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ABSTRACT—In the course of evolution, two remarkable changes seem to have occurred in vertebrate

circulation: the appearance and development of the “endothelium or endothelial tubular system” and “sym-

pathetic nerve /medial smooth muscle system”. In the present article, some relevant literature is reviewed

and discussed. Absence of endothelium in the vascular wall of most invertebrates had been known and was

confirmed by recent electron microscopic studies. The medial smooth muscle is rather proper to vertebrate

vessels. It seems to have appeared after emergence of and in association with the endothelial tubular system.

Phylogenetically, the parasympathetic nervous system is thought to be older than the sympathetic system.

The former is distributed to viscera and the latter developed in close relation with the vascular system. It is

assumed that during evolution, a circulatory system composed of the heart and endothelial tubular system

first formed in vertebrates, medial smooth muscle then appeared for regulation of the system, and innervation

of the muscle tissue took place. This sequence of development assumed for phylogenesis is actually realized

in the ontogenetic processes. We thus propose a hypothesis that the “sympathetic nerve /medial smooth

muscle system” may be regarded as a new neuroeffector mechanism that developed for systemic regulation

of the endothelium-lined closed vascular system in vertebrates. A few implications of the hypothesis are

presented.
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Introduction

It has been known that there is no endothelium in the vas-

cular wall of most invertebrates, and that, in this respect,

the vertebrate vascular system is distinct from that of inver-

tebrates including prochordates. In view of the current in-

terest in “endothelium”, this fact deserves more attention.

Recently, in our discussions about our studies on the

dog venous system (1 – 5), we considered the possibility

that, not only the endothelium, but also the medial smooth

muscle and sympathetic nerves appeared anew in the vas-

cular wall of vertebrates during the course of evolution.

Based on such considerations, we propose a hypothesis

that “the sympathetic nerve /medial smooth muscle sys-

tem” may be regarded as a new neuroeffector mechanism

that developed in vertebrates for systemic regulation of

“the endothelium-lined closed vascular system” (6).

In the present article, the relevant literature is briefly

reviewed and discussed from an embryological viewpoint.

In addition, a few implications will be presented.

Phylogenetic aspects of the three components of the

vascular wall

1) Endothelium

It seems that by the 1950s, a considerable amount of

information had been obtained about the absence of endo-

thelium in the invertebrate circulatory system, using the

light microscope. Thereafter, electron microscopic studies
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have brought more precise findings and clarification.

Leydig (1857) (7) reported on the structure of the wall

of annelid blood vessels. He described three layers in the

contractile vessels. The innermost layer, tunica intima, was

a homogeneous connective tissue membrane. He found no

endothelium. Tunica muscularis consisted of muscle fibers

derived from peritoneal cells, and tunica adventitia was the

peritoneal covering. Since then, much discussion continued

about the actual composition of the annelid vessel wall, and

presence or absence of true endothelium. The problem was

settled by recent ultrastructural studies, particularly by that

of Nakao (ref. 8, quoted in the “Vascular muscle” section).

Altschul (1954) stated in his monograph “Endothelium”

(9) that i) there is no endothelium in the heart or various

parts of the vessels of annelids, molluscs, crustaceans,

insects, worms and spiders, and even in amphioxus. ii) In

annelids, mollusks and crustaceans, the intima is mainly a

homogeneous lining (Leydig’s membrane). The vessels of

worms and spiders are merely homogeneous plasmatic

tubes. iii) Vertebrate blood vessels are primarily endo-

thelial tubes with secondary, accessorial walls. The devel-

oping endothelium may at least induce the surrounding

mesenchyme to differentiate into the media and, perhaps,

into the adventitia. This points to the paramount importance

of the endothelium. (He further made reference to the pos-

sibility that a failure in development of parts of the endo-

thelial tube which, in many cases, amounts to a failure of

differentiation of mesenchymal cells, will result in anoma-

lies and malformations of the cardiovascular system. In

the present article, this problem is not discussed.)

Martin and Johansen (10) stressed the need for collecting

and integrating information concerning the presence and

absence of endothelium in invertebrate vasculature, be-

cause this information had been scattered throughout the

literature.

Mori (11) and Mori and Shida (12) discussed from a

phylogenetic viewpoint the development of the vascular

system, the centralization of the pulsatile portion (heart),

the structure of vascular wall, and the differences between

invertebrate and vertebrate vessels. Endothelium is lacking

in many invertebrate species, although it exceptionally

exists in a few animal groups (nemertinea, octopus and

squid). In vertebrates, blood vessels first develop as endo-

thelial tubes, and then, layers of the wall are formed by

accumulation of surrounding mesenchymal cells. They

pointed out that such a process itself characterizes the

vertebrate blood vessels.

Electron microscopic studies showed the absence of

endothelium in tunicate (13), insect (14), annelid (8), shrimp

(15), bivalve (16), echinodermata (17) and amphioxus

(18 – 21). Exceptionally, endothelial or endothelium-like

cells are shown to exist in some vessels of invertebrates:

nemertinea (11) or cephalopods (22, 23; see “Vascular

muscle” section). Relation between these cells and the

vertebrate endothelium is not clear.

In contrast, vertebrate vessels are completely lined by

endothelium, from cyclostomes to mammals. The presence

or absence of the endothelium in the animal kingdom is

schematically shown in the left part of Fig. 1.

2) Vascular muscle

The vascular muscles of invertebrates are diverse (10,

Fig. 1. Scheme showing presence or absence of endothelium (�, ), medial smooth muscle (+, �) and sympathetic nerves

(++ ~ �) in the vascular wall throughout the animal kingdom. In grading the density of sympathetic innervation, development of

the whole sympathetic nervous system is taken into consideration. Phylogenetically, all three components seem to have appeared

and developed in the vertebrate circulatory system. *Endothelium-like cells exist in some parts of vessels in octopus or squid.
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12, 24, 25). Certain aspects of information will be presented

here.

Structure of the blood vessel wall without endothelium

and the nature of contractile vessels will be first described,

according to a few papers of electron microscopic studies

on the circulatory system of Nereis japonica (clamworm,

an annelid) (8), the tunicate heart (13) and a comparative

study of amphioxus, tunicate and the newt embryo (19, 20).

Structure of the wall of endotheliumless vessels

The vascular lumen of these three species of inver-

tebrates (Nereis, tunicate and amphioxus) is essentially

composed of tissue spaces or tubular systems which are

connected with tissue spaces (morphologically, it is an

open circulatory system in the sense that there is no endo-

thelial lining which separates blood plasma from tissue

fluid). The vessels are tubes which simply penetrate gelati-

nous tissue, blood sinuses located in the intestinal wall, ves-

sels running along the digestive tube ventromedially or ves-

sels running freely through the coelom.

In the Nereis, regardless of location, the basic structure

of the wall of all blood vessels is similar, being composed

of a basal lamina of neighboring tissue and a fibrous con-

nective tissue layer made up of collagen fibrils. On the

luminal side, this layer is in direct contact with blood. The

layer is regionally variable in thickness. In some portions, it

is extremely attenuated or even absent, where the basal

lamina is exposed to the lumen and comes into direct

contact with blood. The outer surface of the basal lamina

is covered, depending on location, by peritoneal cells, gut

epithelium or epidermis. In the dorsal longitudinal vessel,

the peritoneal cells differentiate into myoepithelium and

the vessel is contractile. The blood vessels of Nereis have

no true endothelium, but scattered amoebocytes are found

clinging to their inner surfaces. Nakao (8) concluded that

the vascular lumen in Nereis is essentially an interstitial

space, and the system, which has been known as a typical

“closed” circulatory system in annelids, is actually an open

circulatory system.

In the tunicate heart, its cavity is separated from the basal

lamina of the muscle cell layer by a thin layer of fibrous

tissue that is similar in texture to the interstitial tissue in

other parts of the animal.

Myoepithelium in pulsatile vessels and its relation with

origin of the vertebrate heart

The pattern of circulatory channels of the three inver-

tebrates is more or less similar to the basic pattern of

vertebrate embryonic circulation (Figs. 2 and 3). Blood (or

hemolymph) is propelled by the pulsatile portion of vessels

which develop in some region of the channels, for example,

the heart in tunicate, the pulsatile vessel running subintesti-

nally in amphioxus, or the pulsatile dorsal longitudinal

vessel in Nereis. The basic structure of the wall is homo-

logous among these heart and vessels — a single layer of

visceral coelomic epithelium which becomes a trough or

tubular shape (Fig. 2B). The epithelium of the pulsatile

regions is composed of contractile myoepithelial cells

containing myofilaments.

Hirakow (19, 20) further clarified that, apart from the

existence of the endothelium, the same is true in the devel-

opment of the early tubular heart of the newt embryo. Thus

the origin of vertebrate cardiac muscle is also nothing but

a single layer of the coelomic visceral epithelium (Fig. 2A).

He pointed out the possibly significant role of coelomic

epithelium in driving the body fluid of the Metazoa, includ-

ing the chordates, as well as some invertebrates such as

the annelid, suggesting some phylogenetic relationship

with the origin of the vertebrate heart.

In the newt embryo of the stage shown in Fig. 2A and

the adult amphioxus (2B), the myoepithelial heart is the

sole muscular element of their whole circulatory systems.

In the newt vascular wall, medial smooth muscle will

appear later (see “Ontogenesis” section).

The myoepithelial cells of the tunicate heart and of the

newt embryonic heart contain striated myofibrils (13, 20,

26). Those in the pulsatile vessel of the earthworm are

obliquely striated (27). The cells of the pulsatile vessel

of Nereis exhibit similar fine structure (8).

Some other invertebrates

Crustacean arterial walls generally lack muscle. Instead,

cardioarterial valves which are muscular and innervated

are reported in crabs (28), lobsters (28 – 30) and crayfish

(30), as well as in Bathynomus doederleini, an isopod

crustacean (31). An exceptional presence of striated mus-

culature was reported in the wall of the dorsal aorta of the

palinurid lobster, which may be a remnant of the abdominal

heart (32).

Among mollusks, it was reported that the wall of octopus

aorta consists of a layer of endothelium-like cells, a thick

basement membrane, and internal circular and outer longi-

tudinal muscle layers (both smooth muscle). The “endo-

thelial” cells, however, are not attached to each other by

any form of specialized junctions. In smaller arteries, the

lining of “endothelium” is less complete, and the pericytes

contain myofilaments (22, 23). In aplysia, arteries that

supply the viscera contain primarily circular muscle, while

those that perfuse somatic tissues generally possess both

circular and longitudinal muscle (33).

Interestingly, in an electron microscopic study on devel-

oping amphioxus, Hirakow and Kajita (21) found that

there were no detectable mesenchymal cells in the body of

amphioxus larva, “an epithelial animal”, differing greatly

from the vertebrate embryo of which body consists of

massive mesenchymal tissues.
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The vertebrate vessels

In vertebrates, structure of the vascular wall is character-

ized by a complete endothelial lining of the lumen, devel-

opment of surrounding smooth muscle, as well as forma-

tion of three distinct layers: the intima, the media and the

adventitia. The muscle is either mesodermal or neural crest

origin. From a phylogenetic viewpoint, it is likely that

the medial smooth muscle is a tissue that appeared after

the emergence of and in association with the endothelial

tubular system in vertebrates in the course of evolution.

3) Sympathetic nerves

In the evolution of the chordates (prochordates and

vertebrates), the parasympathetic and sympathetic nervous

systems arose separately. The former is phylogenetically

older and are distributed to the digestive tube and other

viscera to control their functions. The sympathetic nerves

appeared later and developed in close relation with the

vascular system. It seems that, since the days of Gaskell

and Langley, many authors have basically agreed with

such a view (34 – 41). This view has been restated and

modified, although with some inconsistencies as well, as

quoted in the following.

In his discussion of the phylogenetic origin of the sympa-

thetic nervous system, Gaskell (1916) (34) emphasized a

close interdependence among the vascular muscular, chro-

maffin and sympathetic nervous systems. He also pointed

out that, in amphioxus, there is no evidence of any of these

structures. After comparing the sympathetic systems of the

lower vertebrates, Dipnoi, Teleostei, Ganoidei and Cyclos-

tomata, he concluded: “Comparative anatomy thus shows

most clearly the close relationship between the chromaffin

and sympathetic systems, and the remarkable increase in

the latter system, apparently at the expense of the former,

which has taken place, commencing in the lowermost

group of vertebrates.”

In the conclusion of his lecture “Chemical transmission

of the effects of nerve impulses” (36), Dale stated “We

get an impression of the cholinergic mechanism as having

the more general application in the functions of the nervous

system, and probably an earlier origin in evolution, and

of the adrenergic mechanism as a more specialized and

probably a more recent development. I believe that such a

conception would have been congenial to the thought of ….

the late Professor W.H. Gaskell”.

Burnstock (39) summarized the evolution of the auto-

nomic nervous system as follows. The cranial nerves, in

which parasympathetic autonomic components are found,

Fig. 2. Comparison of fine structure of the tubular embryonic heart (Mt) of vertebrate (newt) and the subintestinal pulsatile

vessel (Av) of prochordate (amphioxus). Their contractile walls (Cw and Me) are homologous, both being the visceral coelomic

myoepithelium. Myofibrils are seen in the basal region of the epithelial cells.  Dotted lines represent main circulatory channels.

A: Tail bud embryo of newt. Whole embryo, section through cardiac region and fine structure of cardiac wall or primitive

myocardium. B: Adult amphioxus. Whole body, section through line 1, subendstyle region and fine structure of subintestinal

vessel wall. (In cross sections through lines 2 and 3, the same fine structure of the subintestinal vessel wall was observed.)

Ad: dorsal aorta, An: anus, Av: ventral aorta (endostyle artery), Cj: cardiac jelly, Co: coelom, Cw: cardiac wall (primitive

myocardium), Es: endostyle, Et: endothelial tube, Ls: liver sack, Me: coelomic myoepithelium (mesothelium), Mo: mouth,

Mt: tubular heart (mesothelial tube), Nc: neural canal, Nd: notochord, Pb: peribranchial cavity, Pc: pericardial cavity (coelom),

Ph: pharynx. (Reproduced, by permission, from reference 20, with modification.)
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are identified in all vertebrates. The spinal sympathetic out-

flow is not arranged in segmental ganglia in cyclostome

fish. In elasmobranch fish, there is a series of paravertebral

ganglia, but they are not in the form of a compact sympa-

thetic chain. A well-defined sympathetic chain first appears

in teleost fish and is retained throughout higher vertebrates.

Although the lamprey has no organized sympathetic sys-

tem, large-cored-vesicle-containing neurons, nerve fibers

and endings were found in various peripheral tissues in-

cluding blood vessel walls. Some of these structures were

shown to be monoaminergic or assumed to be vasomotor

(42, 43).

In Botár’s view (37, 38), three main constituent parts

can be distinguished in the vegetative nervous system: the

enteric nerve-cell system in the wall of the digestive tube,

the vascular nerve cell system along the wall of the main

vascular trunk, and the visceral part of the nervous system

of the organism which innervate the vegetative apparatuses

and systems. The enteric nerve cell system is the oldest,

phylogenetically. It appears in Coelenterata and is today

present in all animals. The vascular nerve-cell system,

which is the youngest part of the vegetative nervous sys-

tem, appears in Cyclostomata and occurs exclusively in

Vertebrata. These nerve cells form prevertebral sympathetic

and paravertebral sympathetic ganglia. The prevertebral

ganglia lie close to the origin of the visceral blood vessels

from the aorta. The paravertebral ganglia are positioned

segmentally at the origin of the parietal blood vessels.

The nerve fibers that originate from the vascular nerve-cell

system primarily innervate the vessels, but along these,

they reach all parts of the body and secondarily innervate

other organs and tissues. When the effector organs have

earlier innervation from other main components of the

vegetative nervous system, these organs become bi-inner-

vated.

The comparative anatomy and evolution of the auto-

nomic nervous system was recently reviewed by Gibbins

(40). In his discussion of the general features and evolution

of the spinal autonomic outflow in vertebrates, he stressed

an evolutionary trend of a shift from chromaffin cells to

sympathetic neurons as the main source of regulation of

the cardiovascular system. Developmental studies provide

good evidence, both biochemically and morphologically,

that the shift is a realistic scenario. Both classes of cells

are of neural crest origin.

Morris and Nilsson (41) pointed out that although the

density of innervation of vasculature by catecholamine

synthesizing neurons is, in general, lower in amphibians

than other tetrapods, there is no systematic difference

between the densities of innervation in reptiles compared

with mammals. This can be related to their need to deal

with gravitational effects on the circulation.

Gibbins began his review (40) by asking whether or not

Langley’s scheme for classifying the various components

of the autonomic nervous system, the concept of three main

divisions, the sympathetic, the parasympathetic and the

enteric divisions, could be applied across the vertebrate

classes. In conclusion, he stated “The evidence, such as it

Fig. 3. The basic pattern of vertebrate embryonic circulatory system. Left: cross section, Right: lateral view. (1): subintestinal

system, (2): supraintestinal system, (3): renal system. Arrows indicate the direction of blood flow. The subintestinal and

supraintestinal systems are connected by the branchial and the mesenteric vessels, and thus circulation of the digestive tube

(gut) is first established. The cardinal veins (the renal system) then appear along the nephric ducts, as renal portal veins. Interseg-

mental arteries perfuse the body wall (neural canal, in the figure); the venous blood flows into the cardinal veins and returns to

the sinus venosus via the ducts of Cuvier. It should be noted that the basic pattern of circulation is formed of the heart and the

endothelial tubes. cu: ductus Cuvieri, cv: cardinal vein, da: dorsal aorta, mes: mesentery, nd: nephric duct, pa: porta arteriosa,

pv: porta venosa, sbiv: subintestinal vein, sv: sinus venosus, va: ventral aorta, vm: visceral mesoderm. (Reproduced from refer-

ence 47, with modification.)
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is, seems to say that indeed it can. The enteric neurons

comprise a separate autonomic division in all classes of

vertebrates. It is almost certainly the most primitive compo-

nent of the autonomic system, apparently being present in

non-vertebrate chordates, such as amphioxus, that lack any

other obvious components of an “autonomic” nervous sys-

tem.”

Another point is to be noted. In his earlier work, Botár

(44) divided the postganglionic sympathetic system into

two ganglion chains, the visceral (prevertebral) and parietal

(paravertebral). On the basis of comparative anatomical

studies, he identified the cervical sympathetic trunk as the

“visceral” part of the sympathetic system. It included the

superior and the middle cervical ganglia and ventral half

of the stellate ganglion. The stellate ganglion was bipartite,

its dorsal half being the first “parietal” ganglion. This is

notable, since the cervical and stellate ganglia are often

regarded as parts of the paravertebral sympathetic trunk.

4) Summary of phylogenesis

It seems certain that there was an evolutionary disconti-

nuity between the prochordates and the vertebrates in the

development of the three components of the vascular wall:

the endothelium, medial smooth muscle and sympathetic

nerves (Fig. 1). We assume that: i) in the course of evolu-

tion, a circulatory system composed of endothelial tubes

first formed in vertebrates, ii) medial smooth muscle then

appeared for regulation of the system, and iii) innervation

of this muscle tissue by sympathetic nerves took place.

Ontogenesis of the vertebrate vascular system

Ontogenesis of the vertebrate vascular system proceeds

in at least three steps: i) appearance of endothelial tubular

network surrounding the digestive tube; ii) formation of

major channels leading to a basic pattern of embryonic

circulation (Figs. 2A and 3); and iii) successive rearrange-

ment of channels, resulting ultimately in the adult form of

circulation.

Up to the second stage, the whole vascular system is

composed of endothelial tubes. During the third stage,

smooth muscle and nerves successively appear in the vas-

cular wall, site to site. Thus, the endothelium is the primary

structure of vertebrate blood vessels. Mesenchymal cells

accumulate around the major channels and differentiate

into smooth muscles (9, 11, 26, 45, 46). The latter then

receive sympathetic innervation. It can be said that the

sequential appearance of endothelium, medial smooth

muscle and sympathetic nerves assumed for their phylo-

genesis is just realized in the course of ontogenetic devel-

opment. Figure 3 shows the basic pattern of the embryonic

circulatory system that commonly appears in vertebrates

(47, 48).

The hypothesis and some implications

Based on the above, we propose that “the sympathetic

nerve /medial smooth muscle system” may be regarded as

a vascular neuroeffector mechanism that appeared and

developed anew in the vertebrate circulation for systemic

regulation of the “endothelium-lined closed vascular sys-

tem”.

Our view of the “sympathetic nerve /medial smooth

muscle system” may explain some of the differences

between sympathetic and parasympathetic vascular inner-

vation found in vertebrates. The parasympathetic nerves

are thought to have been distributed to the digestive tube

and other viscera. We assume, from a phylogenetical view-

point, that vertebrate vascular smooth muscle, which devel-

oped after the emergence of and in association with the

endothelial tubular system, was not, originally, the target

tissue of the parasympathetic nerves as a whole. This may

account for the fact that the sympathetic nerves distribute

widely to the whole vascular system, while the para-

sympathetic nerves distribute only to limited sites in the

vertebrate vascular system.

This view is consistent with our earlier observations

of the dog venous system, which show that cholinergic

excitatory innervation was localized in a group of veins:

the portal, mesenteric and hepatic veins and the middle

segment of the inferior vena cava (3, 4, 49, 50). The inner-

vation was detected, both in vitro and in vivo, as a cholin-

ergic component in neurally evoked contractile responses,

which was augmented by anticholinesterase treatment and

blocked by atropine. These veins are rich in longitudinal

muscle, in addition to the circular muscle, and exhibit a

spontaneous rhythmic activity, like intestinal muscle.

These veins are closely related to the digestive tube in their

embryogenesis, and their smooth muscle probably derives

from a common origin with visceral musculature, namely,

from the visceral mesoderm, either the coelomic epithelium

or mesenchymal cells. It is therefore probable that the

cholinergic nerves which innervate the viscera also dis-

tribute to these veins. Whereas the development and trans-

formation of circulatory channels have been studied in

good detail, information is still wanted about the sequence

of appearance and the direct origin of the medial smooth

muscle at key sites of the vascular system.

Finally, we would like to mention a recent report on

dynamics of endothelium-muscle cell contacts in the coro-

nary artery of the dog along its ontogenesis (51). Close

contacts were observed between protrusions of endothelial

and smooth muscle cells, through perforated internal elastic

lamina. At the site of contact, the basal membrane dis-

appeared, and formation of gap-junctions was probable.

The frequency of the myo-endothelial contacts was highest

in fetuses and decreased with age. We suppose that the
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finding may suggest an aspect of the endothelium-associ-

ated development of medial smooth muscle in vertebrate

vascular wall.
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