation in the structure. 
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from the right side of the heart) and systemic circulation (blood vessels and other accessory 

structures found outside and further away from the heart responsible for sending the 

oxygenated blood to all the cells and tissues in the body and even the heart itself). 

This kind of arrangement is completely different in the foetus. Pulmonary circulation is not 

functioning at its normal capacity (Benirschke 2006). During the first trimester, when 

circulation has been established, low oxygen in blood is replenished by a completely 

different structure, i.e. the placenta. This absence of pulmonary circulation in the 

intrauterine environment, however, makes fetal circulation fundamentally different in both 

morphology and physiology. The transport, supply and oxygenation of blood are 

predominantly performed through 2 umbilical arteries and 1 umbilical vein which are 

together referred to as the umbilical cord. The umbilical arteries carry de-oxygenated blood 

from foetus beck to placenta for oxygenation and the umbilical vein carries oxygenated 

and nutrient rich blood back to the foetus (Benirschke 2006).  

The presence of specific shunts has been designed to facilitate these needs (Table 1) to 

enable establishment and ensure maintenance of this type of circulation. These contralateral 

and ipsilateral directional vascular shunts are crucial for fetal survival and nourishment as 

well as metabolic and CO2 waste clearance because they allow bypass of the blood mainly 

of the lungs and the liver. These shunts close immediately or a few weeks after birth. 

 

 

 

 

 

Table 1    Vascular shunts found in fetal circulation 

In the prenatal heart, the ductus arteriosus and foramen ovale allow blood to be routed 

around the lungs by diverting blood from pulmonary artery directly to the aorta and from 

the right to left atrium, respectively.  

The uninflated lungs of the foetus are filled with amniotic fluid (Marty and Lui 2019), thus 

protected from blood perfusion by the creation of high pressure within it. Blood entering 

SHUNT ORGAN 

BYPASSED 

TYPE OF BLOOD 

CARRIED  

Ductus arteriosus Lungs Oxygenated blood 

Foramen ovale Lungs Oxygenated blood 

Ductus venosus Liver Oxygenated blood  
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the right atrium through the two main pathways (inferior and superior vena cava) courses 

through either one of the two shunts. The foramen ovale, found within the atrial septal wall 

of the right atrium, directs blood from this location directly to the left atrium, then to the 

left ventricle and to the ascending aorta and finally to systemic circulation. The ductus 

arteriosus, seen as the second course can be viewed as a backup of the initial lung by-pass 

because it is responsible for shunting the blood that misses the foramen ovale route and 

enters the right ventricle due to flow pattern (Wang and Zhao 2010). 

1.1.3. Morphology and innervation of ductus arteriosus 

Gross anatomically, all blood vessels except capillaries are made up of 3 distinct layers, 

namely, the outer layer (tunica adventitia) providing structural support and shape to the 

vessels, the middle layer (tunica media) regulating the internal diameter of the vessel, and 

finally the inner layer (tunica intima) lining the whole vascular lumen and providing a 

frictionless pathway for blood flow. 

Histologically, these layers from within outward are also described. The tunica intima is 

made up of endothelial cells (simple squamous epithelium) and a thin subendothelial made 

up of loose connective tissue layer. Smooth muscle cells also referred to as vascular smooth 

muscle cells, collagen and elastin fibers are the major elements found within the tunica 

media. The last layer, tunica adventitia is a fairly wide collagenous layer with interspersed 

bundles of elastin. Nerves bundles, fibroblasts as well as progenitor cells are also present 

in this layer. Embryonically, the ductus arteriosus develops as a continuation of the 

pulmonary trunk from the distal part of the 6th left aortic arch and it terminates in the dorsal 

aorta. This makes the point of attachment of the ductus arteriosus to the pulmonary trunk 

the origin of the structure. During the development of the pulmonary artery 

(embryogenesis) there is a field of cells expressing the undifferentiated mesenchyme 

marker platelet-derived growth factor receptor (PDGFR)-β. 

However, shortly thereafter PDGFR-β+ cells adjacent to the nascent endothelial cell tube 

downregulate PDGFR-β and upregulate smooth muscle actin (SMA). This may lead one to 

postulate that, αSMA may be an abundant marker found within the smooth muscle cells of 

this structure (Mazurek et al. 2016). Depending on the type, size, function and location of 

a blood vessel, the amount of muscle, connective tissue, collagen or elastic fibers may vary 

(Szyszka-Mroz and Wozniak 2003). Anatomically, human muscular arteries are very 

similar to that in mouse, though the latter is considerably smaller in size. Histologically, 
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mouse muscular arteries have lesser muscle layers. Though present, the subendothelial 

layer is rarely seen (Laflamme et al. 2012). Porcine arteries are far more elastic in both 

circumferential and axial direction compared with the human arteries. Consequently, the 

porcine arteries could be safely stretched by 60% to 70% compared with about 20% for the 

human arteries before reaching their maximum circumferential strain (Van Andel et al. 

2003). 

The anatomical structure of the ductus arteriosus has been reported by numerous studies 

(Boudreau and Rabinovitch 1991, Gittenberger et al. 1980, 1985, Silver et al. 1981). These 

morphological studies were performed in order to better understand the process of its 

obliteration (Boudreau et al. 1991, Gittenberger et al. 1980, Mato and Aikawa 1968).  

Studies describe the ductus arteriosus as a small muscular artery (Garcia 1975, Toda et al. 

1980). Histologically, its layers almost follow the classical layers found in muscular 

arteries. An intima made up of a monolayer of endothelial cells sits on an avascular 

subendothelial structure. The internal elastic lamina (IEL), which is usually incomplete and 

convoluted, is found between the intima and the media. This is then followed by a fairly 

thick layer of vascular smooth muscle cells with collagen and elastin fibers dispersed 

amongst these cells. The adventitia, which mostly contains collagen, elastin, blood vessels 

and nerve fibers, is not separated from the outer borders of the media by an external elastic 

lamina (O’Rahilly and Müller F 2001). So is this small artery innervated at all and if it is, 

how is it innervated? 

The ductus arteriosus is generally regarded as being derived from the sixth branchial arch 

arteries of the embryo (Fransson 1999). The adventitia, which mostly contains collagen, 

elastin, blood vessels and nerve fibers, is not separated from the outer borders of the media 

by an external elastic lamina (O’Rahilly and Müller F 2001). So is this small artery 

innervated at all and if it is, how is it innervated? 

Earlier studies into the innervation of the ductus arteriosus reported innervation from the 

left aortic and vagus nerves. Boyd in 1941 speculated that the vagus contributed chiefly to 

the innervation of the antero-inferior aspect of the vessel while the aortic nerve was 

concerned mainly with the innervation of its postero-superior surface though in a few 

specimens, the inferior aspect of the ductus arteriosus received some fibers from the 

recurrent laryngeal nerve as this nerve hooks under it. These fibers may be presumed to be 

vagal fibers which are leaving the nerve at a lower level than is usual and which accompany 
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the recurrent nerve for a short distance. In the younger embryos, however, the fibers tend 

to penetrate further into the wall of the ductus, approaching, and sometimes reaching, the 

intima. The fibers which reach the intima usually bend back into the muscular coat of the 

ductus. In the older embryos and new-born foetuses, the fibers are for the most part 

restricted to the outer third of the media and to the adventitia, but a few fibers can always 

be traced more deeply into the wall of the ductus. Additionally, fibers of sympathetic origin 

are closely related to the terminal ramifications of the aortic nerve and, in some specimens, 

it has been possible to trace distinct bundles from the sympathetic trunk into the vagus 

nerve and, more rarely, to the ductus itself (Boyd 1941). Further studies report and support 

the contribution of sympathetic nerves in ductus arteriosus innervation (Aronson et al. 

1970, Boreus et al. 1969, Cassels and Moore 1973, Ikeda 1970), though there have been 

contrary reports (Barcroft et al. 1938). Furthermore, some fibers appear to reach the ductus 

arteriosus from the lower cervical and upper thoracic sympathetic chain of the left side. 

There is substantial and significant histological evidence supporting the presence of a 

baroceptive apparatus by the ductus arteriosus in foetal life. This baroceptive apparatus is 

similar to what is present in the carotid sinus or the aortic arch (Boyd 1941, Muratori 1937, 

Takino and Watanabe 1937). The published work of Boyd supported prior theoretically 

reports of the presence of baroceptors with specialized nerve endings on mammalian 

arteries. The baroceptors were believed to be remnants of the embryonic branchial arch 

arterial system in (Boyd 1934). Furthermore, Boyd reported a sensory innervation of the 

mammalian ductus, very similar to that possessed by the aorta and carotid sinus (Boyd 

1941). In addition, he reported that it was impossible to separate innervation from the left 

aortic nerve origin and the left vagus origin once the fibers have entered the adventitia of 

the ductus.  

Furthermore, Takino and Watanabe (1937) also described slowing of the heart and a 

marked fall in blood pressure following mechanical or electrical stimulation of the 

pulmonary artery in the region of attachment of the LA of adult rabbits. The bradycardia 

and fall in blood pressure were not obtained when the stimulation had been preceded by 

sectioning of the left aortic (depressor) and left vagus nerves.  

Though the functional significance of the presence of all these nerve fibers and even pressor 

receptors have not been fully and completely assessed, it does not change the narrative that 
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they are present. Boyd (Boyd 1941) speculated their role as being concerned in reflexes 

which aid in fetal blood pressure control. 

Conclusive experiments about what happens to the innervation at birth when the circulation 

of blood through the ductus ceases are inconsistent and very scanty. 

One study reports the persistence of a few of the nerve endings (Takino and Watanabe 

1937), another report (Nonidez 1935) did not explicitly state that he found such endings in 

the LA of the adult rabbit but his statements suggest that he did for he writes 'the possible 

function of nerve-endings in the wall of the obliterated duct (LA of the adult) can only be 

surmised'. Another study also reported the nerves of the ductus arteriosus as having a 

depressor function which is lost with age. The depressive function of this nerve is meant to 

serve during the first period of postembryonic development when the depressive function 

of Ludwig and Cyon nerve is absent the report concluded (Gavrilov 1958). The Ludwig 

and Cyon nerve is a depressor nerve which lowers blood pressure when stimulated. 

1.1.4. Closure of ductus arteriosus 

Postnatally, foetal circulation must swiftly make some adjustments to enable its transition 

into extra uterine life without any complications. This often requires closure of foetal 

shunts. This closure is both anatomical and physiological in nature and its relevance cannot 

be downplayed as failure to close is abnormal and leads to diverse disorders within the 

cardiopulmonary vascular system and increased mortality in babies (Friedman and Fahey 

1993, Morton and Brodsky 2016, Poeppelman and Tobias 2018). 

Anatomically, this closure is characterized by formation of cushions by the intima cells, 

followed by infiltration of the subendothelial space with collagen, fibronectin and laminin, 

then the fragmentation of the internal elastic lamina and finally smooth muscle cell 

migration from the tunica media layer into the subendothelial space. From this point, 

permanent closure is achieved through structural remodeling and fibrosis of the tunica 

intima and media (De Reeder et al. 1989, Ho and Anderson 1979, Yoder et al. 1978). 

Physiologically, the ductus arteriosus is no longer needed for lung by-pass after the 

newborn takes its first breath.  

This requires then that the lumen of the structure obliterates and a cascade of processes is 

initiated to facilitate this obliteration which is determined by two overlapping processes, 
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i.e. increase in the level of arterial oxygen after first breath of baby and significant decrease 

in prostaglandin E2 leading to inability to sustain prenatal patency. Initial physiological 

changes together with initiation and maintenance of cascade of the earlier described 

anatomical occurrence are what ultimately lead to permanent ductus arteriosus closure 

(Coceani and Baragatti 2012). Though the ductus arteriosus normally closes after birth, 

occasionally the ductus arteriosus fails to close, resulting in a patent ductus arteriosus, 

which is clinically diagnosed when the ductus arteriosus is still open in term infants older 

than three months of age (Borow et al. 1981, Forsey et al. 2009). Such patients are treated 

for patent ductus arteriosus. 

1.1.5. Ligamentum arteriosum  

Also called the arterial ligament is a structure which connects to the superior surface of the 

proximal aortic arch and the pulmonary trunk. It usually develops about 3 weeks after birth 

and is considered as a remnant of the ductus arteriosus. Numerous earlier reports of the 

prenatal ductus arteriosus described this structure as undergoing complete obliteration and 

fibrosis shortly after birth and the remnant of this by-pass forms the LA (Chiruvolu and 

Jaleel 2009, Clyman 2006, Clyman et al. 1999, Heymann and Rudolph 1975). There have 

been few reports, however, reporting the persistence of smooth muscle in the structure 

(Dohr et al. 1986, Garcia 1975). Postnatal anatomical changes in the LA are also known to 

occur, and include calcification and bone formation. Calcification of the LA has been 

observed in both children and adults during computed tomography (CT) imaging (Beluffi 

et al. 1998, Currarino and Jackson 1970, Wimpfheimer 1996). Comparatively, there have 

been published reports on the morphology of the ductus arteriosus in several species 

(Boudreau et al. 1991, Gittenberger et al. 1980, 1985, Silver et al. 1981).  

The generally accepted description of the LA is it being a band of connective tissue 

representing the remnant of the ductus arteriosus. No known studies reports what happens 

to the innervation of the ductus arteriosus in extra uterine life and (or) after its supposed 

obliteration. 
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1.2 Vascular innervation  

1.2.1  Structural organization 

Regulation of blood flow is under extensive control by the nervous system. Yet, vascular 

innervation is not uniform. Each organ and even each specific segment of the vascular bed 

within a given organ receives a characteristic supply of nerve fibers with distinct 

connectivities and distinct content of transmitters (Kummer 2011, Morris and Gibbins 

1986). As the LA originates from the ductus arteriosus connecting the pulmonary arteries 

with the aorta, the innervation of arteries rather than of veins will be outlined here. 

Functional divisions of the peripheral nervous system contributing to arterial innervation 

include postganglionic sympathetic, postganglionic parasympathetic and sensory neurons. 

1.2.2 Sympathetic innervation and noradrenergic signaling 

Practically all arteries receive postganglionic sympathetic fibers. Their dominating 

transmitter is noradrenalin (NA), a catecholamine which is synthesized by neurons in a 3-

step reaction from the amino acid tyrosine. Catecholamines are catechols, which are 

chemicals that have adjacent hydroxyl groups on a benzene ring (Westfall and Westfall 

(2006). Others also define catecholamines as they contain a catechol moiety, an amine side-

chain and they are all derived from the amino acid tyrosine (Ahlquist 1948, Rang et al. 

2007). Phenylalanine is the precursor for biosynthesis of catecholamines by being 

hydroxylated into the amino acid tyrosine by phenylalanine hydroxylase (PH). Tyrosine is 

then hydroxylated to 3, 4-dihydroxyphenylalanin (L-DOPA) by the action of tyrosine 

hydroxylase (TH) using molecular oxygen, iron and tetrahydrobiopterin as co-factors. This 

is the rate limiting step in catecholamine synthesis. Dopamine is synthesized from L-DOPA 

by decarboxylation through aromatic L-amino acid decarboxylase (AADC) with pyridoxal 

phosphate as a co-factor. Dopamine is then converted to NA by the dopamine-beta-

hydroxylase (DβH) and finally by adding a methyl group NA is converted to adrenaline by 

the phenylethanolamine-N-methyltransferase (PNMT) enzyme (Nagatsu et al. 1964). 

Conclusively, a cell that uses adrenaline as its transmitter contains five enzymes (PH, TH, 

AADC, DβH, PNMT), where for NA it will be three enzymes lacking PNMT and in 

dopamine only PH, TH and AADC (Fig. 2). TH is a marker for neuron and endocrine cells 

containing dopamine, NA and epinephrine (Weihe et al. 2006). It is present in the central 

nervous system (CNS), peripheral sympathetic neurons and the adrenal medulla and is 

encoded by the TH gene in humans (Nagatsu 1995). TH-immunoreactivity is indicative of 
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cells synthesizing adrenaline, noradrenaline or dopamine (Olsson 2016) and TH-

immunolabeling is a suitable tool to visualize perivascular sympathetic nerve fibers 

(Wassall et al. 2009).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Once released from sympathetic terminals, NA acts upon adrenergic receptors on target 

cells. Ahlquist in 1948 classified the adrenergic receptors as alpha or beta (α or β), based 

on their response to epinephrine, norepinephrine, and isoproterenol. They all a G-protein 

coupled receptors (GPCR). Alpha receptors are further divided into alpha 1&2 (α1 & α2). 

These are currently further grouped into 3 subtypes each (α1A, α1B, α1D, α2A/D, α2B, 

α2C). Beta adrenoceptors also have 3 subtypes (β1, β2, and β3) (Guimarães and Moura 

2001, Strosberg 1993). The β-adrenoceptors respond to much lower concentrations of 

epinephrine or norepinephrine than α-receptors. All of the β-adrenoceptors are linked to 

Figure 2. Schematic diagram of catecholamines biosynthesis pathway and its enzymatic. 

steps. 
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the G-protein Gs; α1 receptors are linked to Gq, and α2 receptors are linked to Gi 

(Guimarães and Moura 2001, Insel 1993, Strosberg 1993). Alpha 1A (α1) is present in the 

eye, urethra and prostate, and α1B and α1D are present in blood vessels playing a role in 

vasoconstriction and blood pressure maintenance. Alpha 2 receptors are present in both pre 

and post-synaptic nerve terminals and act as a brake by inhibiting the release of 

noradrenaline (Schwartz 1997). Some other actions of α2 receptors, on the other hand, 

include, but are not limited to, increasing the blood’s clotting tendency, decreasing the 

release of insulin, and decreasing vascular resistance in the periphery (Fagerholm et al. 

2011).  

Beta adrenergic receptors are responsible for stimulating different physiological functions. 

β2-receptors promote smooth muscle relaxation in organs such as blood vessels, bronchus, 

uterus, and gastrointestinal tract, skeletal muscle metabolism, and insulin secretion (Rang 

et al. 2007, Westfall and Westfall (2006), and increased perfusion and vasodilation in blood 

vessels (Rang 2003). Beta 3-adrenoreeceptors facilitate lipolysis, detrusor smooth muscle 

relaxation, increase bladder capacity, and promote thermogenesis in skeletal muscle 

(Ferrer-Lorente et al. 2005, Rang 2003). 

The vascular endothelium possesses at least five different adrenoceptor subtypes (α2A/D, 

α2C, β1, β2, and β3), which has an effect on basal vascular tone regulation directly or 

indirectly by stimulating the release and metabolism of nitric oxide release. (Altman et al. 

1999, Jin and Loscalzo 2010). 

1.2.3 Co-transmission in sympathetic innervation 

Vascular control by sympathetic fibers is not limited to noradrenergic signaling acting upon 

adrenergic receptors, but commonly there are co-transmitters also being released upon 

stimulation of sympathetic terminals. One of these is adenosinetriphosphate (ATP) that acts 

on various purinergic receptors in the arterial wall (Blanco-Rivero et al. 2021, Ralevic 

2000, Zhang et al. 2006). Besides these small molecule transmitters (NA, ATP), several 

neuropeptides can be produced by and released from sympathetic neurons. The most 

common peptide found within perivascular sympathetic nerve fibers is neuropeptide Y 

(NPY, Lundberg et al. 1982, Morris et al. 1986a, Uddman et al. 1985). In axon terminals, 

it is not stored in the small synaptic vesicles containing NA, but in large dense core vesicles 

(Paquet et al. 1996, Marx et al. 1999). Thus, its release is not necessarily coupled to NA 

release. In general, NA release is higher at low firing frequencies of the neuron, and release 
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of NPY (as that of neuropeptides in general) occurs predominantly at higher firing 

frequencies (Morris et al. 1995, Morris 1995). NPY is a 36 amino acid long tyrosine-rich 

peptide acting upon 6 different specific G protein-coupled receptors (GPCRs) termed Y1R 

to Y6R (Tan et al. 2018). Amongst its many roles such as being a potent vasoconstrictor, 

there is also an opposing effect between NA and NPY like in the control of lipolysis or 

even regulation of NA release. It has also been implicated in vasculature and metabolism 

pathology (Everitt et al. 1984, Hokfelt et al. 1983, Hunt et al. 1981, Tan et al. 2018). It 

needs to be emphasized that expression of NPY is not restricted to noradrenergic 

sympathetic neurons. It is also sometimes co-localized with the neuropeptide vasoactive 

intestinal peptide (VIP) in non-noradrenergic sympathetic neurons (Kummer and Heym 

1991) and, even more frequently, in cholinergic parasympathetic neurons (Kawashima et 

al. 2021, Leblanc et al. 1987). Thus, identification of perivascular axons as noradrenergic 

sympathetic fibers utilizing NPY as co-transmitter required simultaneous demonstration of 

both, TH and NPY. 

1.2.4  Parasympathetic vascular innervation 

Parasympathetic innervation of arteries is restricted to certain vascular beds, being 

particularly prominent around cranial (Baraniuk 1992, Wahl et al. 1985) and pelvic vessels 

(Anderson 1984, Greiss et al. 1967), but absent at arteries supplying the limbs. In the 

thorax, the vasculature of heart and lung also receives parasympathetic fibers (Morris and 

Gibbins 1990). The prototypical transmitter utilized by postganglionic parasympathetic 

neurons is acetylcholine (ACh). The enzyme choline acetyltransferase (ChAT) synthesizes 

ACh from choline and acetyl-CoA, and acetylcholinesterase (AChE) can degrade it into 

the inactive metabolites choline and acetate (de Jonge et al. 2005). Acetylcholine can bind 

to two types of receptors, These receptors are named based on their responsiveness to the 

muscarine and nicotine receptors as either muscarinic (mAChR) or nicotinic (nAChR) 

respectively, and are both widely expressed in neuronal as well as non-neuronal cells 

(Carlson and Kraus 2019, Purves et al. 2008). Many different nicotinic (α1–α10 and β1–

β4) and muscarinic (M1–M5) subunits have been identified, leading to a wide variety of 

possible receptors with different physiological functions (de Jonge et al. 2005, Kalamida 

et al. 2007, Wess 1996). Nicotinic receptors are a group of transmembrane ion-channel 

proteins which open to selectively allow ions to pass. For this reason they are referred as 

ionotropic or ligand-gated ion channel receptor. On the other hand, muscarinic ACh 

receptors are GPCR and signal via heterotrimeric GTP binding proteins (G proteins). The 
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M3 receptors are mainly expressed in vascular endothelium. The predominate effect of M3 

receptor activation is dilatation of the vessels, by stimulating nitric oxide (NO) production 

by vascular endothelial cells (Brodde and Michel 1999). 

Like in sympathetic neurons, cotransmission is the rule rather than the exception also in 

parasympathetic neurons. In terms of vascular actions, NO and the neuropeptide vasoactive 

intestinal peptide (VIP) are even more relevant than ACh. NO can be synthesized by 3 

different isoforms of NO synthases (NOS), and one of them was originally identified in the 

nervous system and is, therefore, termed neuronal NOS (nNOS, Bredt et al. 1990). NO 

relaxes smooth muscle by raising intracellular cyclic GMP levels through direct activation 

of a soluble guanylate cyclase (Waldman and Murad 1988). Parasympathetic vasodilator 

neurons express nNOS together with VIP (Kummer et al. 1992), a peptide activating 

specific GPCR coupled to adenylate cyclase, thereby raising intracellular cyclic adenosine 

monophosphate (cAMP) levels (Groneberg et al. 2006). Not all nitrergic (utilizing NO as 

transmitter) parasympathetic neurons are also cholinergic, as it has been convincingly 

shown first for a subset of parasympathetic NOS/VIP-positive neurons innervating tracheal 

smooth muscle (Fischer et al. 1996). With regard to parasympathetic vascular innervation, 

it has not been systematically investigated yet, whether the postganglionic express ChAT 

and NOS simultaneously, so that ACh and NO a true co-transmitters, or whether there are 

separate subsets of cholinergic and nitrergic neurons. Thus, to visualize parasympathetic 

perivascular fibers, the occurrence of nNOS and ChAT has to be investigated, since 

restriction to only one of them might lead to missing a substantial fiber population. 

1.2.5 Sensory vascular innervation 

All arteries are innervated by at least some sensory nerve fibers. Specialized 

mechanosensitive fibers ramify in the wall of some particular segments of the vascular bed, 

such as the carotid sinus and the aortic arch, and monitor distension, which is readout for 

intravascular blood pressure (Ditting et al. 2005, Park et al. 2003). This information is 

carried towards the brainstem via fast conducting myelinated fibers and represents the 

afferent arc of pressure-lowering baroreflexes (Longhurst 1984). Nearly ubiquitous, 

however, is innervation by C-fiber terminals containing the neuropeptides calcitonin gene-

related peptide (CGRP) and/or substance P (SP) (Furness et al. 1982, Gibbins et al. 1985, 

Papka et al. 1984, Wharton et al. 1981). CGRP is a potent dilator of peripheral blood vessels 

(Brain et al. 1985, Fischer et al. 1983, Uddmann et al. 1985). Furthermore, 
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immunocytochemical studies have revealed that CGRP coexists with SP in nerve cell 

bodies of sensory ganglia (Gibbins et al. 1985, Sundler et al. 1985). Such fibers have the 

peculiar property that, upon stimulation, they not only convey this information to the CNS, 

but they also release these neuropeptides into their surrounding (local effector function of 

sensory neurons: Holzer and Maggi 1998). At postcapillary venules, the combined action 

of CGRP, a vasodilator, and SP, which induces leakiness by leading to gap formation 

between endothelial cells, leads to readness (increased blood flow) and swelling (plasma 

extravasation), the so-called “neurogenic inflammation” (Holzer 1998). Thus, neural 

regulation of blood vessels is not always mediated by autonomic efferent (sympathetic or 

parasympathetic) neurons, as it can involve other mechanisms. 

1.3 Hypothesis 

Though the LA has generally been considered as a fibrosed remnant of the ductus 

arteriosus, rupture of the aortic arch in certain blunt trauma conditions indicates that it may 

still has mechanical impact on both the pulmonary bifurcation and the aortic arch. 

Significant evidence reports autonomic nerve fibers and baroceptive apparatus within the 

ductus arteriosus in-utero whereas for the LA, reports are anecdotal and contradictory. 

Based on this premise, we hypothesize that: 

1. LA, the remnant of the foetal muscular artery (ductus arteriosus) which connects 

the main lung (pulmonary trunk) and main body (aorta) arteries during 

embryological circulation, is not a mere fibrotic remnant resulting from the 

complete metamorphosis of the ductus arteriosus but may retain some of its 

contractile muscular elements. 

 2. Even in post-uterine life, this foetal shunt still receives innervation. 

3. This innervation controls contractility of the muscular elements. 

1.4 Aim of the study 

To test hypothesis 1, LA of human, pig, wild-type and transgenic mice were studied using 

routine standard and special histological staining methods, immunofluorescence labeling 

using antibodies directed against smooth muscle cell and transmission electron microscopy 

(TEM) to elucidate the general histological morphology and ultrastructure of the LA. 

Furthermore, organ bath experiments were performed to measure isometric contraction in 
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pigs LA after administration of adrenergic agonists and antagonists. To test hypothesis 2, 

two different transgenic mice strains expressing green fluorescence protein (GFP) in 

autonomic postganglionic neurons were used. Also, LA of human, pig, and wild-type mice 

were studied using single- and double-immunofluorescence labeling using antibodies 

directed against neurotransmitter synthesizing enzymes (TH, nNOS, ChAT) and 

neuropeptides (NPY, SP, CGRP, VIP). Additionally, TEM and immunohistochemical 

studies were performed. Finally, hypothesis 3 was investigated by subjecting pig LA to 

electrical field stimulation (EFS). 
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2 Materials and methods  

2.1 Samples used 

2.1.1 Mice 

ChatBAC-eGFP transgenic mice (Tallini et al. 2006) of both genders, aged 6 weeks to 5 

months, expressing enhanced green fluorescence protein (eGFP) under the control of the 

promoter of the acetylcholine synthesizing enzyme, choline acetyltransferase (Chat-eGFP, 

n = 8, aged 6 to 20 weeks, both genders) were obtained from Jackson Laboratory (Bar 

Habor, ME, USA). Transgenic mice expressing eGFP under the promoter of neuronal 

nicotinic ACh receptor subunit alpha 3 (nAChRα3-eGFP, Frahm et al. 2011, n = 10, aged 

6 to 20 weeks, both genders) served as a tool to visualize the expression of the α3 nicotinic 

ACh receptor (nAChR) subunit. Wild type mice (C57BL/6J, n = 20 aged between 8 to 30 

weeks) from Janvier Laboratories (Le Genest-Saint-Isle, France) were also used. All 

animals were housed under standard laboratory specific-pathogen-free (SPF) conditions 

(10 h dark, 14 h light). In this facility, health monitoring of mice takes place quarterly 

following the FELASA recommendations for health monitoring of rodents. The protocol 

was registered by the local authorities (Animal Welfare Officer at the University of Giessen 

and the Committee for Animal Welfare, Dept. V54, Regierungspräsidium Giessen, 

Germany; reference no. 571_M, 572_M and 714_M. All samples were taken after mice 

were killed by inhalation of 5% isoflurane (Abbott, Wiesbaden, Germany) followed by 

cervical dislocation. Sacrificed mice were fixed on a board, and after application of 70% 

alcohol, were dissected to expose the thoracic cavity and its contents. Mediastinal blocks 

without the heart, excised within the pericardial sac were harvested and immersed in 

Zamboni fixative (2% paraformaldehyde and 15% saturated picric acid in 0.1 M phosphate 

buffer, pH 7.4) for 5–6 h. Specimens were then repeatedly washed in 0.1 M phosphate 

buffer (0.1 M NaH2PO4, 0.1 M Na2HPO4) until fluid was clear, incubated overnight in 18 

% sucrose (Carl Roth GmbH and Co, Germany) in 0.1 M phosphate buffer, pH 7.4, and 

then frozen in optimal cutting temperature (OCT) compound (Tissue Tek, Sakura Finetek, 

Staufen, Germany) by using 2-methylbutane (Carl Roth GmbH and Co, Germany) chilled 

with liquid nitrogen. The sample blocks were labeled with the type of organ, batch number 

of mouse, type of mouse and day of sacrifice. 
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2.1.2 Pig 

Mediastinal blocks including the heart and lungs were acquired from a commercial pig 

abattoir in Hüttenberg. The pigs were females (n = 60) aged between 6 months to one year. 

The mediastinal blocks were immediately kept on ice and transported to the laboratory in 

an ice cooler. The LA was dissected and excised from its attachments to the aorta and 

pulmonary trunk (Figure 4). The samples to be used for organ bath experiments were 

immediately put in minimum essential medium (MEM, 51200-046, Thermo Fisher, 

Germany) mixed with 1% penicillin and streptomycin (P4353, Sigma-Aldrich, Germany). 

Samples for immunofluorescence were immersed in Zamboni fixative (n = 35) for between 

5-6 h. Specimens were then repeatedly washed in 0.1 M phosphate buffer until fluid was 

clear, incubated overnight in 18 % sucrose (Carl Roth GmbH and Co, Germany) in 0.1 M 

phosphate buffer, and then frozen in tissue tek OCT compound (Sakura Finetek, Staufen, 

Germany) by using 2-methylbutane chilled with liquid nitrogen. The sample blocks were 

labeled with the type of organ and day of sample acquisition from the abattoir. The abattoir 

Figure 3. Mouse strains used in this study. nAChRα3-eGFP mice, express fluorescence 

in all postganglionic autonomic neurons. Chat-GFP mice express fluorescence in all 

cholinergic neurons. 

 

Wild-type (C57BL/6J) 

Chrna3-GFP  
Frahm et al. 2011 

Chat-GFP  
Tallini et al. 2006 
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has a qualified veterinary doctor who was present at the beginning of slaughter until the 

end. Pigs were thoroughly examined by the veterinarian. 

2.1.3 Human  

The LA from body donors of the anatomy dissection course in the Justus Liebig University 

was dissected and excised with its attachment to the two major vascular segments that it is 

attached. There were 6 females and 4 males aged between 67-97 years. The ligaments were 

immersed in Zamboni fixative for one day to refix them even though they had already been 

fixed with a fixative for the dissection course comprising of 10 l of 90% ethanol (57%), 1.3 

l of 37% formalin (3%), 0.8 l of phenoxyethanol (5%) and 0.8 l of glycerin (5%). These 

were all added to 3 l of water. 

2.2 Tissue processing and sectioning for microscopy 

2.2.1 Cryoprotection and freezing  

In mice, harvested mediastinal blocks containing the LA, and in pigs, the LA dissected and 

excised from its attachment to the aorta and pulmonary trunk, were placed in Zamboni 

fixative for about 5-6 h. The solution was then replaced by 0.1 M phosphate buffer and 

changed every hour until fluid around the sample was clear. The sample was then incubated 

overnight in 18% sucrose in 0.1 M phosphate buffer and kept at 4ºC. The samples were 

removed from sample bottles and put in a petri dish on ice. They were then individually 

put into a cryomold (Sakura, Finetek, Niederland) filled with OCT compound (tissue tek, 

Sakura Finetek, Staufen, Germany) and brought to a freeze using 2-methylbutane solution 

(Carl Roth GmbH, Germany) which had been chilled using liquid nitrogen. The frozen 

samples were carefully removed from the cryomold and attached to a labelled filter paper 

(Schleicher and Schuell, Germany). The samples were then wrapped in parafilm (Bermis, 

USA), put in labeled zip lock bags (type of animal, type of tissue, date of sacrifice) and 

kept at -20 ºC.  

Samples from mediastinal blocks of mice, human, and pig LA, subjected to processing 

protocol described above were used for negative and positive control for all 

immunofluorescent staining.  
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The gut of wild-type mice were harvested and processed using earlier described protocol, 

and used as positive controls in nicotinamide adenine dinucleotide phosphate (NADPH) 

diaphorase reaction. 

For sectioning, tissues were removed as needed and placed in temperature between -15 to 

-25℃ for 30 min in cryostat (Microm HM560, Thermo Fisher Scientific, Germany). After 

calibration of cryostat, sample blocks were cut in thickness of 10 µm and collected on 

precleaned, SuperFrost microscope slides (R. Langenbrinck, Emmendingen, Germany). 

They were then air dried for at least one hour and put in labelled plastic slide boxes and put 

back in -20℃. The cryostat was cleaned and disinfected using a brush and Leica cryofect 

(Leica, Nussloch, Germany). 

2.2.2 Paraffin embedding and sectioning 

Using an automatic processor (Leica TP 1020, Germany), tissues were dehydrated, cleared 

and infiltrated using increasing concentrations of ethanol, xylene immersions and paraffin 

wax (Sigma-Aldrich GmbH, Germany) respectively. The whole process was set up to run 

overnight using the underlisted protocol 

Clearing  

1. Xylene (VWR Chemicals, France)    20 min 

2. Xylene (VWR Chemicals, France)    20 min   

3. Xylene (VWR Chemicals, France)    45 min 

Dehydration  

1. 70% Ethanol (Sigma Aldrich, Germany)    15 min 

2. 90% Ethanol (Sigma Aldrich, Germany)    15 min 

3. 100% Ethanol (Sigma Aldrich, Germany)    15 min 

4. 100% Ethanol (Sigma Aldrich, Germany)    15 min 

5. 100% Ethanol (Sigma Aldrich, Germany)    30 min 

6. 100% Ethanol (Sigma Aldrich, Germany)    45 min 
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Wax infiltration  

Paraffin wax was infiltrated into tissues at 60°C and then allowed to cool to 20°C where it 

solidified to a consistency that allowed sections to be consistently cut.  

1. Paraffin wax      30 min 

2. Paraffin wax      30 min 

3. Paraffin wax      45 min  

The blocks were sectioned at 10 µm thickness (Leica RM 2255, Germany). Paraffin ribbons 

or slices were placed in 40-45ºC water bath and swimming paraffin sections were fished 

out using SuperFrost glass slides. Sections were dried at 37ºC. Every continuous series of 

5 were collected and stored in this fashion and the next 25 sections were discarded. 

2.2.3 Electron microscopy 

LA of wild type mice (n = 8) was fixed overnight in a fixative mixture consisting of 1.5% 

glutaraldehyde (Merck, Germany) and 1.5% paraformaldehyde (Merck, Germany) in 0.1 

M phosphate buffer. After fixation, tissues were washed in 0.15 M HEPES buffer 5 x 10 

min, osmicated for 2 h in aqueous 1% osmium tetroxide (Sigma Aldrich, Germany) and 

washed in distilled water 3 x 10 min each. Specimens were contrasted in aqueous 1% uranyl 

acetate (Merck, Germany) overnight. Tissues were washed 2 x 15 min in distilled water 

and dehydrated with increasing concentration of ethanol (30%, 50%, 70%, and 90%) 10 

min for each concentration. Tissues were dehydrated 2 x 10 min in 100% ethanol, then 1 x 

15 min in 100% ethanol + propylene oxide (Merck, Germany), then for 1 h in propylene 

oxide (Merck, Germany) + epon (Agar scientific, UK) and embedded in epon overnight. 

The next day, samples were put in desiccators for 2 h and put in fresh epon and left in 37℃ 

for 48 h. Epon embedded blocks were trimmed after 48 h using sample trimmer (C. 

Reichert TM 60, Austria). Using an ultra-microtome (Leica Ultracut E, Wetzlar, Germany), 

semi-thin sections of 750 nm thickness were cut and stained with ready to use methylene 

blue solution (Carl Roth GmbH and Co, Germany) in 1% tri-potassium phosphate (Merck, 

Germany) in 1:1 ratio, respectively. This was followed by cutting ultra-thin sections 

between 70 to 90 nm thicknesses, which were collected on 150 mesh copper grids (Firma 

Plano, Wetzlar, Germany). The ultrathin sections were viewed using an transmission 

electron microscope (EM 902 N, Zeiss, Germany) equipped with a slow scan 2 K CCD 
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camera (TRS, Tröndle, Moorenweis, Germany) connected to Image SP software version 

1.2.8.57 (Unitary enterprise “SYSPROG”). 

All measurements for LA were conducted using the automatic scale bars obtained with 

micrographs. For counting the number of dense core and small clear vesicles, measurement 

of vesicle size, length and width of dense bands and nerve terminals, the ImageJ 1.X 

software (Schneider et al. 2012) was used. 

2.3 Staining techniques  

2.3.1 Immunofluorescence 

Frozen tissues sections were allowed to air-dry for 1 h at room temperature. Then they were 

covered for 1 h with blocking medium (Table 2) and subsequently incubated with primary 

antibodies (Table 3). The primary antibodies were dissolved in phosphate buffered saline 

(PBS) with addition of NaN3+S (0.01% NaN3 and 0.05 M NaCl) in the working dilution. 

For transgenic mice expressing eGFP, single-immunolabelling was performed by applying 

primary antibodies overnight at room temperature, followed by washing steps (2 × 10 min 

in PBS) and subsequent 1 h incubation with secondary antibodies all conjugated to cyanine 

3 (Cy3, Table 4). In 12 wild-type mice, double-immunolabelling was performed by 

applying primary antibody against αSMA conjugated to fluorescein isothiocyanate (FITC) 

overnight at room temperature, followed by washing steps (2 × 10 min in PBS) and 

subsequent 1 h incubation with secondary antibodies all conjugated to cyanine 3 (Cy3, 

Table 4) targeted at primary antibodies against antigens other than αSMA. Additionally, in 

the remaining 8 wild-type mice, when primary antibody directed against αSMA was not 

used, double-immunolabelling was performed using a cocktail of primary antibodies 

against two different antigens applied overnight at room temperature, followed by washing 

steps (2 × 10 min in PBS) and subsequent 1 h incubation with secondary antibodies 

conjugated to Cy3 and FITC (Table 4). This was followed by PBS washes (2 × 10 min). 

The sections were fixed in 4% paraformaldehyde (PFA) for 10 min, followed by a final 

washing in PBS (2 x 10 min). Finally, sections were covered in carbonate-buffered glycerol 

(Carl Roth GmbH and Co, Karlsruhe, Germany) at pH 8.6. Evaluation and measurements 

were done using an epifluorescence microscope (BX 60, Olympus, Hamburg, Germany or 

Axioplan 2 imaging, Zeiss, Jena, Germany) equipped with cameras (Olympus DP73 and 

AxioCam MRm, Germany) connected to Cell Sens Dimension 2.1 and AxioVision Rel 
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4.8.2 SPZ softwares, respectively. The microscope was equipped with the appropriate filter 

combinations (Table 5).  

Measurements for LA were obtained using scale bars obtained from objective micrometer 

(Ax0003 OB-M, Japan). Images of interest were printed and imaginary longitudinal and 

cross-sectional lines intersecting at the center of LA was used as a point of reference to 

measure the size of the structure. Using a measuring ruler with reference to scale bar 

obtained from the micrometer, measurements were taken from its longest axis.  

Zamboni solution 

 

2% paraformaldehyde, 15% saturated picric acid in 0.1 M 

phosphate buffer, pH 7.4 

0.1 M phosphate buffer 0.1 M NaH2PO4 x 2H2O 31.2 g/l, 0.1 M Na2HPO4 x 2H2O 35.6 

g/l, pH 7.4 

18% sucrose 99.5% saccharose + 0.1 M phosphate buffer 

blocking solution 10% normal pork serum, 0.1% bovine serum albumin (BSA), 

0.5% Tween 20 in PBS 

buffered glycerol solution A: 1.5 M Na2CO3, solution B: 1.5 M Na2CO3 pH 8.6, 

solution C: 100% glycerol 

phosphate buffered salt 

solution (PBS) 

solution A: NaH2PO4 x 2H2O 28.75 ml, solution B: Na2HPO4 x 

2H2O 96.2 ml, pH 7.4, 22.4 g NaCl 

PBS+S solution A: NaH2PO4 x 2H2O 28.75 ml, solution B: Na2HPO4 x 

2H2O 96.2 ml, pH 7.4, 44.8 g NaCl 

4% paraformaldehyde paraformaldehyde, 0.1 M phosphate buffer 

citric acid 9.62 g/l citric acid, 13 pellets NaOH, 2 M NaOH, pH 6.0 

Table 2 Buffers and solutions used 
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Antigen 

 

Host species 

 

Dilution 

 

Source 

 

Code 

 

Protein gene product 

9.5 (PGP 9.5) 

Rabbit (P) 1:8000 BioTreno, Germany BT-78-

63050 

Calcitonin gene-related 

peptide (CGRP) 

 

Goat (P) 1:40 000 Peninsula 

Laboratories 

International, Inc, 

U.S.A. 

A-16947 

Substance P (SP) Rat (M) 1:400 Santa Cruz 

Biotechnology, 

U.S.A. 

SC 21715 

 

Tyrosine hydroxylase 

(TH) 

Sheep (P) 1:800 Merck, Millipore, 

Germany 

AB 1542 

 

Neuropeptide Y (NPY) Rabbit (P) 1:20000 Sigma-Aldrich, 

Germany 

N-95528 

 

Vasoactive intestinal 

peptide (VIP) 

Sheep (P) 1:3000 Chemicon 

international, 

Germany 

AB 1581 

 

Nitric oxide synthase 

(NOS) 

Rabbit (P) 1:800 Thermo Fisher 

Scientific, Germany 

AB 6170 

Choline 

acetyltransferase 

(ChAT) 

Goat (P) 1:8000 Merck, Millipore, 

Germany 

AB 144P 

Alpha smooth  

muscle actin (αSMA) 

Mouse (M) 1:1000 Sigma-Aldrich, 

Germany 

F3777 

Enhanced green 

fluorescent protein 

(eGFP) 

Chicken (P) 1:2000 Novus Bio, 

Germany 

NB-100-

1614 

 

Table 3 List of primary antibodies used. M = monoclonal, P = polyclonal 
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Antigen 

 

 

Conjugate 

 

Host 

species 

 

Dilution 

 

Catalogue 

number 

 

Source 

 

Rabbit Ig 

 

Cy3 

 

Donkey 

 

1:2000 

 

AP182C 

Merck, Germany 

 

Rat Ig 

 

Cy3 

 

Donkey 

 

1:2000 

 

712165150 

Dianova, GmbH, 

Germany 

 

Goat Ig 

 

Cy3 

 

Donkey 

 

1:400 

 

AP180C 

Millipore, 

Germany 

 

Mouse Ig 

 

Cy3 

 

Donkey 

 

1:1000 

 

715165151 

Dianova, GmbH, 

Germany 

 

Sheep Ig 

 

Cy3 

 

Donkey 

 

1:2000 

 

713165003 

Dianova, GmbH, 

Germany 

 

Rabbit Ig  

 

Alexa 488 

 

Donkey 

 

1:500 

 

A21206 

Thermo Fisher, 

Germany 

 

Rat Ig  

 

FITC 

 

Donkey 

 

1:800 

 

712095153 

Dianova, GmbH, 

Germany 

 

Chicken 

IgY 

 

FITC 

 

Donkey 

 

 

1:800 

 

713095147 

Dianova, GmbH, 

Germany 

Table 4 List of secondary antibodies used 

 

 

Fluorochrome 

 

Colour 

 

Excitation filter   

(nm) 

 

Barrier filter (nm) 

4′,6-Diamidino-2-phenylindole 

(DAPI) 

blue 360-370 420-460 

FITC green 460-490 515-550 

Alexa 488  green 460-490 515-550 

Cy3 

 

red-orange 525-560 570-650 

Table 5  Fluorochrome filters and excitation wavelengths in fluorescence microscopy 

Human sections obtained from paraffin blocks, kept at room temperature in slide boxes, 

were also subjected to immunostaining.  

The slides were put through dewaxing by incubating with xylene (2 x), then graded alcohol 

(100%, 96%, and 70%) for 5 min each.  
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All sections were washed 2 x in PBS and sections not selected for an antigen retrieval step 

through microwave treatment were left in PBS.  

A cuvette containing sections for microwave treatment was immersed in 50 mM citric acid 

(Carl Roth GmbH and Co, Germany) buffer. Cuvette in citric acid was placed in a bowl 

containing 700 ml of water and put in microwave which had been set at 700 W. The 

microwave was observed until bubbles started appearing in the water. It was then set at the 

same wavelength and brought to a boil for 5 min. The sections were taken out and allowed 

to cool for about 15 min. The sections were removed and washed in PBS for 5 min. Then 

they were dried and blocking medium was applied. Procedure for immune staining as 

already described above was followed through after this point. 

For controls in direct and indirect immunofluorescence, cryo- or paraffin sections from 

mediastinal blocks of mice, pig and human LA dissected from its attachment to major 

vessels from the same samples were processed and used. Negative controls, where the 

primary antibody were omitted and replaced by PBS and (or) positive controls where 

samples were stained under the same staining conditions were used for testing the 

specificity of antibody labeling. Samples for controls were usually a different section on 

the same slide or the immediate follow-up slide. 

2.3.2 Histological staining 

2.3.2.1 Hematoxylin and eosin staining 

Paraffin embedded sections were deparaffinized using xylene (VWR Chemicals, France) 2 

x for 3 to 4 min each, then rehydrated by passing it through the graded alcohol in decreasing 

order, i.e. absolute alcohol, 96% ethanol, then 70% ethanol (all from the same 

manufacturer, Sigma-Aldrich, Germany) 1 x for 5 min for each step. Sections were then 

washed in tap water and rinsed in distilled water. Before staining with dyes, sections were 

well drained. The slides were dipped in jar containing hematoxylin (Merck, Germany) stain 

for 3-5 min.  

The slides were removed and put in distilled water for 20 s and left under running tap water 

for 10 min. The slides were dipped in eosin solution (Chroma Gesellschaft GmbH and Co, 

Germany) for 30 s to 1 min and rinsed with distilled water until water was clear. Slides 

were then passed through graded alcohol in increasing order, i.e. 70%, 96% then absolute 

alcohol for 1 x 5 min for each step. The slides were placed in xylene for 3 min, and then 
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the excess xylene was drained. Slides were mounted with distyrene plasticizer xylene 

(DPX, Sigma-Aldrich, Germany), cover-slipped and left to dry under the hood overnight. 

2.3.2.2 Masson Goldner staining 

Paraffin sections were deparaffinized using xylene 2 x for 3 to 4 min each, then rehydrated 

by passing it through the graded alcohol in decreasing order, i.e. absolute alcohol, 96% 

ethanol then 70% ethanol 1 x for 5 min for each step. Sections were then washed once in 

distilled water for 3 min. The slides were dipped in jar containing ‘eisenhematoxylin’ (Carl 

Roth GmbH and Co, Germany) stain for 5 min. The slides were removed and washed under 

running tap water for 15 min. The slides were dipped in Goldner I solution (Ponceau-

Säurefuchsin, Carl Roth GmbH and Co, Germany) for 5 min, then in distilled water plus 

1% vinegar for 30 s, then Goldner II (light green or differentiation stain, Carl Roth GmbH 

and Co, Germany) for 5 min and again in distilled water plus 1% vinegar (Merck, Germany) 

for 30 s. Slides were thereafter dehydrated very quickly through 70%, 90% and absolute 

alcohol, and cleared in isopropanol (Chem solute, Germany). Finally, slides were mounted 

with distyrene plasticizer xylene (DPX, Sigma-Aldrich, Germany), cover-slipped and left 

to dry under the hood overnight. 

2.3.2.3 Elastica van Gieson staining 

Paraffin sections were deparaffinized using xylene 2 x for 3 to 5 min each and rehydrated 

by passing it through the graded alcohol in decreasing order, i.e. absolute alcohol, 96% 

ethanol, then 70% ethanol for 1 x for 5 min for each step. The slides were dipped in jar 

containing resorcin fuchsin (Morphisto, Germany) stain for 15 min. The slides were 

removed and washed under running tap water until the water was clear and dye free. The 

slides were observed under a light microscope (Leica DM750, Germany) to ensure that 

slide is not over-stained. The slides were dipped in hematoxylin (Carl Roth GmbH and Co, 

Germany) for 2-3 min, removed and washed under running tap water for 10 min, then in 

distilled water for 1 min.  

The slides were dipped again in Van-Gieson-Pikrofuchsin (Morphisto, Germany) for 2 

min. Slides were thereafter dehydrated very quickly through 2 x 90% and 2 x absolute 

alcohol and cleared in isopropanol (Chem solute, Germany). Finally, slides were mounted 

with distyrene plasticizer xylene (DPX, Sigma-Aldrich, Germany), cover slipped and left 

to dry under the hood overnight. 
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2.3.2.4 Nicotinamide adenine dinucleotide phosphate (NADPH)-diaphorase reaction 

I allowed frozen sections to air dry for 1 h at room temperature. A clean cuvette was 

warmed up at 37°C (B5042, Heraeus, Germany). While waiting, I mixed up 300 μl of 

Triton-100 (Carl Roth GmbH and Co, Karlsruhe, Germany) 0.1 mg/ml of nitroblue 

tetrazolium (Biomol, Hamburg, Germany), and 1 mg/ml of nicotinamide adenine 

dinucleotide phosphate (Biomol, Hamburg, Germany) in 0.1 M phosphate buffer in a flask. 

I covered the flask with silver foil and stirred it for 15 min until it was uniform. I then air-

dried slides and incubated them in a warm cuvette at 37℃ for 45 min to 1 h. I washed 3 x 

5 min in 0.1 M phosphate buffer. I dried and applied buffered glycerol and coverslips.  

All sections subjected to the various histological staining’s observed under a bright field 

microscope (Leica DM750, Germany) with integrated digital camera (ICC50 HD; 

Germany) connected to a monitor. 

2.4 Organ bath  

2.4.1 Tissue preparation 

I dissected the LA from pig tissues obtained fresh from the commercial abattoir (Manz, 

Hüttenberg) and kept on ice immediately. Extra precaution was taken not pull or tug on the 

ligament as which may damage the tissue. The perivascular adipose tissue, all other 

extraneous tissue and blood clots were removed until the LA and its point of attachment to 

both the aorta and pulmonary trunk was visible (Figure 4). I ensured that the surrounding 

tissue around the ligament was handled gently and avoided direct contact as much as 

possible. I gently held the ligament at its point of attachment to the aorta and pulmonary 

trunk with forceps and used a scissors to dissect and detach the ligament between the two 

great vessels. I immediately placed it into minimum essential medium (MEM, 51200-046, 

Gibco, United Kingdom) mixed with 1% penicillin-streptomycin antibiotic (P4353, Sigma-

Aldrich, Germany). 
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Figure 4 Pig LA preparations. A. Cleaned and dissected LA from pig mediastinal block 

with attachment to aorta (AOR) and pulmonary trunk (PT) intact. B. Excision of LA from 

aortic and pulmonary attachments. C. Excised LA in medium for organ bath experiments. 

D. Organ bath apparatus. 

2.4.2 System preparation and setup 

I filled the chambers with approximately 15 ml of MEM and primed the system to remove 

any air bubbles within the aeration tubing. Then I preheated the system to 37 °C by turning 

on the recirculating heated water bath (AD Instruments GmbH, Heidelberg, Germany) and 

allowed the solution to reach optimal temperature. I ensured that the launched data 

acquisition software (AD Instruments, Pty Ltd, Australia) had connection with data 

acquisition system. I then calibrated the force transducers at a resting tension between 0.3 

– 0.5 g before I placed the tissue in bath. 
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2.4.3 Tissue placement in bath 

I placed the LA in a prepared petri dish containing warm MEM. Using tooth-forceps, I 

gently placed tissue hooks on both edges of the LA. 

I placed the end of isometric force transducer connected by cotton thread superiorly, while 

the opposite was connected to a fixed point at the bottom of the tissue holder. I placed and 

made sure the tissue was fully immersed in bath chamber and the rod was secure. I also 

ensured the silk thread hanged freely and the bath chambers were not slanted. These steps 

were repeated for the remaining chambers. 

2.4.4 Experiments 

For dose response curve experiments, at the beginning of each experiment, tissues were 

allowed to maintain a resting tension between 0.3 to 0.6 g for 10 min and thereafter 

subjected to electrical field stimulation (EFS, Multiplexing Pulse Booster, Ugo Basile, 

Gemonio, Italy) at 8, 16, and 32 Hz, 2 ms, 150 mA, 10 v for 1 min with 5 min resting time 

between these stimulations. This was then followed by administration of a cumulative 

concentration of noradrenalin (NA, A7257, Sigma-Aldrich, Germany), dissolved in 0.5 M 

HCl (Merck, Darmstadt, Germany) in MEM to reach the final desired concentration (0.1 

µM, 1 µM, 10 µM, 100 µM, 500 µM, 1 mM and finally 1.5 mM). Allowing 10 min between 

each dose, NA doses were administered until the curve plateaued. In control experiments, 

the same protocol for EFS was followed; however, NA was replaced vehicle in tissue 

samples. Changes in tension were recorded as force in 30 s interval and evaluated by 

software (Lab Chart 7 AD Instruments GmbH, Heidelberg, Germany). All analyses were 

done and the half maximal effective concentration (EC50) in response to NA was calculated 

using the GraphPad Prism software (asknet, Karlsruhe, Germany). 

At the beginning of further experiments to observe effect of adrenergic blockers on a 

precontracted LA, tissues were allowed to maintain a resting tension between 0.3 to 0.6 g 

for 10 min and thereafter followed by administration of two successive but cumulative 

doses of NA (100 µM, 500 µM) allowing 10 min between each dose. This was followed 

by the cumulative administration of alpha1-adrenergic receptor blockers (tamsulosin, Cat 

# PHR1524 and prazosin, Cat # P7791), both purchased from Sigma-Aldrich, Germany to 

observe if these antagonists would relax the precontracted LA to baseline. Analysis of the 
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half maximal inhibition concentration (IC50) in response to NA was calculated using the 

GraphPad Prism software Version 7. 

2.4.5 Exclusion criteria  

When the effect of EFS-induced contraction on the LA was investigated, only samples with 

more than 15% increase in tension to EFS at 16 Hz, 2 ms, 150 mA, 10 V were used. To 

study the effect of vasodilators on induced vasoconstriction, samples with more than 50% 

increase in tension from baseline after first dose (100 µM) of adrenergic agonists (NA) 

administration were used. 

2.5 Data analysis 

Data are presented as mean ± SEM (standard error of mean). The resulting data was 

graphed using GraphPad Prism 7. One way analysis of variance (ANOVA) was used to test 

for statistical significance of differences in maximal contraction values of EFS. EC50 and 

IC50 values of agonist and inhibitor responses respectively were estimated using nonlinear 

regression sigmoidal curve analysis using GraphPad Prism 7. Two tailed t-Test statistical 

testing was used to test the differences in length and width of dense bands found in 

myocytes. Differences were considered statistically significant when P≤0.05. 
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3 Results 
 

3.1 General histological morphology of LA 

 

3.1.1 Human 
 

Routine and special histological staining revealed that in cross section, the LA could be 

divided into three distinct regions, namely from outward within, a tunica adventitia, 

tunica media and tunica intima (Figure 5A & B). The outermost layer, tunica adventitia 

is mainly made up of intertwining connective tissue cells, collagen fibers, nerves fiber 

bundles, and blood vessels. Aortic bodies were observed in 4 out of 10 samples (Figure 

6). Numerous adipocytes and nerve fiber bundles were observed in the adventitial 

region and also within the connective tissue surrounding the adventitia. No clear 

distinction could be made between the adventitia region and surrounding connective 

tissue (Figure 7). The middle layer, the tunica media, averagely measuring 950 µm in 

width, was sharply contrasted from the adventitia. This layer could be further divided 

into an outer and inner zone. The outer zone was made up of loose connective tissue and 

sparsely arranged smooth muscle cells (Figure 8). The inner zone was mainly made up 

of smooth cells and collagen. The smooth muscle cells were compactly arranged and 

had several layers running in different orientations. In this same zone, there were areas 

where the collagenous tissue far exceeded the smooth muscle cells and other areas 

where only traces of collagen were seen between the layers of smooth muscle cells 

(Figure 9). Additionally, Elastica van Gieson stain confirmed the presence of elastic 

fibers (Figure 10). The innermost layer, averagely measuring 200 µm in width, had the 

appearance of the remnant of the tunica intima. There was the presence of an intricate 

network of collagen making up the core of this layer. In samples obtained from 3 

females aged between 90 to 97 years old, this layer showed calcification and fibrosis at 

the core (Figure 11). In 4 out of ten samples processed for histological staining, there 

was the presence of a funnel with partial patency from the part of the LA connected to 

the aorta. This opening was not patent through the whole LA, therefore could not serve 

as passage way for blood flow from aortic side of the LA to the pulmonary side (Figure 

12). 
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Figure 5. Elastica van Gieson (A) and Masson Goldner stain (B) of paraffin embedded 

human LA in cross-section showing three regions from outward within tunica 

adventitia and surrounding connective tissue (TA), tunica media (TM), and tunica 

intima (TI). Color scheme for (A) Red = collagen, Yellow = muscle, Violet-black = 

elastic fibers. For (B) Red = muscle/blood cells, Green = collagen, Black-brown = 

nuclei. Scale bars = 300 µm. 
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Figure 6. Hematoxylin and eosin staining of paraffin embedded LA showing an aortic 

body (white arrow) surrounded by various sizes of adipocytes (A) and venules (black 

arrows), located in the adventitia. Scale bar = 50 µm. 

Figure 7. Paraffin embedded human LA stained with Masson Goldner Trichrome 

showing numerous adipocytes (A), nerves (white arrows), and blood vessels (white 

arrow heads) within the adventitial layer and the surrounding connective tissue. Scale 

bar = 50 µm. 
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Figure 9. Paraffin embedded human LA stained with Masson Goldner trichrome (A) 

showing a fibrous core (F) in the intimal layer and narrowing layer of muscle cells (M) 

in the tunica media layer. Paraffin embedded human LA stained with hematoxylin and 

eosin (B) showing layers of muscle cells (1-3). Scale bar = 50 µm. 

 

Figure 8. Paraffin embedded human LA stained with Masson Goldner trichrome 

showing a nerve (N), blood vessels (V), and collagen fibers (white arrow heads) in the 

adventitial layer. Bundles of myocytes (M) observed in the medial layer. Note the 

sharp contrast between the medial and the adventitial layer. Scale bar = 50 µm. 
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Figure 10. Paraffin embedded human LA showing the tunica media (A) stained with 

Elastica van Gieson. Elastin fibers (white arrows) were observed in this layer. Same 

staining (B) of paraffin embedded human LA revealed elastin fibers (black arrow), 

collagen fibers (C), and a vein (V) within the adventitial layer. Scale bar = 50 µm. 
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Figure 11. Paraffin embedded human LA stained with hematoxylin and eosin showing 

a fibrous core (F) with calcification (C). White arrows indicating layers of muscle 

cells. Scale bar = 100 µm. 

C 

F 

Figure 12. Samples of human LA obtained from dissection course, yet to be subjected 

to histological processing showing the presence of a funnel (white arrows) with partial 

patency from the part of the LA connected to the aorta. Scale bars = 50 µm. 
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3.1.2 Mouse 

3.1.2.1  Methylene blue stained semi-thin sections 

Semi-thin sections of murine samples processed for TEM were stained with methylene 

blue to provide more detail on general histological organization of the LA. The LA of 

mice had the same general morphology like what was previously observed in human 

samples revealing the presence of the 3 distinct layers namely, from outward within, a 

tunica adventitia, media and intima. There were the presence of lumen with partial 

patency from the part of the LA connected to the aorta in 3 mice samples processed for 

TEM. This lumen was not patent through the whole LA, therefore could not serve as 

passage way for blood flow from aortic side of the LA to the pulmonary side. The 

recurrent laryngeal branch of the vagus nerve was observed in the neighborhood of the 

ligament. The adventitial of the LA was generally surrounded by fat. Adipocytes, 

distally placed in the surrounding areas beyond the adventitia, were also observed 

(Figure 13). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Semi-thin sections of murine LA stained with methylene blue. The LA 

partially and completely attached to the aorta by connective tissue respectively, (A, B). 

A lumen (L) was present. In C is a partially obliterated LA with lumen (L). Its 

attachment to the aorta or pulmonary trunk was not seen.  
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3.1.2.2  TEM showing the general structure of LA in mice  

The LA could be subdivided into three main regions. A central core, middle muscular 

and peripheral connective tissue regions, referring to the tunica intima, media and 

adventitia in that order. The tunica adventitia made up the outermost region. This area 

had extensive amount of collagen fibers running in various directions. Nerve terminals 

were present. Internally, the collagenous tissue terminated into the muscular layer 

composed of numerous myocytes with lesser amount of collagen. Elastin fibers as well 

as nerve terminals were also present within this muscular part (Figure 14). In 3 mouse 

samples, the core of the ligament was made up of elastin sheet which had an amorphous 

appearance with fibrillin microfibrils. There was a scanty amount of collagen fibrils 

observed (Figure 15). In 5 out of 8 samples, the core of the LA was made up of a scanty 

number of myocytes and what appeared to be cell debris. The internal elastic lamina 

though present was fragmented (Figure 16).  

  

 

 

 

 

 

 

 

 

Figure 13 cont’d. (D) Longitudinal section of the LA with its attachment to the 

pulmonary trunk (PT) and the aorta. Note the difference in color appearance of the 

numerous adipocytes present. Adipocytes preserved by osmium appear olive (F) 

whereas empty fat cells appear as empty spaces or white (At). Scale bar = 50 µm. 
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Figure 14. TEM of murine LA. (A) An outer collagenous region (black doubled 

arrow) and an inner region with myocytes (M). (B) Adventitial layer, with abundant 

collagen fibers (c). A nerve fiber bundle (white arrows) observed within the 

collagenous tissue of the adventitial layer. (C) Elastin (white arrows) and collagen 

(black arrows) located within the muscular region of the LA. Scale bars: A & C = 1 

µm, B= 0.5 µm. 
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Figure 15. TEM of mouse LA. The presence of extensive elastin (E) as well as fibrillin 

microfibrils (white arrows) within its substance. Collagen fibrils (C) are also 

observed. Scale bar = 0.5 µm. 

Figure 16. TEM of mouse LA. Note the presence of fragmented elastic lamina (white 

arrows) as well as cell debris (CD) in the core of the LA. Scale bar = 5 µm. 

CD CD 



41 
 

3.2 Myocyte component of the LA 

3.2.1 Mouse 

3.2.1.1 Single-labeling immunofluorescence using antibodies against   

  smooth muscle actin  

Immunofluorescent labelling using FITC-conjugated monoclonal antibody against 

αSMA revealed immunoreactive smooth muscle cells in the LA. This was present in 

LA samples sectioned along both its longitudinal and cross-sectional axis. The width 

of the LA in cross-section averagely measured 150 ± 12 µm (mean ± SEM, n = 8) 

There was no fluorescence of the LA when antibody against αSMA was omitted 

(Figure 17). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Single-immunolabeling of frozen sections from mouse LA. (A) 

Longitudinal section of the LA appearing between and attached to the aorta and 

pulmonary trunk (PT) with immunofluorescent αSMA-positive cells throughout its 

length (green fluorescence). (B) Cross-section of the LA with attachment to the 

pulmonary trunk (PT) but not the aorta (A). Note the immunofluorescent αSMA-

positive cells. Controls run without antibody against αSMA (neg. contr.) are shown 

in the inserts. Scale bars = 100 µm. 
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3.2.1.2 Transmission Electron Microscopy  

Generally, the myocytes observed within the LA, though numerous, lacked a consistent 

orientation and also did not have the typical spindle shape of smooth muscle cells. I 

observed the presence of mononucleated muscle cells with a prominent nucleolus. 

Observed also were plasma membrane indentations called the caveoli. There was also 

the presence of cell organelles such as mitochondria and rough endoplasmic reticulum, 

in the cytoplasm. Additionally, dense bodies were observed within the cytoplasm. There 

was also the presence of a basal lamina as well as collagen fibrils around the external 

periphery of these cells. Actin filaments anchored to attachment zones (also called 

dense bands) on the plasma membrane were present. The dense bands of adjacent 

myocytes were sometimes found in close apposition with each other forming coupling 

cell mechanical junction a.k.a. attachment plaques (Hammers & Lee Sweeney 2018). In 

some myocytes observed, elastin sheets were seen attaching to the extracellular border 

of dense bands. Dense bands with extracellular elastin attachment usually appeared 

more pronounced in comparism to dense bands without extracellular elastic attachment 

(Figure 18).  

In the LA, the average length of dense bands, parallel to the plasma membrane 

measured in 60 myocytes from 4 different samples was 0.4 ± 0.20 µm with a width of 

0.049 ± 0.007 µm (mean ± SEM, n = 60) respectively. Comparatively, I observed the 

dense bands in the pulmonary trunk were lengthier 0.9 ± 0.09 µm and also thicker 

(0.078 ± 0.022 µm, mean ± SEM, n = 60) than what I observed in the LA (Figure 19). 

The difference in length and width between dense bands observed within the LA and 

pulmonary trunk subjected to a two-tailed t-test were statistically significant (P ≤ 

0.0001). Additionally, areas with extracellular elastin abutting the dense bands in 

usually appeared more pronounced (Figure 18-19). 
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Figure 18. TEM of murine LA. (A) Smooth muscle cell with heart shaped nucleus (N) 

and its nucleolus (NU) in it. The actin filaments (double arrowheads) and attachment 

zones (white asterisk) are seen. Elastin sheet fragment (E) is attached to the plasma 

membrane. Collagen fibrils (C) surrounding the myocyte are present. (B) Nucleus (N) 

and its nucleolus (NU) as well as caveoli (white arrowhead) are present. Attachment 

zone (white asterisk) and mitochondria (M) are also observed. (C) Region of 

interaction between two dense bands (white arrows) of two myocytes. 

(D) Magnification of white insert in panel B displaying caveolae (black arrows) and 

dense bands (white arrows) attached to the plasma membrane. On the opposite, elastin 

(E) seen abutting a dense band (white arrow). (E) Dense bodies (white arrowhead) 

within cytoplasm of myocyte. Note a region with elastin (E) anchored to a pronounced 

dense band (white oval). Scale bars: A = 1 µm, B = 0.5 µm, C-E = 0.25 µm. 
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3.2.2  TEM of arterioles in the vicinity of mouse LA 

Small arterioles were observed in the vicinity of the LA in mice. It walls were built up 

by the three layers, tunica intima, media and adventitia from within outward. The tunica 

intima was made up of a single layer of endothelial cells. Blood cells were also 

observed in the lumen of the arteriole. A single circular layer of smooth muscle cells 

made up the media layer. The myocytes found here had the typical features of vascular 

smooth muscle such as caveoli, myofilaments, and mitochondria. Using the plasma 

membrane as a point of reference, I categorized dense bands present into 2 populations, 

Figure 19. TEM of comparism of dense bands in mice LA and pulmonary trunk. (A) 

Myocyte within LA medial layer with numerous elastin (E) attachments and well 

pronounced dense bands (white arrow). (B) Myocytes within LA with comparatively 

less pronounced dense bands (white arrows). White insert region in higher 

magnification in black insert. (C) Magnification of region of insert (white square) 

showing dense bands in pulmonary trunk myocyte. Note that not all dense bands are in 

contact with the elastin lamella (E) present (white arrows). Scale bars = 0.25 µm. 
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namely dense bands that appeared pyramidaly shaped and those extending parallel to 

the plasma membrane (Figure 20). Measurements taken from 35 myocytes with 

pyramidaly shaped dense bands revealed an average length of 0.4 ± 0.008 µm (mean ± 

SEM). The average width at the shortest distance was 0.028 ± 0.003 µm (mean ± SEM) 

and 0.058 ± 0.006 µm (mean ± SEM) at the region where it was thickest. In the other 

population, dense bands averagely measured 0.7 ± 0.042 µm in length and 0.017 ± 

0.002 µm (mean ± SEM, n = 35), in width. The difference in width between the 

regularly and pyramidaly shaped dense bands was statistically significant (P ≤ 0.0020). 

The differences in width between regular and pyramidally shaped dense bands, as well 

as between the shortest and longest distance in the pyramidally shaped bands were all 

statistically significant (P ≤ 0.0001). Though the myocytes present had similar 

characteristics in comparism to the ones found within the LA, the caveolae present were 

very pronounced and the mitochondria were numerous with a more elongated shape 

(Figure 20). 

The adventitia revealed the presence of telocytes and fibroblasts identified by plenty 

rough endoplasmic reticulum within their cytoplasm. Numerous collagen fibrils running 

in different profiles were also observed. A basal lamina was also present surrounding 

the plasma membrane. Nerve terminals with and without vesicles were also present. 

They were partially covered by the respective Schwann cell and the vesicles were either 

large dense core or small clear core (Figure 20).  
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Figure 20. TEM of arteriole in the vicinity of mice LA. A) An arteriole with a telocyte 

(white arrow) and telopodes (black arrows). Note the presence of the single endothelial 

cell (E) facing the lumen and its plasma (P). A red blood cell (b) also revealed. 

B) A higher magnification showing endothelial cell (E) and a single layered smooth 

muscle cell (S) with numerous mitochondria within its cytoplasm (M). Myofilaments 

(white arrowheads) are also shown. Note how prominent the caveoli (white arrows) 

appear. A higher magnification of caveoli in picture C Extracellularly, a nerve terminal 

(NT) is seen between smooth muscle and fibroblasts (F). Mitochondria (M), as well as 

rough endoplasmic reticulum (black arrows) seen within the cytoplasm of the 

fibroblast. Collagen fibrils (C) are also present. D) Pyramidaly shaped dense bands 

(white arrow) in smooth muscle cell. E) Showing arteriole revealing the presence of a 

nerve terminal (NT) within the adventitia. A naked nerve axon without a Schwann cell 

(A) is also observed. Note the presence of mitochondria (M) and myofilaments (white 

arrowheads) within the cytoplasm of the smooth muscle cell. The distance between the 

nerve terminal and the smooth muscle was 0.25 µm. Scale bars: A= 1 µm, B, C, D, E = 

0.25 µm. 
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3.2.3  Pig  

3.2.3.1 Single-labeling immunofluorescence using antibodies against smooth   

muscle actin  

Immunofluorescence using FITC-conjugated monoclonal antibody against αSMA 

revealed extensive amount of immunoreactive smooth muscle cells in pig LA (Figure 

21). There was no fluorescence when antibody against αSMA was omitted. 

 

 

 

 

 

 

 

 

 

 

3.2.3.2      TEM of myocyte in pig  

The myocytes I observed with TEM revealed the typical appearance of myocytes with 

pronounced caveoli, dense bands as well as myofilaments. Mitochondria were present. 

Some myocytes found here revealed gap junctions indicating intercellular 

communication. Myocytes were surrounded by a basal lamina (Figure 22). 

 

 

 

 

Figure 21. Immunolabeling of pig LA with αSMA-positive cells (white arrows). Control 

run without antibody against αSMA (neg. contr.) shown in the insert. Scale bar = 50 µm 

neg. contr. 

αSMA 
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3.2.4 Human 

3.2.4.1 Single-labeling immunofluorescence using antibodies against smooth muscle 

actin  

Immunofluorescence using FITC-conjugated monoclonal antibody against αSMA 

revealed immunoreactivity to αSMA in the smooth muscle cells of the LA and this was 

present extensively throughout the whole structure. There was no fluorescence when 

antibody against αSMA was omitted (Figure 23). 

 

 

 

Figure 22. TEM of mice LA. Smooth muscle cell, with actin filaments (double 

arrowheads) and dense bands (white arrowheads). Note the presence of caveoli in the 

plasma membrane (black arrows) and mitochondria (M). A gap junction (black 

arrowheads) is connecting two myocytes. A basal lamina (white asterisk) is also 

present. Scale bar = 0.1 µm. 
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3.3  Connective tissue component of the LA  

3.3.1  Cells  

3.3.2 TEM of connective tissue cells in mouse 

In TEM, I observed the presence of mononucleated fibroblasts with elongated spindle or 

stellate shape cytoplasmic projections. Within the cytoplasm were plenty of rough 

endoplasmic reticulum. Nucleoli were also present within the nuclei. Fibroblasts were 

surrounded by elastin, collagen fibers in close proximity and running in different 

orientations (Figure 24 & 25). Myofibroblasts, exhibiting some features of both 

fibroblasts (rough endoplasmic reticulum) and smooth muscle cell (actin filament and 

dense bodies within the cytoplasm) were also present (Figure 26). There were the 

presence of telocytes with cell bodies and nuclei surrounded by minimal cytoplasm. 

Extending from the cell bodies were elongated projections referred to as telopodes with 

a moniliform aspect, representing segments with dilations or ‘bead on a string’ 

appearance due to the formation of podoms and podomers, which are described as the 

dilated, cistern-like regions and thin fibrillar segments respectively (Hanan et al. 2020). 

There were also dichotomous branching of podomers which ultimately terminated into 

long convoluted podomer. Telopodes were usually in contact with other telopodes or 

Figure 23. Immunolabeling of human LA with immunoreactivity to αSMA (white 

arrows). Control run without antibody against αSMA (neg. contr.) shown in the insert. 

Scale bar = 50 µm. 
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heterogeneous surrounding cell types such as muscle cells, nerve fibers or immune cells 

(Figure 27-28). 
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Figure 24. TEM of murine LA. Fibroblast with nucleus (N), nucleolus (NU), rough 

endoplasmic reticulum (black arrows) and mitochondria (white arrows) within its 

cytoplasm. There was also the presence of peripherally placed collagen fibers running in 

different orientations (double white arrowhead). Scale bar = 0.5 µm 
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Figure 26. TEM of murine LA. Myofibroblast with plenty rough endoplasmic reticulum 

in the cytoplasm (white arrows) and a peripherally placed nucleus (N). There is also the 

presence of actin filaments within the cytoplasm (black arrow head). Note the 

discontinuous basal lamina present (double white and black arrowheads). Scale bar = 0.5 

µm. 
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Figure 25. TEM of murine LA. Fibroblast with cytoplasmic extensions (C), rough 

endoplasmic reticulum (black arrows) and mitochondria (white arrows) within its 

cytoplasm. There was also the presence of peripherally placed elastic (E) and collagen 

fibers running in different orientations (double white arrowhead). Scale bar = 0.5 µm. 
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Figure 27. TEM of murine LA showing mono-nucleated (N) telocyte cell body (tc) 

and telopodes (white arrows) as well as podoms (black arrows). A region with podom 

and podomer appeared sandwiched between a nerve fiber bundle (nf) and a myocyte 

(M). Additionally, the presence of other telopodes (white arrows) and podoms (black 

arrows) were seen in close proximity to myocytes (M). Scale bar = 1 µm. 
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3.3.3 TEM of connective tissue cells in pig 

I observed the presence of fibroblasts, irregular shaped mono-nucleated cells with 

numerous mitochondria, cytoplasmic projections and vesicles of varied sizes (Figure 29 

& 30). The presence of telocytes in the LA of pig (Figure 30) with cell body, surrounded 

by minimal cytoplasm was observed. Extending from the cell body were elongated 

projections with a moniliform aspect representing segments with dilations or ‘bead on a 

string’ appearance. The elongated projections were sometimes spotted 0.1 µm away from 

a nerve terminal and 2 µm away from a myocyte. 

 

 

 

Figure 28. TEM of murine LA showing a telopode with podomers (white arrows) and 

podoms (black arrows) sandwiched between myocytes (M). Scale bar = 1 µm 
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Figure 29. TEM of pig LA showing a fibroblast with the presence of dilated mitochondria 

(white arrows) and cytoplasmic vesicles of varied sizes (black arrow). In close proximity 

is the presence of collagen fibrils (C). Scale bar = 1 µm. 

 

Figure 30. TEM of pig LA showing a fibroblast with the presence of mitochondria (white 

arrows), Nucleus (N), and cytoplasmic extensions of varied sizes (black arrows). In close 

proximity is the presence of collagen fibrils (C) and elastin (E). Scale bar = 1 µm. 
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Figure 31. TEM of pig LA revealing a telopode (short white arrows) about 1.4 µm to 

myocyte (M). There is the presence of podoms (long white arrows) as well as podomer 

(black arrow head). Additionally, another telocyte (TC) with podom (long white arrow) 

and a telopodes (short white arrow) was observed. TC is in very close proximity to 

elastin (E), collagen fibrils (C) and nerve terminals (NT). Magnification of black boxed 

area in TC shown in lower panel. Scale bar: A = 1 µm, B = 0.25 µm. 
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3.3.4 Collagen fibers of the LA 

3.3.4.1  Mouse  

I observed the presence of numerous collagen fibrils running in various orientations and 

forming collagen fibers (Figure 32). The collagen fibrils in longitudinal orientation 

reported the characteristic striated banding commonly referred to as the D-period. The 

fibrils measured 55-60 nm in width (Figure 33). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32. TEM of mice LA reporting the presence of numerous fibrils (white arrow head) 

running in different orientations. Additionally, there is the presence of elastin (E). Scale 

bar = 0.5 µm. 

 

 

 

 

 

 

 

 

 

 

 

Figure 33. TEM of murine LA. A) Showing a collagen fibril in a longitudinal profiles and 

apparent striations (C). B) Showing a cross-sectional oriented collagen fibril measuring 

55 nm. Scale bar = 0.025 µm. 
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3.3.4.2  Pig 

I observed the presence of numerous collagen fibrils which represent the smaller unit of 

the fibres which is formed ultimately (Figure 34). The fibrils were running in different 

orientation and also had appearance of the D-period within the fibrils in longitudinal 

profile. 

 

 

 

 

 

 

 

 

 

 

 

3.3.5    Elastin fibers of the LA 

3.3.5.1   Mouse 

Mice LA revealed the presence of elastin fibers and sheets. The elastin observed within 

the fibers had a relatively amorphous appearance. There was fragmentation of the elastic 

sheets that make up the lamina especially in the region of the tunica media (Figure 35). 

× 
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× 

× 

Figure 34. TEM of pig LA showing collagen fibrils mainly in longitudinal profile within 

the adventitia layer (white asterisk). Note the presence of dark striations. Scale bar = 0.5 

µm. 
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3.3.5.2   Pig 

Pig LA revealed the presence of elastic fibers. The elastic laminae observed in the region 

of the tunica media appeared as isolated pieces and not a continuous sheet (Figure 36). 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.6 Autofluorescence of elastin in mouse 

Elastin was visualized in frozen sections of paraformaldehyde-fixed samples by its blue 

autofluorescenece when excited at 360-370 nm wavelength. This revealed the presence 

of an internal elastin lamina though there was pronounced fragmentation. Fragmented 

elastin lamellae were present in the musculature of the tunica media of the LA whereas 

Figure 35. TEM of murine LA showing fragmentation of elastin lamina (EL) within tunica 

media. Scale bar = 0.5 µm. 
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Figure 36. TEM of pig LA showing fragmented elastin fibers (E) and an aggregation of 

cross-sectionally oriented collagen fibrils (C). Scale bar = 0.5 µm. 



 

59 

 

on the contrary, continuous elastin sheets were observed within the pulmonary trunk 

(Figure 37). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4   TEM of the pulmonary trunk in mouse 

TEM revealed the presence of a continuous sheet of elastin (internal elastic lamina) 

forming the basal layer of the intima which is made up by endothelial cells. The internal 

elastic lamina separated the first layer of smooth muscle from the endothelium. The 

elastic lamellae within the tunica media were concentric in nature, sometimes appearing 

angulated (Figures 38-39). Regardless of where they were located, the elastin sheets 

appeared in a continuous fashion without fragmentation. In comparism, LA and 

pulmonary trunk were similar in terms of the composition of vessel layers.  

They both conformed to the typical vascular layers in vessels evident by the presence of 

tunica intima, media and adventitia from within outward.  

Figure 37. Elastin autofluorescence of murine LA showing the presence of fragmented 

internal elastic lamina (black arrows). Fragmented elastin lamellae (long white arrows) 

within the tunica media were observed. Note the continuous elastin lamellae within the 

pulmonary trunk (PT), devoid of fragmentation. Sample from ChAT-eGFP mouse with a 

positive cell in intimal region (short white arrow). Confer Figure 40. Scale bar = 50 µm. 
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However, some differences were observed. Firstly, in relation to their elastic lamina, there 

was fragmentation in the LA whereas that of the pulmonary trunk was devoid of 

fragmentation. Secondly, the myocytes within the LA, though present and numerous, 

lacked a consistent orientation. The myocyte within the pulmonary trunk were mostly in 

apposition with each other and arranged sequentially. They also had the typical spindle 

shape of smooth muscle cells. Finally, the internal elastic lamina was observed separating 

the endothelial from the tunica media in the pulmonary trunk and this was not seen in the 

LA due to fragmentation (Figure 38-39). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38. TEM of murine pulmonary trunk showing the presence of an  endothelial 

cell (EC) separated from the myocytes (M) by a continuous sheet of internal elastic 

lamina (IEL). Elastin lamina (EL) separating first layer from the next layer of 

myocytes (M). Note angulation (white arrows) in some regions of the elastin lamina. 

Collagen fibrils (c) are observed between the myocytes as well as between the 

myocytes and the elastin sheets. Scale bar = 1 µm. 

 

Figure 39. TEM of murine pulmonary trunk showing several layers of smooth muscle 

cells (M), each separated by an elastic lamina (EL). Scale bar = 1 µm. 
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3.5 General innervation and transmitter synthesising enzymes of LA 

3.5.1 Single- and double-labelling immunofluorescence using antibodies against 

structural proteins and transmitter synthesizing enzymes in mouse 

Immunohistochemistry was used to assess the general innervation of the LA. Cross-

sectionally and longitudinally sectioned LA sections were subjected to double-

immunolabeling directed against PGP9.5 and FITC-conjugated monoclonal antibodies 

directed against αSMA. PGP9.5-positive fibers were observed around the periphery, 

within the musculature and also at the point of attachment to the major vessels to which 

the LA was attached as well as within the recurrent nerve that was seen flanking the 

lateral side of the LA (Figure 40-42). Transgenic mice expressing eGFP driven by the 

Chrna3 promoter were also used. nAChRα3-positive fibers were observed at the 

periphery of the LA and also at its point of attachment to the aorta. 

Additionally, such fibres were found within the recurrent nerve. Transgenic mice 

expressing eGFP under the control of the promoter of the acetylcholine synthesizing 

enzyme, ChAT, were also used. ChAT-eGFP-positive fibers were neither present within 

the adventitia nor musculature or at points of attachment of the LA to the aorta nor 

pulmonary trunk. However, there were ChAT-eGFP-positive fibers within the recurrent 

nerve and a positive cell was present in the intimal region of the LA (Figure 40). Single-

immunolabeling with primary antibody directed against TH revealed intense 

immunoreactive fibers (Figure 42) especially around the point of attachment of the LA 

to the pulmonary trunk. Additionally, there was co-localization between TH and 

Chrna3-eGFP (Figure 40). There was no reactivity in the LA when primary antibody 

was omitted. There were no immunoreactivities when samples were incubated with 

primary antibodies directed against nNOS (Figure 43). A histochemical marker of NOS 

activity, α-nicotinamide adenine dinucleotide phosphate (NADPH)-diaphorase reaction, 

was used to re-assess non-reactivity of nNOS in the LA (Figure 44-46). Results from 

NADPH-diaphorase showed no reactions in the LA, contrarily, within the endothelium 

of the pulmonary trunk, to which the LA attaches, cytoplasmic labelling (Golgi 

apparatus) were observed. In addition, reactions within the myenteric plexus were 

observed in murine gut samples which were used as positive controls (Figures 41-44). 
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Figure 40. Endogenous GFP-fluorescence and single-immunolabeling of cross-sections 

of murine LA. The upper panel shows the LA attached to the aorta with the recurrent 

laryngeal nerve (RN) lateral to it. There are few cholinergic fibers (Chat-eGFP-positive) 

within the nerve (short white arrows). An intimal cell of the LA expresses GFP driven by 

the ChAT promoter (arrowhead). The upper middle panel reveals immunoreactivity in 

nerve fibers at the medio-adventitial border of the LA, which are negative for ChAT-

eGFP. First picture in lower panel reveal Chrna3-eGFP+ fibers (white arrows). TH + fibers 

(white arrows) are reported in the middle panel and the last panel shows co-localization 

between TH and Chrna3-eGFP (white arrows). However, solely Chrna3-eGFP+ fibers 

(white arrowheads) also occur. Scale bar = 50 µm. 
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Figure 41. Double-immunolabeling of murine LA in cross section. First picture shows 

PGP-positive fibers (white arrows) present around the periphery, within the core and 

also at the point of attachment to the pulmonary trunk (PT). Middle picture shows 

presence of immunoreactivity to αSMA. Last picture is a merge of the first and middle 

picture. Control run without primary antibody directed against PGP (neg. contr.) shown 

in the insert. Scale bar = 50 µm. 

Figure 42. Double-immunolabeling of murine LA in longitudinal section. The first 

picture reveals the LA attached to the aorta and pulmonary trunk (PT) with PGP-

positive fibers along the external borders, at the point of attachments to the aorta and 

pulmonary trunk (white arrows). Middle picture shows immunoreactivity against 

αSMA. The last picture is a merge showing PGP-positive fibers close to smooth muscle 

cells. Controls run without primary antibody (neg. contr.) shown in the inserts. Scale 

bar = 50 µm. 
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Figure 43. Single-immunolabeling of murine LA with TH+ fibers (white arrows) 

abundant at its arterial attachments to the pulmonary trunk (PT). Controls run without 

antibody against TH (neg. contr.) shown in the insert. Scale bar = 50 µm. 

Figure 44. Double-immunolabeling of murine LA. In the first picture, there was no 

immunoreactivity using primary antibodies directed against nNOS. The middle picture 

shows immunoreactivity against αSMA. Control run with primary antibody directed 

against PGP (insert) shown in the insert. Scale bar = 50 µm 

 

LA 

PT 

TH neg. contr.  

merge 

PGP9.5 

αSMA nNOS 



 

65 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45. NADPH-diaphorase histochemical staining of mouse LA. A) Note no 

reaction in the LA (white arrows). B) White arrows indicating no reaction to the stain 

in LA and black arrow indicative of reaction (Golgi labelling) within the endothelium 

of the pulmonary trunk (PT). Note the non-reactivity of the LA to NADPH-diaphorase 

irrespective of its attachment to either the aorta or the pulmonary trunk. Scale bar = 50 

µm. 

 

Figure 46. NADPH-diaphorase histochemical staining of murine small intestine. 

White arrows indicate positive reaction in the myenteric plexus. Scale bar = 50 µm. 
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3.5.2  Double-labelling immunofluorescence using antibodies against structural 

proteins and transmitter synthesizing enzymes in pig 

Immunohistochemistry to assess the general innervation of the LA using antibodies 

against PGP reported immunoreactive nerve fibers. PGP-positive fibers were detected 

along bundles of smooth muscle cells (Figure 47). Double-immunolabeling with primary 

antibody directed against TH and FITC-conjugated monoclonal antibody against αSMA 

revealed TH-immunoreactive fibers present along bundles of smooth muscle cells (Figure 

48). There were no nNOS-immunoreactive fibers even though fibers were seen in samples 

incubated with primary antibodies directed against PGP used as positive controls (Figure 

49). To determine the specificity of the secondary antibody, primary antibodies were 

omitted and replaced by PBS (Figure 47-49 inserts). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47. Double-immunolabeling of pig LA. First picture on the left showing numerous 

PGP-immunoreactive fibers (white arrows) present within the LA. Middle picture shows 

immunoreactivity against αSMA. The last picture is a merge showing PGP-positive fibers 

close to smooth muscle cells. Controls run without primary antibody (neg. contr.) shown 

in inserts. Scale bar = 50 µm. 
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3.5.3  Double-labelling immunofluorescence using antibodies against structural 

proteins and transmitter synthesizing enzymes in human 

To assess the general innervation of LA in human, double-labelling 

immunohistochemistry was performed using primary antibodies directed against PGP and 

a FITC-conjugated monoclonal antibody against αSMA. PGP-Positive fibers were 

detected along bundles of smooth muscle cells (Figure 50). Double-immunolabeling with 

primary antibody directed against TH and FITC-conjugated monoclonal antibody against 

αSMA also revealed TH  

Figure 48. Double-immunolabeling of pig LA. First picture on the left showing TH-

immunoreactive fibers (white arrows) present within the LA. Middle picture shows 

immunoreactivity against αSMA. The last picture is a merge showing TH-positive fibers 

close to smooth muscle cells. Controls run without primary antibodies (neg. contr.) shown 

in inserts. Scale bar = 50 µm.  

Figure 49 Double-immunolabeling of pig LA. In the first picture, there is no 

immunoreactivity to antibodies against nNOS. The middle picture shows 

immunoreactivity against αSMA (white arrows). The last picture is a merge. Controls run 

with antibody against PGP (insert) showing PGP-positive fibers in insert. Scale bar = 50 

µm. 
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immunoreactive fibers and αSMA-positive cells (Figure 51). To determine the specificity 

of the secondary antibody, primary antibodies were omitted and replaced by PBS (Figures 

50 & 51). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5.4 TEM of smooth muscle innervation in mice 

TEM of mice LA revealed the presence of varicosities or nerve terminals confirming 

the earlier observed findings of immunohistochemistry. In total, all 81 nerve fibers 

observed were unmyelinated, had a Schwann cell present or not observed, and were 

predominately found within the media and adventitial layers. A higher number of these 

terminals (n = 47, 58%) were ≤ 2 µm away from the nearest myocyte, while 34 (42%) 

were ≥ 2.1 µm away from the nearest myocyte (Figure 52). Axonal nerve terminals were 

Figure 50 Double-immunolabeling of human LA. The first picture shows PGP-

immunoreactive nerve fiber (white arrows). The middle picture shows immunoreactivity 

against αSMA. The last picture is a merge. Controls run without primary antibodies (neg. 

contr.) shown in the inserts. Scale bar = 50 µm.  

Figure 51. Double-immunolabeling of human LA. The first picture from the left showing 

TH+ fibers (white arrows). The middle picture shows αSMA-positive cells (green). The 

last picture is a merge showing TH-positive fibers close to smooth muscle cells (white 

arrows). Controls run without primary antibodies (neg. contr.) shown in the inserts. Scale 

bar = 50 µm. 
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primarily divided into two groups: the vesiculated and non-vesiculated. Fifty-seven (57) 

nerve terminals (71%) were vesiculated leading to a granulated appearance, whiles the 

remaining 24 (29%) had no granulation due to the absence of vesicles (Figure 53). 

Additionally, vesiculated nerve terminals contained large dense core and small clear 

vesicles with sizes measuring around 72 ± 3 nm and 40 ± 5 nm (mean ± SEM, n = 2,310, 

n = 3,026), respectively. A minimum of one axon and a maximum of 8 axons per 

Schwann cell were observed. It was not uncommon to see nerve terminals with the 

presence or absence of vesicles encapsulated within the same Schwann cell. Sixty-five 

(65) nerve terminal representing 80% had between 1-4 axons encapsulated within one 

Schwann cell (Figure 54). When present, Schwann cells partially or completely covered 

their respective nerve terminal. Partially covered nerve terminals had naked regions 

devoid of covering. Seventy (70) nerve terminals (86%) observed had partial Schwann 

cell covering with the remaining 11 (14%) entirely covered by Schwann cell (Figure 55). 
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Figure 52. TEM of murine LA. A) Nerve terminal (boxed area) ˃2 µm away from a 

myocyte (M). B) Nerve terminal (white arrows) 0.8 µm away from a myocyte (M). C) 

Unmyelinated nerve terminal (white arrows) 0.4 µm from a myocyte (M). D) Histogram 

is a percentage representation of the number of nerve terminals with respect to their 

distance from the nearest myocyte. Scale bars: A = 1 µm, B, C = 0.5 µm. 
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Figure 53. TEM of murine LA. A) Absence of vesicles within axon (A). Note the presence 

of a mononucleated (N) Schwann cell (SC) and collagen fibrils (C). There is also a telopode 

0.1 µm away from the nerve fiber bundle with podoms (black arrows) and podomers (white 

arrows). B) Large dense core (black arrows) and small clear (white arrows) vesicles in 

nerve terminal. Schwann cell (SC) encapsulating axons also observed. C) Histogram 

demonstrating the relative frequencies of vesiculated and non-vesiculated nerve terminals. 

Scale bars: A = 0.5 µm, B = 0.25 µm. 
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Figure 54. TEM of murine LA. A) Six axons (1-6) encapsulated within one Schwann cell 

(SC). Note the presence of vesicle accumulations in 2 & 4. B) A minimally vesiculated 

singular axon with partial Schwann cell covering. C) A Schwann cell encapsulating 4 

axons (1-4) in close proximity to collagen fibrils (C). D). Histogram of percentage 

representation of the numerical data in terms axons per Schwann cell. Scale bars = 0.25 

µm. 
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3.6  Neuropeptides in LA innervation 

3.6.1  Mouse 

The LA was subjected to double-immunolabeling using antibodies against TH and NPY. 

In cross-sectional samples, TH- and NPY-immunoreactive nerve fibers were present in 

Figure 55. TEM of murine LA. A) Axons with partial Schwann cell covering (white 

arrows). Note the presence of podomers (black arrows) 0.10 µm from nerve fiber. B) Nerve 

terminal with Schwann cell (SC) and a naked region devoid of covering (black arrows). 

Note the presence of collagen fibrils (C) and a telopode with podoms (white arrows) and 

podomer (black arrow head). C) A nerve fiber bundle with partial (white arrows) and 

complete (black arrows) covering from Schwann cell (SC). D) Histogram of percentage 

representation of the numerical data in terms of nerve terminals with complete or partial 

Schwann cell covering. Scale bars = 0.5 µm. 
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the adventitial and surrounding connective tissue layer, at the medio-adventitial border as 

well as within the left recurrent nerve. There was co-localization of TH- and NPY-

immunoreactivities (Figure 56) though some fibers were NPY- or TH-immunoreactive 

only. Antibodies directed against VIP paired with FITC-conjugated αSMA antibody 

revealed αSMA-immunoreactive cells only. There was no VIP-immunoreactive fiber 

(Figure 57). Incubation with antibodies against SP and CGRP revealed nerve fibers with 

immunoreactivity for both. Comparatively, SP-immunoreactivity in fibers was lesser than 

CGRP. There was co-localization of SP/CGRP immunoreactivities though some fibers 

were solely SP- or CGRP-positive (Figure 58). To determine the specificity of the 

secondary antibodies, the primary antibody was omitted and replaced with PBS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 56 Double-immunolabeling of murine LA. In the first upper picture, the white 

arrows at the medio-adventitial border of the LA indicate NPY-positive fibers, white 

arrowheads indicates NPY-positive nerve fibers only. In the second picture, white arrows 

are indicative of TH immunoreactivity in same nerve fiber at same location of the medio-

adventitial border shown in the first picture. Full white arrowhead indicative of TH-

positive nerve fibers only. The third picture is a merge revealing co-localization of TH and 

NPY as well as TH and NPY only fibers (white arrows). Controls run without primary 

antibodies directed against TH/NPY (neg. contr.) shown in inserts. Scale bar = 50 µm. 
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Figure 57. Double-immunolabeling of mouse LA. In left picture, there is no 

immunoreactivity to antibodies against VIP. The right picture shows immunoreactivity 

to antibodies against αSMA (white arrows). The picture below is a merge. Controls 

run with antibody against PGP9.5 showing PGP-positive fibers in insert. Scale bar = 

50 µm. 

Figure 58 Double-immunolabeling of murine LA. In the first picture, the white 

arrows indicate SP-positive fibers. White arrows indicating CGRP-positive fibers are 

shown in the second picture. The third picture is a merge revealing co-localization 

of SP and CGRP in fibers. Controls run without SP/CGRP antibody (neg. contr.) 

shown in the inserts. Scale bar = 50 µm. 
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3.6.2 Pig 

Immunohistochemistry using antibodies against NPY, CGRP, SP, and TH revealed the 

presence of immunoreactive nerve fibers. Double-immunolabeling using antibodies 

against TH and NPY revealed extensive co-localization, per contra, a smaller population 

were solely TH- or NYP-immunoreactive (Figure 59). Antibodies directed against VIP 

paired with FITC-conjugated αSMA antibodies revealed αSMA- immunoreactive smooth 

muscle cells of the LA, however, VIP-positive fibers were not observed (Figure 60). SP- 

and CGRP-immunoreactivities co-localized in nerve fibers and an additional population 

of nerve fibers was immunoreactive to CGRP only (Figure 61). To determine the 

specificity of the secondary antibody, the primary antibody was replaced with PBS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 59. Double-immunolabeling of LA. First picture on the left showing 

immunoreactive TH-positive fibers (long white arrows) present within the LA. Note that 

solely TH+ fibres (short white arrow) also occur. Middle picture shows immunoreactivity 

to antibody against NPY. Note that solely NPY+ fibres (white arrowhead) also occur. The 

last picture on the right is a merge showing co-localization of TH and NPY 

immunoreactivities (white arrows). Controls run without TH/NPY antibodies (neg. 

contr.) shown in the inserts. Scale bar = 50 µm. 
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Figure 60. Double-immunolabeling of pig LA. In the left picture, there is no 

immunoreactivity to antibodies against VIP. The right picture shows immunoreactivity to 

antibodies against αSMA. The picture below is a merge. Controls run with primary 

antibody directed against PGP9.5 shown in insert. Scale bar = 50 µm. 
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Figure 61. Double-immunolabeling of murine LA. In the first picture note the white arrows 

indicating CGRP-positive fibers. Note the occurrence of solely CGRP+ fibres (white 

arrowhead). White arrows indicating SP-positive fibers are shown in the second picture. 

The third picture is a merge revealing co-localization of SP and CGRP in fibers. Controls 

run without SP/CGRP antibodies (neg. contr.) shown in the inserts. Scale bar = 50 µm. 
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3.6.3  Human 

Sections were stained with antibodies against TH, NPY, CGRP, SP, and VIP. Double-

immunolabeling with antibodies against TH and NPY revealed substantial 

immunoreactivity and co-localization (Figure 62). Antibodies directed against VIP paired 

with FITC-conjugated αSMA antibody revealed αSMA-positive smooth muscle cells but 

no positive signal with antibodies against VIP. Incubation with antibodies against SP and 

CGRP also showed the presence of co-localization of these neuropeptides in fibers and 

varicosities (Figure 63). To determine the specificity of the secondary antibody, the 

primary antibody was omitted and sections were only incubated with PBS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 63. Double-immunolabeling of human LA. The first picture shows white arrows 

indicative of CGRP-positive fibers. SP-positive fibers indicated with white arrows in 

middle picture. The last picture is a merge revealing co-localization of CGRP and SP in 

nerve fiber (white arrow). Controls run without primary antibodies (neg. contr.) shown 

in the inserts. Scale bar = 50 µm. 

 Scale bar = 50 µm 

NPY TH merge 

neg. contr. neg. contr. 

CGRP SP merge 

neg. contr. neg. contr. 

Figure 62. Double-immunolabeling of human LA. The first picture shows white arrows 

indicative of NPY-positive fibers. TH-positive fibers indicated with white arrows in 

middle picture. The last picture is a merge revealing Co-localization of TH and NPY in 

fibers (white arrows). Controls run without primary antibodies (neg. contr.) shown in the 

inserts. Scale bar = 50 µm. 
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3.7  Functional role and contractility of pig LA in organ bath experiments 

3.7.1 EFS and pharmacological administration of noradrenalin in pig LA 

 

Pigs LA used as both control and treatment were subjected to three different increasing 

frequencies of electrical field stimulation (EFS) at 8, 16, and 32 Hz, 2 ms, 150 mA, 10 V. 

The first frequency, 8 Hz, 2 ms, 150 mA, 10 V, was continuous for 60 s. From a baseline 

of 0.6 g, the LA contracted to a maximum tension of 1 g. Stimulation was turned off after 

60 s. During this time, the LA relaxed and tension also returned to baseline (0.6 g). A 

second higher stimulation of 16 Hz, 2 ms, 150 mA, 10 V, also produced a contraction 

from baseline, which in comparison to the prior was bigger. The maximum contraction 

for the second stimulation was 1.1 g. The LA was again given 5 min resting period and 

though a relaxation was observed, tension stalled at 0.7 g and did not return to baseline. 

The third stimulation, 32 Hz, 2 ms, 150 mA, 10 V, produced a maximum contraction of 

1.5 g, and after stimulation was extenuated, the LA relaxed though tension did not return 

to baseline (Figure 64). The difference in maximum contraction of the LA upon exposure 

to the three frequencies was significant between 8 Hz and 32 Hz (Figure 65). After the 

last EFS stimulation, the LA was given 5 min of resting period and this was followed by 

administration of increasing but cumulative concentration of NA (0.1 µM, 1 µM, 10 µM, 

100 µM, 500 µM, 1 mM, 1.5 mM). All these doses administered produced a 

concentration-dependent contraction with the only exception being the first dose (0.1 µM), 

which produced no contractile effect on the LA. The contraction evoked by 10-3 M of NA 

was not enhanced further at higher concentrations in all experiments. In the control 

sample, the NA was replaced with vehicle. Though contraction from EFS was present in 

the control group, no contraction from vehicle administration was observed further on 

(Figure 64). Half maximal effective concentration (EC50) of NA was 4.195 x 10-6 M 

(Figure 66). 
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Figure 65. Testing for statistical significance of differences in means of maximal 

contraction value of EFS using one way ANOVA with P≤0.05. Significant value indicated 

in red (8 and 32 Hz). 

Figure 64 EFS- and NA-induced contraction of pig LA in organ bath experiments. 

LA subjected to a minute long EFS with 5 min resting time between each stimulation for 

both control (vehicle) and experimental samples (noradrenaline). There was a steady 

increase in contraction intensity in experimental sample with NA administration, whereas 

the vehicle did not evoke contraction Arrows indicate point of NA or vehicle 

administration. Mean ± SEM are shown. 
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3.7.2 Adrenergic agonist and antagonist administration on pig LA 

Pigs LA used as treatment and control were subjected to two increasing cumulative doses 

of NA (100 µm, 500 µm) with 10 min between each dose. There was no prior exposure 

to EFS. A concentration-dependent contraction was observed. The precontracted LA was 

further subjected to increasing but cumulative concentrations of prazosin (0.1 µM, 0.5 

µM, 1 µM, 5 µM, 10 µM, 50 µM) or tamsulosin (1 µM, 5 µM, 10 µM, 50 µM, 100 µM, 

500 µM). All doses, with the exception of 0.1 µM, 0.5 µM in prazosin and 1 µM, 5 µM 

in tamsulosin, showed antagonist effect on the precontracted LA. The subsequent doses 

produced a consistent relaxation of the LA until it was back to baseline (0.5 g). The 

control samples also contracted when they were subjected to two different doses of NA 

administration, however, no relaxation was observed upon administration of aqua or 

DMSO (vehicle) in place of prazosin and tamsulosin (Figures 67-68), respectively. The 

half maximal inhibitory concentration (IC50) for prazosin and tamsulosin was 4.632 µM 

and 49.44 µM respectively (Figures 69-70). 

 

 

 

Figure 66. Concentration response curve of contractility effect of NA on pig LA. 

Concentration-dependent responses are shown as maximum reaction in force (Emax) and 

reactivity related to NA-induced contraction. Data are presented as mean ± SEM.  
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Figure 67. Relaxant effect of prazosin on pig LA precontracted with NA. There were 

contraction in both experimental and control samples with NA administration. The LA 

reported a stepwise relaxation from the precontraction induced by NA after being 

subjected to increasing cumulative concentrations of prazosin. In control samples, there 

was no relaxation observed upon administration of aqua in cumulative doses in place of 

prazosin. Arrows indicate point of substance or vehicle administration. 

 

 

 

 

Figure 68. Relaxant effect of tamsulosin on pig LA precontracted with NA. There was 

cumulative contraction when samples were subjected to NA administration. The LA 

reported stepwise relaxation from the precontraction induced by NA administration after 

exposure to increasing cumulative concentrations of tamsulosin. There was no reaction 

upon administration of DMSO in cumulative doses in the control samples. Arrows indicate 

point of NA, tamsulosin or DMSO administration. 
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Figure 69. IC50 of prazosin response in Pig LA. The inhibitory curves for prazosin 

reporting an IC50 of 4.632 µM for NA-induced contraction (100 µM, 500 µM). 

 

Figure 70. IC50 of tamsulosin response of Pig LA. Inhibitory curves for tamsulosin 

reporting an IC50 of 49.44 µM for NA-induced contraction (100 µM, 500 µM). 
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4    Discussion 

4.1  Hypothesis and summary of major findings or results 

Though the LA has generally been considered as a fibrosed remnant of the ductus 

arteriosus, rupture of the aortic arch in certain blunt trauma conditions indicates that it may 

still has mechanical impact on both the pulmonary bifurcation and the aortic arch. 

Significant evidence reports autonomic nerve fibers and baroceptive apparatus within the 

ductus arteriosus in-utero whereas for the LA, reports are anecdotal and contradictory. 

Based on this premise, we hypothesized that: 

1. LA, the remnant of the foetal muscular artery (ductus arteriosus) which connects 

the main lung (pulmonary trunk) and main body (aorta) arteries during 

embryological circulation, is not a mere fibrotic remnant resulting from the 

complete metamorphosis of the ductus arteriosus but may retain some of its 

contractile muscular elements. 

2. In post-uterine life, this foetal shunt still receives innervation. 

3. This innervation controls contractility of the muscular elements. 

The results from my study indicate that the LA, described as the fibrotic remnant of the 

foetal ductus arteriosus, still retains most of its characteristic as a muscular artery and has 

extensive amount of smooth muscle cells in its tunica media even until senescence. The 

muscle cells are contractile, mainly innervated by the adrenergic component of the 

autonomic nervous system and to a lesser extent by afferent fibers long after childbirth. 

The innervated myocytes found within the LA contracted in response to electrical 

field stimulation and exogenous NA. NA-inducted precontracted LA relaxed in response 

to the administration of the α-adrenergic blockers tamsulosin and prazosin.  

4.2  General morphology and connective tissue component of the LA 

The LA has generally been described as a fibrosed remnant of the ductus arteriosus 

(Chiruvolu and Jaleel 2009), though no known textbook, descriptive anatomy or 

publication brings to bear the gap in knowledge regarding a standard description in terms 

of the ultrastructural arrangement or layers of cells found in this structure or its reactivity 

to immunostaining. Contrary to reports of the LA being a small fibrous remnant of the fetal 

ductus arteriosus (Chiruvolu and Jaleel 2009), but in line with the hypothesis, the results 
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from the study show that the structure is mainly muscular. This agrees with the findings by 

Garcia (1975), who after studying the LA in eight healthy human adults using 

stereomicroscope dissected Zemper treated (50%), Celloidin embedded (25%), and 

paraffin embedded (25%) hearts, stained with Axan and ”resorcin-fuchsin”, described the 

structure as a small smooth muscle. Dohr et al. (1986) also studied the morphology of the 

LA using routine and special histological stainings in 15 bodies of both sexes aged between 

60 – 80 years. The report from the study divided the LA into an outer and inner zone only. 

To the contrary, my study of human LA subjected to routine and special histological 

staining’s to assess the general morphology of the structure revealed that the LA could be 

distinctively divided into three regions. This corresponded with publications and report 

with regard to the general histological anatomy of arteries (Pearce and Thomsen 2000). 

From outward within, a tunica adventitia, consisting of intertwining collagen fibers, nerve 

bundles, blood vessels, and elastin fibers embedded in numerous adipocytes were observed. 

The second region, tunica media, sharply contrasted from the first, was mainly made up of 

VSMC, collagen and elastin fibers. The presence of an extensive amount of vascular 

smooth muscle arranged in circular and longitudinal orientations within the tunica media 

authenticated the fact that, majority of the myocytes which make up this layer does not 

migrate to the intima during closure of the ductus arteriosus. This was contrary to the report 

by De Reeder et al. (1989) and Yoder et al. (1980) who reported the complete obliteration 

of the luminal part of the ductus arteriosus by migrated smooth muscle cells from the tunica 

media into the tunica intima after birth. Additionally, not only do the results from my study 

contradict their report on smooth muscle migration, but also on the complete obliteration 

of the ductus arteriosus. The lumen of the “ligament” was not always completely 

obliterated. Partial obliteration showing luminal remnants at the aortic end of the LA was 

observed, though it does not serve as a passage way for blood, because it does not open 

into the pulmonary trunk. Regardless of whether completely obliterated or otherwise, the 

core of the LA was sometimes made up of myocytes, although scanty, and cell debris. In 

some population, the core was fibrosed, whereas in others, it was calcified or both. A study 

by Bisceglia and Donaldson (1991) using 53 children aged between 5 months to 14 years, 

7 (13%) made up of 4 boys and 3 girls, reported calcification of the entire LA during a 

routine CT examination. Wimpfheimer et al. (1996) also studied the same phenomena in 

402 adults comprising of 214 women (53%) and 188 men (47%) aged between 18-97 years 

and reported calcification of LA as a common finding, and its frequency increased with 

age. Results from my study showed calcification and fibrosis at the core of human LA 



86 
 

obtained from 3 cadaveric females aged between 90 to 97 years old. This agrees with the 

findings by Wimpfheimer et al. (1996).  

Knowledge of juvenile calcification/fibrosis in the LA is essential to avoid wrongful 

diagnosis of patients or children with mediastinal pathology. Further analysis of whether 

bodies used had other underlining cardiovascular disease such as atherosclerosis leading to 

calcification in the LA was not the focus of the present study, therefore, this was not 

addressed by further investigation.  

This general morphology of the LA held true for all species used in the study. No difference 

was seen in morphology in term of gender or age. In the human samples for example, the 

tunica media in the oldest bodies aged 97 years still had the presence of VSMC and this 

confirms that the VSMC found in the LA is present until senescence. In line with the 

hypothesis, this confirms that there is the retainment of some of the muscular elements in 

the ductus arteriosus after it becomes the LA.  

The ability to expand within an acceptable range and recoil are important mechanical 

properties of vessels in the performance of their basic role within the body (Fratzl 2008). 

Based on the premise of it being a structure that serves as a passage way for blood in vivo, 

the mechanical function of the LA was studied by authors such as Durst-Zivkovic 1972, 

Garcia 1975, Hayek 1935 and they all reported its ability to exhibit the mechanical 

properties of vessels reported by Fratzl in 2008. In 1986, Dohr et al. also studied the 

mechanical properties of LA by subjecting cadaveric human samples to a tensile test. He 

described the LA as a structure with viscoelastic properties. Dobrin in 1978 also alluded 

on the vital role played by the amount and orientation of collagen and elastin fibers on the 

passive mechanical properties of arteries. These two fiber systems, collagen and elastin, 

have direct effect on vessel stiffness and distension or elasticity respectively (Kielty et al. 

2002, 2005, 2007). Using TEM, Elastica van Gieson and Masson Goldner special 

histological stainings, I studied the localization of these two proteins. The study reported 

the presence of collagen and elastin fibers in varied amounts and running in different 

orientations, which were in agreement with report from Dobrin (1978).  

To a large extent, the biological physiology of collagen within vessels lies in its ability to 

have a viscoelastic response by providing a certain degree of stiffness and resistance while 

allowing for some degree of elasticity to withstand tensile forces (Fratzl 2008). Secreted 

by fibroblasts as procollagen, collagen is the most common fibrous protein in the ECM. 



87 
 

Fibrils usually come together to form the collagen fibers. There are numerous collagen 

types found within the human body, however within muscular and small arteries mainly 

types I and III and to a lesser extent IV, V and VIII are usually found with unique 

differences in their distribution and orientation (Barnes and Farndale 1999, Holzapfel 

2008). Ultrastructural results from our study indicated that the collagen found within the 

LA was mainly the type I. This finding though new, agrees with previous literature 

reporting the presence of type I collagen in vasculature in other body regions (Keene et al. 

1987, Miller et al. 1991). The structural arrangement of collagen fibrils in longitudinal and 

circumferential orientation within arteries gives collagen the ability to respond to stress or 

strain both in the circumferential and axial directions and accounts for its resilient nature 

(Piez and Miller 1974). This is crucial for the provision of tensile strength and ultimate 

determination of its mechanical properties. For the first time, results from the TEM 

revealed cross-sectional profiles of longitudinal collagen bundles scattered within the LA. 

Another population of circumferential collagen bundles was also visible in the vicinity of 

the longitudinal sectional profiles. Though physiologically they are a significant part of 

basic vessel structure, their role in pathological conditions such as hypertension, 

atherosclerosis etc. or remodelling of vessel wall cannot be overemphasized (Wang and 

Chesler 2012). Collagen I has also been implicated in luminal thickening and plaque 

formation (Koyama and Reidy 1998). 

Elastin, another key protein of the ECM, often works in conjunction with collagen. The co-

existence of collagen and elastin fibers gives rise to the nonlinear mechanical properties 

that are central to their mechanical function typically in vessels (Pearce and Thomsen 

2000). Results from the TEM of LA showed elastin fibers often in close proximity to 

collagen fibrils or in the vicinity of collagen fibrils and this agrees with report from Pearce 

and Thomsen (2000). Elastin’s elastic property allows for a considerable amount of 

tolerance for stress and strain.  

Generally, elastin fibers are found in all three layers of blood vessel, though with distinct 

roles and in varying amounts. For example, the elastin found separating the endothelium 

and the tunica media, referred to as the internal elastic lamina (IEL), plays a role in 

elasticity and recoil to the vessel wall. It also functions as a barrier to prevent the entry of 

macromolecules and cells into the intima as this has been implicated in intimal thickening 

(Gonzalez et al. 2005, Sims et al. 1993). The results from my study reported an intact IEL 

in the pulmonary trunk.  
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This was contrary to what was observed in the LA. The IEL in the LA, though present was 

fragmented. In the pulmonary trunk, the tunica intima was easily distinguished from the 

tunica media due to the presence of the IEL and endothelial cells, whereas in the LA, the 

two layers were distinguished based on the cell types observed.  

Generally, in the tunica media, elastin is concentrically arranged as lamellar or layered unit 

alternating with successive layers of VSMC (Glasgov and Wolinsky 1964, Pease and Paule 

1960). This is significant in adaption of wall tension and the number of the lamellae is 

dependent on lumen size and type of vessel. Comparatively, there is usually less elastic 

lamellae in the tunica media of muscular arteries than in elastic arteries (Glasgov and 

Wolinsky 1964). In the pulmonary trunk results from my study agreed with the report by 

Glasgov and Wolinsky (1964) and Pease and Paule (1960). On the contrary, the lamellae 

found within the tunica media of the LA had the same fragmented appearance as had been 

observed for the IEL. Additionally, they were usually found anchored to the plasma 

membrane of VSMC. Briones et al. (2003) and Wong and Langille 1996) both reported 

that elastin is autofluorescent in the range of 488 nm and it can be detected in arteries of 

rats and rabbits after other fluorescent components have been eliminated. The present study 

agrees with the above assertion as blue autofluorescence was observed in frozen mouse 

sections of paraformaldehyde-fixed LA samples when it was excited at 360-370 nm 

wavelength. The autofluorescence revealed fragmentation of both the IEL and elastin 

lamellae. Fragmentation could be due to ageing or pathologies like atherosclerosis. The 

results from this study did not provide information on the effect of IEL or lamellae 

fragmentation observed in the LA. Further studies into the implication of the fragmentation 

could be explored. Comparatively, this is contrary to the intact IEL and elastic lamellae 

found in the pulmonary artery.  

The tunica adventitia provides a limiting barrier, protecting the vessel from overexpansion 

as well as providing an area of transition between vessels and surrounding tissue (Pearce 

and Thomsen 2000). Additionally, scientific reports have associated the regulation of 

vessel morphology and physiology through autocrine and paracrine signaling mechanisms 

with the adventitia (Di Wang et al. 2010). 

In the tunica adventitia, a collection of lose collagen–rich connective tissue, fibroblasts, 

nerves and elastin fibers are usually present (Pearce and Thomsen 2000). This anchors the 

vessel to nearby organs providing stability. The result from the study agrees with this report 
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as the presence of elastin, nerves and fibroblasts embedded in adipocytes were observed in 

the adventitia of the LA. This gives further data to the conclusive evidence by our study 

that the LA indeed retains some embryonic originality of the ductus arteriosus. 

Located along the aortic arch is also the presence of peripheral chemoreceptors referred to 

as aortic bodies. Most are located above the aortic arch (Ahluwalia et al. 2013), whereas a 

much lesser population are located on the posterior side of the aortic arch between it and 

the pulmonary artery below (Kazemi et al. 2002). Aortic bodies measure changes in 

oxygen, carbon dioxide, and pH (Balcombe et al. 2007, Prabhakar et al. 2016). For the first 

time, in 4 out of 10 human samples from my study, aortic bodies were observed in the 

tunica adventitia layer of the LA. It is recommended that the implications for this finding 

may be explored in future experiments. 

The mechanical properties of the LA are also determined by both cellular elements and 

ECM. Structurally, the ECM provides support to cells and the complexity and variance in 

composition is generally dependent on the cell type or state (Brown and Badylak 2014). 

There are numerous cells responsible for the production of ECM and the maintenance of 

its composition and structure. However, our project focused on fibroblasts and 

myofibroblasts cells. Fibroblast, myofibroblasts and telocytes were reported by the results 

of the study. No known publication has reported this in the LA. Fibroblasts are one of the 

most abundant ECM maintaining cells (Kishimoto et al. 2016). Though present in multiple 

systems with varying roles, the morphology is unvaried except under stress, injury or 

pathology which triggers an adaptation response through dispatch of specific signals, 

excessive production of fibers (collagen) and cell modification or dysregulation (Stenmark 

et al. 2006). One of the well-described fibroblasts modifications is its transformation into 

myofibroblasts, which has a trait of both fibroblast and smooth muscle cell (Schmidt et al. 

2003). In certain cases, myofibroblasts may be present in healthy tissues (Darby and 

Hewitson 2007). 

Our study revealed fibroblasts as well as myofibroblasts mainly within the tunica 

adventitia, though they were not as numerous as the myocytes found within the tunica 

media. It is difficult to conclude that the presence of myofibroblasts in the LA is indicative 

of mechanical stress, since myofibroblasts may be present in healthy tissues (Darby and 

Hewitson 2007).  
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Fibroblasts were always surrounded by bundles of collagen running in varied directions. 

From literature, it could be postulated that the collagen produced by fibroblasts plays a role 

in reasonable stiffness of the LA (Yeung et al. 2005). 

In the 1900s, peculiar cells within the intestitium considered relevant to heart beat 

regulation and implicated in gut motility and neurotransmission were discovered by the 

Spanish neuroscientist and pathologist Santiago Ramón y Cajal (Cajal 1911). These cells 

were named the interstitial cells of Cajal (ICC) or interstitial neurons and were generally 

found sandwiched between gut smooth muscle cells and their nerve endings. Further on, 

peculiar cells with similar features to ICC were identified within and outside the 

gastrointestinal musculature and were named interstitial Cajal-like cells (ICLC) (Faussone-

Pellegrini 1977, Thuneberg et al. 1982). Numerous researches in this area revealed a 

distinction in features between ICC and ICLC and in 2010, Popescu renamed ICLC as 

telocytes based on their extremely long prolongations (Popescu and Faussone-Pellegrini 

2010). Generally, telocytes are ultrastructurally characterized by a small cell body and very 

long processes that are called telopodes with alternating regions of thin segments 

(podomers) and thick bead-like portions (podoms, Faussone-Pellegrini and Popescu 2011, 

Popescu and Faussone-Pellegrini 2010). These cells can range from several tens to 

hundreds of micrometres in length and form junctions with a number of cells (Popescu and 

Faussone-Pellegrini 2010, Popescu and Nicolescu 2013, Xiao et al. 2013). Since their 

discovery, numerous roles such as ensuring that connective tissues within organs are 

properly organized through mechanical support, enhancement of cell to cell 

communication between smooth muscle cells, microvessels, immune cells and nerve 

bundles, through either direct cell to cell contacts or paracrine signaling pathway, have 

been attributed to them (Faussone-Pellegrini and Popescu 2011, Pieri 2008, Kondo and 

Kaestner 2019). 

Numerous studies have revealed the presence of telocytes with similar ultrastructural and 

phenotypic characteristics in many organs (Chen et al. 2013, Yang et al. 2014, Zheng et al. 

2011) and this led to the assumption that telocytes may exist in all organs. However, to the 

best of our knowledge, the existence of telocytes in the LA has not yet been reported and 

this study provides the first demonstration that telocytes exist in mouse and pig LA. The 

present ultrastructural study revealed the existence of telocytes and their long thin 

telopodes with alternating regions of podomers and podoms in mouse and pig LA. 
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 Spindle and irregularly shaped cell bodies were observed with small amounts of cytoplasm 

around them. Our data confirmed the existence of telocytes in the LA of mice and pigs and 

agreed with the diagnostic criteria for telocytes suggested by Popescu and Faussone-

Pellegrini (2010). The present study observed telocytes in close proximity to elastin and 

collagen fibers and may be postulated to be involved in the remodeling, regeneration and 

repair of the interstitial tissue of the LA. These findings are in line with previous studies 

that reported the presence of telocytes in close proximity to collagen and elastic fibers and 

its involvment in remodeling, regeneration and repair (Ceafalan et al. 2012, Rusu et al. 

2012). Additionally, results from the study revealed telocytes in close proximity to nerve 

terminal bundles and micro-vessels. Its role in smooth muscle contraction or modulation 

of neurotransmission within the LA may only be postulated based on data published by 

Cretoiu et al 2015), proving the presence of T-type calcium channels in telocytes which 

was implicated in myometrium contractions regulation. Though the current data may offer 

new insights for understanding the function of the LA, further research into the role of the 

telocytes within the LA is recommended. 

4.3  Myocyte of the LA 

VSMC makes up the majority of cells making up the tunica media layer of blood vessels. 

This layer makes up the bulk of vessel wall in arteries and is usually made up of mono-

nucleated spindle shaped cells. Its role in determining vessel wall thickness, regulating 

vessel diameter, differentiating arteries from veins and maintenance of vessel tone cannot 

be overemphasized (Tucker et al. 2021). Alpha smooth muscle actin is expressed in VSMC 

(Abberton et al. 1999). Immunofluorescence staining using antibodies against αSMA 

showed reactivity throughout the whole LA. No known publication has reported 

immunostaining of LA with antibodies against αSMA. The reactivity was intense and 

supported my results from earlier H&E, Masson Goldner and Elastica Van Gieson 

stainings.  

Ultrastructural studies of the ductus arteriosus by Kim et al. (1993) in foetal and neonatal 

rabbits reported the presence of smooth muscle in the ductus arteriosus. In comparism with 

the myocytes found in the aorta, they appeared more differentiated the study concluded. 

For the first time in the LA, results from TEM of wild-type mice and pigs confirmed and 

supported the presence of myocyte in the LA. About 80% of the myocytes found within 

the tunica media of the LA in both mice and pigs had the typical morphology of contractile 
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smooth muscle cells. A lesser population were more of synthetic smooth muscle cell-type 

than contractile in nature, which agrees with the report by Kim et al. (1993). There was the 

presence of a single nucleus with a prominent nucleolus. I also observed caveoli, the 

membrane indentations which supply calcium ions by sequestration from the extra-cellular 

fluid. The caveoli in pigs were more pronounced than that in mice. Again, the presence of 

myofilaments, with role integral for muscle contraction was found within the cytoplasm. 

Furthermore, cellular organelles such as mitochondria and rough endoplasmic reticulum 

were observed. Myocytes observed had the presence of dense bodies within the cytoplasm 

and dense bands, providing anchorage to contractile proteins, present at the cell margins of 

the plasma membrane. There was the formation of coupling cell junctions between adjacent 

myocytes and their closely aligned dense bands. Statistically, the difference in length and 

width of dense bands within the pulmonary trunk in comparism to the ones within the LA 

was significant. There were areas with extracellular elastin abutting the dense bands and 

these regions usually appeared more pronounce. The relevance of dense bands in enhancing 

the mechanical properties of VSMC through force transference from the contractile 

apparatus to the stroma of tissue has been extensively studied (Gabella 1983, Pease and 

Mol-Inari 1960). The contractile role of vascular smooth muscle has also been extensively 

studied. A study by Bond and Somlyo 1982 described the contractile unit in VSMC to 

consist of dense bodies, the thick and thin myofilaments. These features constituting the 

contractile unit were all present in the smooth muscle cell observed in this study. 

Furthermore, the presence of dense bands which are believed to enhance mechanical and 

contractile ability of VSMC was also observed in this study. As described by Galen in his 

De usu partium, the two elastic vessels (aorta and pulmonary trunk) are held together by 

the LA. It is fact that the LA no longer serves in its original capacity as a foetal shunt 

connecting the two great vessels. Results from this study reports the presence of contractile 

smooth muscle long after its obliteration and it may be postulated that the contractile 

abilities of the LA may act on the two great vessels to which it is attached thereby causing 

a change in their distensibility. It remains to be determined in future studies whether LA 

might influence impedance/compliance of the vascular segments to which it is attached, 

which are the best prognostic parameters for patient survival in pulmonary hypertension 

(Hunter et al. 2008).  
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4.4  General innervation and neurochemistry of LA 

4.4.1  The LA is innervated 

Innervation of the fetal ductus arteriosus has been described early. On a macroscopic level, 

such fibers reach the ductus via the vagus nerve and branches originating from the thoracic 

sympathetic chain (Boyd 1941). Either of these pathways may carry sensory (vagal or 

spinal) or autonomic efferent (parasympathetic or sympathetic) fibers. Although contractile 

properties and their potential control by sympathetic fibers have been mentioned (Aronson 

et al. 1970), presumed sensory functions have received more attention. Their role has been 

speculated as being concerned in reflexes which aid in fetal blood pressure control, in 

particular serving a depressor function (Boyd 1941, Gavrilov 1958). In line with this 

assumption, the nerve fibers still found in that region in the early postnatal period were 

considered as continuing this depressor function until the baroreceptors of the aortic arch 

have taken over (Gavrilov 1958).  

The present study, however, demonstrates an extensive innervation of the LA in adult 

animals (mice and pigs) and in senescent humans, which cannot be explained alone by 

maintaining a sensory function in early postnatal life. This finding was validated by three 

independent methods, i.e. immunolabeling with an antibody directed against a general 

neuronal marker protein (PGP9.5), fluorescence microscopical evaluation of a reporter 

mouse strain genetically modified to express a fluorescent protein in all autonomic and 

some additional sensory neurons (Chnra3-GFP), and, finally, TEM. All these techniques 

validated that the LA itself receives nerve terminals rather than just representing a guide 

rail for nerve fibers passing by to reach the heart. Such preterminal fibers are grouped in 

bundles and separated from the surrounding tissue by, at minimum, a perineurial sheath. 

Clearly, such nerve fiber bundles were also seen in the outer adventitia of the LA and in 

the nearby surrounding, but they will not be considered further here.  

Axons controlling vascular smooth muscle are incompletely covered by Schwann cell 

cytoplasm and exhibit local enlargements (“varicosities”) packed with synaptic vesicles 

(Luff 1996).  

Nerve fibers found at the medio-adventitial border of the LA fully shared these 

characteristics at the ultrastructural level, and a beaded, varicose appearance of fibers was 

also clearly visible in fluorescence microscopy both in the reported mouse strain and in 
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PGP-immunolabeling. TEM revealed that about 30% of all terminals were less than 1 µm 

away from smooth muscle cells in the LA, which clearly differs from elastic arteries, where 

the distance between autonomic terminals and smooth muscle cells is rarely less than 1 µm 

(Cowen 1984, Luff and McLachlan 1988). In small arteries, vesiculated axonal swelling 

can establish distinct neuromuscular junctions with smooth muscle cells. Defining criteria 

of such neuromuscular junctions are: 1. The two membranes (axonal and muscular) are 

separated by only 50-100 nm. 2. The basal laminae of the axon and the smooth muscle cell 

are fused and form a single lamina between the axon and the muscle cell. 3. Synaptic 

vesicles are aggregated towards the prejunctional membrane (Luff 1996). Not all axons 

establish such neuromuscular junctions, and varicose swellings at some distance also 

release transmitters which reach the target cells by diffusion. The proportion of varicosities 

that form junctions has been investigated by ultrastructural serial sectioning in a number of 

different blood vessels, and, as a rule of thumb, a high proportion (>70%) of neuromuscular 

junctions is seen in small arterioles, whereas only <50% of varicosities of that type were 

found in the middle-sized rat tail artery (Luff et al. 1987, Luff et al. 1991, Luff et al. 1995, 

Luff and MacLachlan 1988). Albeit nearly 20% (15/81) of axon terminals were found 

closer than 0.5 µm away from myocytes in the murine LA in the present study, they did 

not show this direct type of contact with fused basal laminae. Thus, neuromuscular units in 

the LA do neither fully match those of small arterioles, nor those of elastic arteries, but a 

rather similar to muscular arteries. The results of these experiments suggested that the LA 

is clearly not a passive structure. It is an active structure with the dense innervation. 

4.4.2   Neurochemistry of LA innervation  

To get some clues as to the potential function of LA innervation, its equipment with 

transmitter synthesizing enzymes and neuropeptides was investigated by various means. 

Small-sized, fast acting and short-lived transmitters, such as NA, ACh and NO, cannot be 

detected directly by antibodies in tissue sections. Instead, nerve fibers utilizing such 

transmitters are identified by labelling of their synthesizing enzymes. 

 In this study, three strategies were used to demonstrate the respective enzymes: 1) 

Immunohistochemistry served to localize the NA and NO synthesizing enzymes TH and 

NOS, respectively. 2) Enzyme histochemistry (NADPH-diaphorase reaction) was used as 

an additional tool to demonstrate NOS activity. 3) A reporter mouse strain expressing GFP 

under the control of the ChAT promotor (ACh synthesizing enzyme) was used to visualize 
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cholinergic fibers. These techniques revealed a dense innervation by TH-immunoreactive 

axons which are considered as sympathetic noradrenergic fibers. In contrast, neither 

cholinergic nor nitrergic nerve fibers were observed in the LA. Although some 

postganglionic sympathetic neurons do utilize ACh and/or NO rather than NA as 

transmitter, such non-noradrenergic sympathetic neurons supply other targets e.g. sweat 

glands, airways, periosteum (Bataille et al. 2012, Francis et al. 1997, Kummer et al. 1992) 

than blood vessels. Parasympathetic perivascular neurons are cholinergic and/or nitrergic 

(Dey et al. 1993, Hoyle et al. 1996, Kummer et al. 1992, Van Geldre and Lefebvre 2004), 

and if neither of these enzymes can be observed, it may be assumed that parasympathetic 

fibers are not present. Thus, it is reasonable to assume that the LA receives a well-

developed sympathetic, but no parasympathetic innervation. In this aspect, it is principally 

comparable to the thoracic aorta (Morris and Gibbins 1990), although the innervation 

density of the LA was much higher than in the adjacent aortic arch. With respect to a 

parasympathetic innervation of the adjacent bifurcation region of the pulmonary trunk and 

the proximal pulmonary arteries, marked species differences have been reported (Kummer 

2011). For the first time, the present study revealed much higher general sympathetic 

innervation density of the LA at this location but not cholinergic and/or nitrergic fibers. 

Sympathetic perivascular axons often utilize the neuropeptide NPY as a co-transmitter 

(Morris and Murphy 1988). Usually, neuropeptides are packed within and released from 

large dense core vesicles that are structurally and functionally different from the small 

vesicles containing catecholamines (Marx et al. 1999, Paquet et al. 1996). TEM showed 

large dense core vesicles together with small synaptic vesicles in axon terminals in the LA. 

NPY is a vasoconstrictor co-released with NA from sympathetic nerve endings (Fabi et al 

1998, Lacroix et al. 1997, Morris and Murphy 1988). Studies on the independent effect of 

NPY on VSMC reported enhancement of smooth muscle proliferation and mild 

vasoconstriction (Crnkovic et al. 2014, Edvinsson 1987, Kuo et al 2007).  

Other studies reported the potentiation of the constrictive effect of NA when co-localized 

with NPY in arteries (Edvinsson 1987, Ekblad et al. 1984). For the first time, data from 

double-immunolabeling with primary antibodies directed against TH and NPY of human, 

pig and mouse LA from our study revealed independent TH- and NPY-immunoreactivities 

at the periphery and musculature within nerve fibers present. Mostly, however, there was 

co-localization of TH- and NPY-immunoreactivities within nerve fibers. This finding 

agrees with reports from Fabi et al. (1998) and Lacroix et al. (1997) who studied the co-
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localization and (or) co-release of NPY and NA in rats, humans and pigs. It can be 

extrapolated that the LA is innervated by the adrenergic division of the autonomic nervous 

system and may contract when its α1 adrenoceptors are targeted by pharmacological 

application. 

Further neuropeptides investigated in this study included SP, CGRP and VIP. In general, 

none of them is specifically expressed in one distinct functional subset of neurons. In 

vascular innervation, VIP can occur as co-transmitters of cholinergic and/or nitrergic 

vasodilator axons (Dey et al. 1993, Hoyle et al. 1996, Kummer et al. 1992, Van Geldre and 

Lefebvre 2004) which are usually of parasympathetic origin. Such innervation is 

particularly found around cranial and pelvic vessels (Morris 1990). Consistent with the lack 

of cholinergic and nitrergic fibers in the LA, there was no immunoreactivity when the LA 

in all the species understudied were incubated with primary antibodies directed against VIP 

or nNOS.  

Generally, CGRP, a neuropeptide with active roles in nociception, also possesses 

vasoactive properties, and often co-exists with the tachykinin SP in a subclass of sensory 

neurons that targets blood vessels (Kusakabe et al. 1995, Lundberg et al. 1985). Such fibers 

have the peculiar property that, upon stimulation, they not only convey this information to 

the CNS, but they also release these neuropeptides into their surrounding (local effector 

function of sensory neurons: Holzer and Maggi 1998). In arterial vasculature, CGRP 

released from nociceptive C-fibers, decrease blood pressure through VSMC relaxation 

leading to vasodilatation (McEwan et al. 1988, Schlereth et al. 2016). SP has been reported 

to increase vascular permeability ultimately leading to extravasation (Leis et al. 2003). For 

the first time, my study reported immunoreactivities when the LA of human, pig and mouse 

were incubated with primary antibodies directed against SP and CGRP. Some fibers were 

solely SP- or CGRP-positive. Comparatively, SP-immunoreactive fibers were lesser than 

CGRP fibers. Additionally, there was co-localization of SP- and CGRP-immunoreactivities 

within fibers. Results from TEM also were also consistent with the presence of sensory 

terminals containing neuropeptides within the LA illustrated by observation of large dense 

core vesicles in the nerve terminals. Vesiculated nerve terminals were either made up of 

only dense core vesicles or a mixture of both dense and clear core vesicles. As described 

in detail above, occurrence of both types of vesicles is a characteristic feature of autonomic 

efferent terminals.  
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On the other hand, peptidergic sensory terminals contain nearly exclusively large dense 

core vesicles, with SP and CGRP co-stored within the same vesicle (Kummer et al. 1989). 

Hence, axon profiles with mainly large dense core vesicles may represent the SP/CGRP-

positive fibers identified by immunolabeling. Collectively, our data indicates that the 

perivascular fibers found in the LA are not only adrenergic but some are peptidergic 

sensory fibers which may have a dual role as local regulators of muscle tone and carriers 

of sensory information. 

Conceivably, these results imply that the LA is innervated and this is not only by the 

adrenergic division of the autonomic nervous system but receives further innervation from 

some sensory fibers with peptides operating as NANC neurotransmitters. The dense 

sympathetic and presumably sensory innervation could influence impedance/compliance 

of the vascular segments to which it is attached. Notably, this has been reported to be the 

best prognostic parameter for patient survival in pulmonary hypertension (Hunter et al. 

2008). 

4.5. LA response to electrical field stimulation and adrenergic drugs 

4.5.1 Force generated on LA by EFS  

Electrical field stimulations are applied to stimulate nerve terminals to evoke local release 

of transmitters (Angus et al. 1988). Stimulation may also induce a nerve-independent 

vasoconstriction through direct activation of smooth muscle (Jongejan et al. 1989). To 

avoid this, it is essential to use a short pulse width (0.7–5 ms), which has been reported to 

selectively stimulate nerves but not smooth muscle (Tomita 1970). Smooth muscle requires 

a much longer pulse width (60–133 ms) for direct excitation (Tomita 1970). For the first 

time, and also in agreement with our hypothesis 3, our study reported reproducible EFS-

induced contractions and spontaneous relaxation afterwards of the pig LA. The LA was 

stimulated with a pulse width of 2 ms, which makes nerves the focus of our stimulation. 

This is in agreement with Tomita’s report during his investigation into electrical responses 

in guinea-pig taenia coli (Tomita 1970). In both treatment and control samples, EFS-

induced contractions were frequency-dependent. A greater tension was produced at 32 Hz 

and the difference between the maximal forces generated was statistically significant in 

comparison with the maximal force generated at 8 Hz.  
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The results of these experiments suggested that the direct stimulation of LA by EFS induces 

isometric tension resulting from the stimulation of the nerves to release their vesicular 

products and this ultimately results in contraction of the muscular elements within the LA 

of pigs even in the absence of pharmacological agent administration. It also confirms that 

the muscular elements found within the LA are controlled by this innervation, which is in 

agreement with hypothesis 3. Preliminary data revealed a decrease in subsequent isometric 

tension generated by EFS on the LA upon the administration of α1 adrenoceptor antagonist. 

Further investigation into this, as well as the effect of the neurotoxin tetrodotoxin (TTX) 

on isometric force generated by EFS on the LA and their implications in LA functionality 

is highly recommended. 

4.5.2 Force generated on LA by noradrenergic agonist and antagonist  

In vasculature, force-producing smooth muscle cells sensitive to pharmacological agents 

lie within the media and the response of the vessels to drug actions depends on various 

factors such as muscle layer thickness, densities of different receptors and activities of 

second messenger systems. Furthermore, isometric tensions developed within VSMC are 

organ and region specific (Mulvany 1984, Murphy et al. 1974). VSMC are mainly 

innervated by noradrenergic fibers. TH-immunoreactivity was identified in the nerve 

terminals of humans, pig and mice LA by immunofluorescence labeling, indicating an 

involvement of the noradrenergic division of the autonomic nervous system in LA 

innervation. Based on this analogy, the question is whether or not the LA will contract 

when its α1 adrenoceptors are targeted by pharmacological application. For the first time, 

and also in agreement with hypothesis 3, our study reported dose dependent contraction of 

pig LA upon subjection to cumulative doses of exogenous noradrenalin.  

This agrees with a report by Hennenberg et al. (2017), who reported the vital role played 

by α1-adrenoceptors in vasoconstriction. Vasodilatory effects were observed upon the 

administration of cumulative doses of α1 antagonists prazosin and tamsulosin on NA-

induced precontracted LA. Precontracted LA was relaxed to baseline. Selective alpha 

antagonists have been reported to block type 1 alpha-adrenergic receptors and thus inhibit 

smooth muscle contraction. Prazosin and tamsulosin are classical examples of such 

selective alpha antagonists (Ko et al. 1994). 

Generally, pulmonary hypertension may have various pathophysiologies. Its etiology may 

originate from a dysfunction within the heart, lungs, high blood pressure or loss in 
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compliance (windkessel effect) within the elastic vessels associated with pulmonary 

circulation (Hoeper et al. 2017). Impedance/compliance of the pulmonary trunk and 

arteries has been reported to be the best prognostic parameter for patient survival in 

pulmonary hypertension (Hunter et al. 2008). Parameters that determine this compliance 

are muscle contraction and the mechanical properties of the vessel wall. Both are under the 

control of the sympathetic nervous system. The present findings point to a further 

mechanism that might control distensibility of the pulmonary bifurcation region, i.e. 

tension produced by the contracting LA. Notably, the present findings demonstrate that this 

is also under sympathetic control. Further, Mckenzie and Klein reported a substantial 

influence of the sympathetic nervous system on collagen increase within the pulmonary 

trunk and arteries in chronic hypoxia (Mckenzie and Klein 1984). Collagen accumulation 

and (or) increase has been implicated in pulmonary trunk remodeling and pulmonary artery 

stiffening, which are classical features of pulmonary hypertension (Wang et al. 2013). 

Remodelling of the LA itself might also have impact on the pulmonary trunk to which it is 

attached, thereby also having an impact on impedance. It remains to be determined whether 

such trophic effects are also operative in the LA. A “first-in-man” clinical study 

demonstrated that acute denervation at the level of pulmonary trunk bifurcation, not more 

distally, significantly improved clinical parameters of patients, whose pulmonary 

hypertension may not be sufficiently controlled with pharmacotherapy (Chen et al. 2013), 

highlighting the clinical relevance of the innervation of this region. My present experiments 

showed that α1-adrenoreceptors are involved in the sympathetic regulation of tension in 

the pig LA. This was evident by the selective blockade by antagonistic agents such as 

prazosin and tamsulosin. Based on this premise, it may be hypothecated that this could 

provide a relevant approach to potential future treatments of pulmonary hypertension.  

4.6  Conclusion  

Taken together, the results of the present study demonstrate that LA is not a mere band 

of fibrosed tissue but an innervated, contractile muscular structure. It may be speculated 

that the contractile abilities of LA myocytes may act on the two great vessels to which 

it is attached causing a change in their distensibility and the dense innervation could 

influence impedance/compliance (reported to be the best prognostic parameter for patient 

survival in pulmonary hypertension, Hunter et al. 2008) of the vascular segments to which 

it is attached. However, the intricate functional consequence of the presence of 

contractile smooth muscle and substantive innervation remains to be demonstrated.  
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5 Summary  

Ductus arteriosus is a muscular artery in foetal circulation, which spans from the 

bifurcation of the pulmonary trunk to the aortic arch, shunting blood from pulmonary 

circulation directly into systemic circulation thus by-passing the fluid-filled lungs. 

Postnatally, it becomes the ligamentum arteriosum (LA) upon physiological closure within 

hours which precedes later anatomical closure. Though the LA has generally been 

considered as a fibrosed remnant, rupture of the aortic arch in certain blunt trauma 

conditions indicates that it still has mechanical impact on both the pulmonary bifurcation 

and the aortic arch. Significant evidence reports autonomic nerve fibers and baroceptive 

apparatus within the ductus arteriosus in-utero, whereas for the LA, reports are anecdotal 

and contradictory. We hypothesized the likelihood of the retainment of contractile 

muscular elements functioning under nervous control in this so-called ligament. To 

investigate this, mediastinum of wild-type mouse, two transgenic reporter mice strains, pig 

and human LA were subjected to routine and special histological staining, single- and 

double-immunolabeling, enzyme histochemistry (mouse), electron microscopy (mouse and 

pig only), and tension recording of explanted pig LA in organ bath. Contrary to a canonical 

ligament, the LA was mainly made up by α-smooth muscle actin-positive cells in all three 

species, this was confirmed by electron microscopy. The presence of collagen, elastin and 

telocytes were also observed. In reporter mice, a noticeable amount of chrna3-eGFP-

positive fibers concentrated at its points of attachment to the great vessels were observed. 

Cholinergic innervation was absent. In all experimental species, PGP 9.5- (neuronal 

marker), TH-, NPY-, SP-, and CGRP-positive fibers were observed in close proximity to 

smooth muscle cells, however there were no vasoactive intestinal peptide- and neuronal 

NO synthase (nNOS)-positive fibers. Absence of nNOS-immunoreactivity was confirmed 

by NADPH-diaphorase reaction. Myocytes found within the LA contracted in response to 

electrical field stimulation and exogenous noradrenalin (NA). NA-induced precontracted 

LA relaxed upon administration of α1-adrenergic blockers. Though the LA does not 

function in its original capacity as a fetal shunt, it is clearly not a passive structure. It may 

be described as a densely innervated contractile smooth muscle structure. The contractile 

abilities of LA myocytes may act on the two great vessels to which it is attached causing a 

change in their distensibility. Also, the dense innervation could influence 

impedance/compliance of the pulmonary trunk, which has been reported to be the best 

prognostic parameter for patient survival in pulmonary hypertension. 
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6 Zusamenfassung 

Der Ductus arteriosus leitet im fetalen Kreislauf das Blut vom Truncus pulmonalis an der 

Lunge vorbei zum Aortenbogen direkt in die systemische Zirkulation. Postnatal schließt er 

sich zunächst funktionell innerhalb von Stunden, später auch strukturell, und wird so zum 

Ligamentum arteriosum (LA). Obwohl das LA generell als fibröse Reststruktur gesehen 

wird, zeigen Risse des Aortenbogens bei bestimmten Traumata, dass es weiterhin 

mechanische Auswirkungen auf Pulmonalarterie und Aortenbogen hat. Der Ductus 

arteriosus ist in-utero durch autonome und barorezeptive Nervenfasern innerviert, 

wohingegen für das LA nur anekdotische und gegensätzliche Beschreibungen zur 

Innervation vorliegen. Wir stellten die Hypothese auf, dass in diesem sogenannten 

Ligament weiterhin kontraktile muskuläre Elemente vorliegen und durch Nerven 

kontrolliert werden. Untersucht wurden das Mediastinum von Wildtypmäusen und zwei 

transgenen Reportermausstämme sowie das LA vom Schwein und Menschen mit 

histologischen Färbungen, Einfach- und Doppel-Immunfluoreszenzmarkierungen, 

Enzymhistochemie (Maus), Transmissionselektronenmikroskopie (Maus und Schwein) 

und die Kontraktionsfähigkeit des explantierten Schweine-LA im Organbad. Im Gegensatz 

zu einem kanonischen Ligament bestand das LA in allen Spezies weitgehend auf 

glattmuskelaktin-positiven Zellen; Elektronenmikroskopie bestätigte das Vorliegen glatter 

Muskelzellen. Das LA enthielt auch Collagen, Elastin und Telozyten. In den 

Reportermausstämmen zeigten sich chrna3-eGFP-positive Fasern mit Konzentration an 

den Ansatzstellen des LA an den großen Gefäßen, aber keine cholinergen Fasern. In allen 

Spezies zeigten sich an den glatten Muskelzellen PGP 9.5- (neuronaler Marker), 

Tyrosinhydroxylase-, NPY-, SP- und CGRP-positive Fasern, jedoch keine mit VIP- und 

NO-Synthase-Immunreaktivität; letzteres wurde durch NADPH-Diaphorase-Reaktion 

bestätigt. Das LA kontrahierte auf elektrische Feldstimulation und exogen gegebenes 

Noradrenalin (NA). Durch NA präkontrahiertes LA relaxierte auf Gabe von α1-adrenergen 

Blockern. Obwohl das LA nicht mehr als Shunt fungiert, ist es dennoch eindeutig keine 

passive Struktur, sondern ein dicht innervierter kontraktiler Muskel. Diese Kontraktion 

könnte sich auf die großen Gefäße, zwischen denen es ausgespannt ist, auswirken und 

deren Dehnbarkeit beeinflussen, dies unter nervaler Kontrolle. Bemerkenswerterweise ist 

diese Dehnbarkeit/Compliance des Truncus pulmonalis der beste prognostische Parameter 

für das Überleben von Patienten mit pulmonaler Hypertension.  
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7 List of abbreviations 

Acetylcholine          ACh 

Acetylcholinesterase        AChE 

Adenosine triphosphate        ATP 

Alpha smooth muscle actin       αSMA 

Aromatic L-amino acid decarboxylase      AADC  

Bacterial artificial chromosome       BAC 

Calcitonin gene-related peptide       CGRP 

Choline acetyltransferase       ChAT 

Computed tomography         CT 

Cyanine 3          Cy3 

Cyclic adenosine monophosphate                cAMP 

4-Dihydroxyphenylalanin               L-DOPA 

Dimethyl sulfoxide                                                    DMSO 

Distyrene plasticizer xylene         DPX 

Dopamine-beta-hydroxylase       DβH 

Enhanced green fluorescent protein       eGFP 

Enteric nervous system                 ENS 

Extracellular matrix         ECM 

Fluorescein isothiocyanate       FITC 

G protein-coupled receptors                 GPCRs 

Green fluorescence protein       GFP 

Haematoxylin and eosin        H&E 



103 
 

List of abbreviations cont’d 

Internal elastic lamina        IEL 

Interstitial Cajal-like cells       ICLCs 

Interstitial cells of Cajal        ICC 

L-Amino acid decarboxylase        AADC 

Ligamentum arteriosum        LA 

Minimum essential medium        MEM 

Muscarinic acetylcholine receptor        mAChR 

Neuronal nitric oxide synthase       nNOS 

Neuropeptide Y          NPY 

Nicotinamide adenine dinucleotide phosphate     NADPH 

Nicotinic acetylcholine receptor subunit alpha-3            nAChRα3 

Nicotinic acetylcholine receptor      nAChR 

Nitric oxide          NO 

Non-adrenergic and non-cholinergic      NANC 

Noradrenalin         NA 

Optimal cutting temperature        OCT 

Paraformaldehyde        PFA 

Peptide histidine isoleucine        PHI 

Peptide histidine methionine       PHM 

Peripheral nervous system        PNS 

Phenylalanine Hydroxylase        PH 

Phenylethanolamine-N-methyltransferase      PNMT 
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List of abbreviations cont’d 

Phenylethanolamine-n-methyltransferase      PNMT 

Phosphate buffered saline        PBS 

Protein gene product 9.5       PGP 9.5 

        Platelet-derived growth factor receptor      PDGFR 

        Standard error of mean            SEM    

        Substance P            SP 

        Tetrodotoxin         TTX 

       Transmission electron microscopy       TEM  

       Tyrosine hydroxylase           TH 

      Vascular smooth muscle cell       VSMC 

      Vasoactive intestinal peptide       VIP 
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