
r 
[ 

l The Fine Structure of the Vascular System 
of Amphioxus: Implications in tl!_e Development of 
Lymphatics and Fenestrated Blood Capillaries * 

J. R. Casle y-Smith 

Department of Zoology, The University of Adelaide, South Australia 

Lymphology 3 (1971), 79- 94 

The blood and lymph vessels of a few mammals have been quite extensively studied 
by electron microscopy (3, 4, 5, 15, 22, 23, 2.J). By contrast, in lower animals even the 
blood vessels have been relatively neglected. to say nothing of the lymphatics. The few 
studies which have been made indicate that in reptiles (2), amphibians {31) and teleosts 
(15) the blood vessels are similar to those in the mammals. In the elasmobranchs, how
ever, the interendothclial junctions appear less firmly closed, the basement membranes 
are more tenuous and the venous vessels are intermittently attached to the connective 
tissue by fine fibrils ( 11). These three features are strongly reminiscent of mammalian 
lymphatics and arc probably associated with the low blood pressure of these fish, w hid1 
is sometimes "negative" in the venous vessels (13, 30). 

It is of great interest that even in the fairly prim itive elasmobranchs, those which lack 
true lymphatics (32) still have fenestrated capillaries in some organs {11 ). There is 
evidence that the fenestrae allow the entry of large molecules and fluid into the venous 
limbs of capi llaries (7, 8, 11 ), both in these a nima ls and in the higher vertebrates, where 
they are very common in some regions. They may well supplement the lymphatic system, 
especially in relatively motionless regions, or where the lymphatics are infrequent. It 
appears, however, that the hagfishcs lack fenestrae, but have some open junctions in their 
encocrine capi llaries (9a). Thus their blood capillaries have some features in common 
with the lympha tics of higher vertebrates. ( either open junctions nor fenestrae seem 
to be present in the cerebra l capi ll a ries of the myxines (27), but we have no information 
about the rest of their vessels.) 

The invertebrates have had even fewer studies of their vasculature. Only the cephalo
pocis ( 1) and earth-worms {17, 19. 20) have had any detailed description. The crustaceans 
have been briefly mentioned (19) and the leech's neural ·endothelium • h as been described 
( 12~ , but it is evident that this is very unusual in site, structure and function. In their 
major vessels the cephalopods have per icytes with myofibrils, thick basement membranes 
and endothelium which is nearly continuous, but with a few open junctions. In the more 
peripheral vessels, the endoth elial cells graduall y come to lie further and further apart, 
until there are quite wide gaps 1- 10!! between them. However, the basement membranes 
are always present, as is a complete investment of pericytcs - which come to lack the 
myofibrils. The pericytes have closed junctions which, though they are not "tight june-

~ This work is dedicated to the memory of Nicole Granboulan. 
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tions" {16), contain dense material whid1 may present a considerable barrier to the 
passage of large molecules. The higher blood pressures and plasma protein concentra 
tions in the cephalopods have obviousl y caused developments analogous to those in the 
higher vertebrates, but differing in d etail. The si tuation in the more primitive earth
worm is similar, but the endothelium is discontinuous even in the major vessels ( 17, 19, 
20). (A point of nomenclature should be noted .h5:re: ·workers on the earthworm have 
called the pericytes "endothelium", or "myoendotheliu~ and considered the endo
thelium to be "amoebocytes lying on the basement membrane" , which they considered 
lay on the " lumenal side of the endothelium."' It was pointed out by Barber and Gra:ial
dei (1), however, that the true a moebocytes a rc morphologica lly, and presumably func
tionally, distinct from the true endothelium since they contain many granules, more 
mi todlondria, etc. Hence they considered that there was true endothel ium - though 
often very discontinuous- inside the basement membrane, as in the mammals, a nd that 
it was pericytes which contained the myofibrils.) 

In order to help bridge the gap between the invertebrates a nd the vertebrates, it was 
decided to study amphioxus, one of the most pr imi tive of chordates. Its low blood pres
sure and plasma prote in levels. and generally primitive development might be expected 
to be associated with vascu la r structura l and functional peculiarities. These would not 
only be interesting in themselves, but, by their contrasts, might he lp to clarify what is 
found in the higher vertebrates. In particula r, the way in which large molecules enter 
these vessels from the ti ssues would be of significance both for the study of the lymphatic 
system, and of the fenestrated blood capillaries. 

The vascular structure of amphioxus detectable with the light microscope has been 
well reviewed by Kampmeier (21), whose description has been used as the basis for this 
paper. Briefly, there is a contractile ventra l aorta, which pumps blood through the giU 
arches a nd nephr idiae, which then fl ows into the pair of dorsal aortae. These merge on 
the stomach and intestine and supply the intestinal sinusoids, which run forwards on the 
"liver ". Some of these converge into tbe contractile subintestina l vein, which supplies 
the "liver" sinusoids, which in turn flow jn to lhe hepatic ve in, a nd thence into the ventral 
ao r tae. In addition to this branchioenteric circulation. the dorsal aortae supplies sinusoids 
to the segments of the body wall, which flow into the "cardinal" veins. (I shall use 
"cen tra l" or "major" vessel to include the aortae and the main veins; "peripheral" 
vessels refers to the rest of the vessels, which are basically sinusoids, i.e. they have wide, 
irregular, often flat tened lumens, with - electron microscopically - gaps between the 
endothelial cells.) Kamfnneier mentions a number of problems whid1 have been answered 
in the present work, viz. the nature of the sinusoids, whether only the aortae h ave endo
thelial linings, and the nature of the "lymph·· spaces. The way in which large molecules 
and pa rticles enter the s inusoids of the gut and the vessels of the body wall has also 
been s tudied. 

Materials aud Nl ethod,r 

Twelve specimens of lhe amphioxus Bronchiostoma moretonensis Kell-y (1966) (23) 
were studied through the kindness of Dr. 0. Kelly of the Department of Zoology of a 
the University o f Queensland, who collected and sent them al ive to me. Some were fixed / g 

at once. Others were anethetised with M.S. 222 (Sandoz. Switze rland), or simply placed J a 
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in sea water at 4 °C, whid1 rend ere~ them fufficiently . insensitive and immobile for the 
experimental procedures used. In e1ther case, upon bemg placed in sea water at 

20 
oc 

norma l mobility was restored and the animals continued to live for many hours untij 

killed. Some a nimals had 0.005 m l of~ 50fo (w/ v? solut~on of.Indi.a~ ink (Pelikan, Gun
ther 'Wagner, Hannover ; Cll /1 -131 a) m Tyrode s solution miCrO-InJected into the mus
cula ture of the body wall at 2 or 3 points; they were periodically stimulated to swim 
and killed after 3 hours. Others h ad ~ 0.01 ml oT cod- liver oil sligthly stained 'th 

h l f h 
. . WI 

Sudan Black B introduced into t e umens o t e1r mtestines, v ia the beg inning of the mid-
gut or the anus. They were ki ll ed after 3 to 5 hours when a ll the oi l ha d been evacuated. 

All specimens were g iven an ini tia l fixation in 4°:o g.lutar~ldehyde in Millonig's 
fixat ive (26) for 12 hours; some were fixed whole (the1r dimensiOns were ...._ 30-SO x 

3 
x 1 mm), others were cut transversely or longitud inally to aid fixation. All except those 
injected with carbon w ere g iven a 2 hour post-fixation in 20fo Osmium tetroxide_ which 
would have completely obscured the carbon- before being embedded. All blocks were 
stained with saturated Uranyl n itrate in absolute alcohol fo r 1 hour before cmbcdd' 

mg. 
They were then dehydrated and embedded in araldite by the usual methods. Some of 
the section s were stained with Lead citrate (2~) . Sections were examined in a Siemens 
Elmiskop I. Thick sections were also tak~n for light microscopy to identify the structures 
and to facilitate trimming to a reas of mterest. Examination of the blocks with a dis
secting microscope was a lso ve ry valu.able. in locating and sectioning vessels into which 
tb.e carbon had entered. Vessels stud1ed mcluded: the dorsal and ventral aortae· th 

subintestinal, hepatic, lateral a nd ca:~inal vei~s, t~e smaller vessels supplyin~ th~ 
gonads, pharyngeal arches and nephn d1a; the smuso1ds of the intestine, diverticulum 
and bod y m usculature; the " lymph spaces" of Kampmeier {21) and Dubovih (1·1), and 
the metapleural space. 

Results 

Light Microscopy 

Since amphioxus neither bas erythrocytes nor pigment in ~ol ution in the plasma, the 
blcod vessels could not be seen in the uninjected living anima l, nor in the unsectioned 
blocks. In the carbon-injected specimens, the material could be seen lying in a cloud 

around the injection sites and al ~o in .long ~arrow i.rregular tubes, usu~ll y projecting 
ventrally : th ese had the normal dissecllng-microscopical appearance of smusoids. 

The various blood vessels, as described by Kampmeier {2 1), could be seen in the thick 
(111m) sections prepared for light microscopy; some of the " lymph" spaces could also 
be seen, but it will be shown later that these are a lmost certain ly not true lymphatics. 
In ? articular, in those specimens· g iven cod- liver oi l, a diffuse, osmophi lic-haze filled 
the d ilated sinusoids around the in testine and, less markedly, around the mid-gut diver
ticulum. In the carbon inj ected specimens the carbon could be seen in the spaces between 

the muscle cells near the injection sites, and also in what appeared to be cross-sections 
of vessels up to 1-2 mm from the sites. The endothelium could be eas il y seen in the 
aortae and in some of the ve ins (e.g. the subintestinal, the hepatic and the lateral _or I genital _ veins), but it was much less evident in the more peripheral vessels and often 

) could not be seen at all, especially in the sinusoids. 
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Electron Microscopy 

Major V essels. The dorsal and ventral aortae and the subintestinal, hepatic, cardinal 
and later al veins were all very similar. The endothelial cells were like those of mam
malian blood and lymph vessels (3, -l, 5, 15, 22, 24, 25), with the normal cellular orga
nelles. One possible d ifference was that in.a!l'lphioxus the endothelial cel ls were rather 
thicker, with more rough endoplasmic reticulum (Figs_l-6). One very definite difference 
was the frequent presence of pronounced bands of quite thick fibrils in the cells (Figs. l-3 
and 6). These were adjacent to the abluminaJ edge of the cells, a lthough occasional 
minor bands were seen elsewhere, and usua ll y ran circularly. Since they were only seen 
in the vessels known to be contractile (2 1 ), they probably cause this. They showed some 
ill-defined evidence of cross-stria tions, but not as much as in the "pericytes" of the 
earthworm (20). In cross-section (Fig. 3) they could be seen to have dense centres with 
less-dense, fi lamen tous material on the exteriors. 

__.,~· 

Fig. 1 V cntra l aorta. Some of the endothel ium (E) is three cells deep, some is only on~. Fib.rils, 
identified as myofibrils (F) are prb~nt i~ some cells. There are a number of closed. J.unctlo~ 
with zonulate present, and one open JUnctwn (arrow). T he basement membranes are VJS!ble, a 
some of the surrounding connect ive tissue. x 9,000. 
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Fi~. 2 Ventral aorta, showing the cellular organelles, including Golgi apparatus (G) , endo
plasmic reticulum (ER). various s ized vesicles, ribosomes and a band of fibrils (F). x 65,000. 

F'ig. 3 Dorsal aorta, showing a collection of fibrils in cross-section (F) and a partly open junc
tioP., with a zonula (Z). x SO,OOO. 

In the aortae the endothelium was sometimes 3 or -1 cells deep (Fig. 1) ; sometimes it 
was only one cell deep. as was usual in the veins. The intercellular junctions were usually 
fairly straight and simple, with some zonulae adherentes and occludentes (Figs. I and 3). 
but such zonulae were often lacking (figs. I , 4 and 5). Hence. whil e most junctions were 
closed, some were open over all or parts of their lengths {Figs. I, 3 and -1 ), as is found in 
mammalian lymphatics in actiye tissues (3, -l , 5) and in injured mammalian post-capillary 
venules and capillaries (25). 
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The endothelial cells rested on a basement membrane (figs. 1-6). Exterior to this was 
a variable amount of connective t issue. Sometimes th is was very dense, with closely 
packed fibres, which often exhibited the cross st riations of collagen (f.'ig. 4). At other 
limes it was much looser and thinner (Fig. 3). There were no pericyles. 

fig. 4 Dorsal aorta. There arc two open junctions and much surrounding connective tissue (CT). 
X 7,000. 

Fig. 5 Hepatic vein. The vein (V) has rounded endothelial cells, with quite large gaps between 
them. On one side is a sinusoid (S) containing lipoproteins with the epithelium of the gut (EP) 
next to it ; on the other side is Lhe coelom (C). with its lining cells rather damaged, but still 
showing their typical electron-opacity after Osmium fixation and Uranyl nitrate staining. The 
various basement membranes arc vi~ibl c. x 5.000. 
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Fig. G Subintcstinal vein (V), showing myofibrils. a closed junction, the basement membrane 
and an intestinal sinuso id (S) with some lipoproteins. x 30,000. 

Sinusoids. These really included all the other vessels. even those corresponding to 
minor arteries and veins. for they all had wide gaps between the endothelia l cells. There 
was a cont inuous gradation from the almost continuous endothelium of the aortae, to 
the peripheral vesse ls which were formed simply by the spaces between the parenchymal 
cells - sometimes without even a basement membrane (Figs. 7-11 ). Usually there was 
a basement membrane which enclosed a large, irregular space, which could sometimes 
be seen joining a more major arterial or venous vessel (Fig. 7). However, especially in 
the body wall musculature. the basement membrane was sometimes lacking adjacent to 
the muscle cells (figs. I 0 and I I). The size, shape and direction of such vessels were hence 
dete rmined by the d isposit ions of the cel ls and the more solid elements of the connective 
t~ssue. In spite of this, it was obvious that such vessels did have fairly definite, if perhaps 
temporary, boundaries. The carbon and lipid particles often seemed to nearly fill the 
lumens, but were stopped abruptl y where the cells joined a basement membrane. or 
came very close to each other. or where two basement membranes united (Figs. I 0 and 11). 
Presumably the segmental appearance of the vessels in the body wall (21) is a reOection 
ci the segmental arrangement of the myotomes and hence of the ~vascular" spaces 
between them. In fact such sinusoids seemed remarkably similar to the ~prelymphatic 
p'lthways ~ described in mammalian connective tissue ( I 0). 

Some of the basement membranes were just related to the vessel. with connective tissue 
outside them, others were shared with other cells, e.g. the epithelial cells of the gut or 
oi the divert iculum (Figs. 7 and 9). The membranes themselves were composed of fine 
fibri ls, and were often not as compact as in the mammalian blood vessels, but were 
h:quently thicker - especially those next to the epithelial cells of the gut (Figs. 7 and 9). 

T he vessels with basement membranes often had occasional endothelial cells lying 
ir.s ide the basement membranes, but separated from each other by 50 or more !Lm (rig. 7). 
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Fig. 7 Subintestinal vein (V). showing its continuity with a sinusoid (S) : both contain many lipo· 
p roteins. The sinusoid is separated from the gut epithelium (EP) b y the thick basement membrane. 
T here is a solitary endothelial cell (E) visible on the epithelial side of the sinusoid. x 3,000. 

v 

.. 
Fig. 8 Lipoprotein molecu les (circled ) can be seen in an intestinal sinusoid (S), in the bascm~nt 
membrane (BM) and in a vein (V). A portion of an endothel ial cell (E) is visible. but the walls 
of both vessels most ly consist of basemen! membrane. x 50.000. 
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Some cells were flat and seemed well attached, others were more rounded and seemed 
less fi rmly fixed , but did r;~ot resemble amoebocytes (!).The more important vessels had 
more and more endothelial cells, until they were so close that it j ust seemed that the 
vessel had many open junctions (Figs. 5, 7 and 8). 

There is lhen, a continuous gradation in the vessels. The contractile vessels, especially 
the aortae, have a lmost continuous endothelium, sometimes multilayered, with intra
cellular fibr ils and thick connective tissue s.urrounds. The lesser vessels gradually loose 
the intracellular fibrils and have less connective tissue in their walls. Their junctions 

Fig. 9 Lipoproteins (circled) can be seen in and between the gut epithelial cells (EP), next to 
nnd in the basement membrane (BM) beneath a rather loosely attached endothelial cell (E), and 
in a sinusoid (S). In the latter they show an irregular, fibrillar externa l coat. x -!0,000. 

Fig. 10 Injected ca rbon particles can be seen in a tissue space (S), between two muscle cells (M), 
in lhc body wall. Under the dissecting microscope this appeared as an irregular vessel, about 
l mm. long, continuous with other \'essels. There is no endotheliu m, nor basement membrane. 
\' isiblc. x 20,000. 
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less often have zonulae and become more f requemly open, unt il every cell is separated 
and is fina ll y placed many micra from its neighbour. The most minor vessels frequently 
lack even a continuous basement membrane and are continuous with the connective 
tissue spaces. No doubt the extents and locations of such continui ties vary with time, 
movements, and the metabolic activities of t.h ~ different regions. 

The Passage of ParticleJ and Large Molecules into the -Vessels 

Carbon in the Body .. Wall. It was evident that the injected carbon was in any spaces 
in the tissues adjacent to the inj ection-s ites (Figs. I 0 and ll). These were continuous 
with the sinuso ids, which were eventua lly continuous with rbc main veins. Where con
tinuous basement membranes were lacking, to say noth ing of continuous endothelial 
linings, it was more or less arbitary where one drew the line between th e particles being 

Fig. 11 A vessel, with injected carbon between the muscle (M) and the connective tissue of the 
body-wall (CT). x 2,000. 

l 
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outs ide or inside a vesse l. In a sense the whole of the sol portion of the connective tissue 
ground substance constitutes a continuous series of vessels, whose dimensions and con
nections vary with time. 

L ipoproteins in the hzteslinal Wall. Cod-liver oil is fairly unsaturated: preliminary 
in vitro experiments confirmed that it reacts with Osmium tetroxide to yield an electron
dense product. Tt was found that t-he administered oil was cndocytoscd by the epithel ial 
cells of the intestine and the posterior parf of the diverticulum, and was liberated near 
the bases of the epi thelium (Fig. 9) as small particles (20-40 ~Lm). T hese very closely 
resembled mammalian lipoprotein molecules (.3) and so were ten tati vely identified 
wilh them. 

T he lipoprote ins were seen against the epithelial basement membrane, inside it, and 
in the sinusoids outside it (Figs. 7-9). Once they had passed through this membrane they 
often acqu ired a fuzzy coat of filamentous material (Figs. 7-9); th is could be inte rpreted 
either as membrane material which had adhered to them, or as the normal plasma 
proteins which precipitated on them during fixation. The p lasma proteins arc in low 
concentrations, and li ttle evidence of them was seen on the endothelia l plasma mem
branes, in the lumens of the vessels e lsewhere, or in the intestinal sinusoids in non
oil- fed specimens. lt was hence considered that the basement membrane orig in of this 
material was more likely. 

The lipoprote ins in sinusoids seemed _to pass into the intestinal ve in and its major 
contributaries in three ways. At times there was a comple te gap in both the basement 
membrane and the endotheli um of the veins which overlayed the outer aspects of the 
sinJsoid (fi g. 7). Much more frequentl y the basement membrane was intact, but the 
venous endothelial junctions were widely open: the lipoproteins could be seen against 
and in the membrane, and in the open junction and lumen of the vein (Fig. 8). A th ird 
possible path was via the ves icles in the venous endothelium after a similar passage 
through the basemen t membrane anywhere along U1e cells. ft is difficult to arrive at 
quantitative estimate of the amounts passing via these three paths. but since vesicular 
transport is so slow in comparison with that via open junctions (-1, 6) it would seem that 
lhi~ is unlikel y to be of much sign ificance. While the open junctions where the basement 
membrane is also lacking a re infrequent. it may be that the absence of the retarding 
inOuence of the membrane may more ilian make up for this: on the other hand. the 
basement membranes are not as dense as in mammals and they may offer fa r less resist
ance. in spite of their relatively grea ter thicknesses. 

Fenestrae 

No fen estrae were seen in any of the vessels. including those of the intestine diver
ticu lum, gonads and nephridia - a ll of which might be expected to possess them by 
analogy with those of vertebrates. including elasmobranchs (II ). 

LymfJhalics 

No evidence of true lymphatics was seen. This was in spite of the most careful 
investigat ion. w ith bot! the light and electron microscopes. of the regions where Dubovik 
(14 ) affirmed and Kampmeier (2 1) suggested that they may occur. In particu lar the 
regions a round Lhe dorsal ao rtae. the notochord, lhe neural cord and the dorsa l fin ray 
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were studied in d etai l. At limes spaces were seen in such locations, but the electron 
microscope revealed them as simple spaces between the cells- often without a basement 
membrane lining. They were thus no different from the vessels of the body-wall mus
culature. I t was considered very probable that they were continuous with the general 
spaces in the connective tissues. whid1. were eventua ll y continuous with the blood vas
cula r system. This continuity was show-n by thc.ir occasionally con tai ning particles of 
carbon or lipoproteins, in the specimens containing these. 

The spaces in the metapleural fol ds were lined by cells very similar to those lining 
the major vessels, but without the intraendothelial fibri ls. The p resence of lipoproteins 
and carbon, in t he treated animals, indicated that the spaces were continuous with both 
the a rteria l and venous blood vesse ls - as was suggested by Zamih (3·!). Thus they 
correspond to blood sinuses. rather than lymphatics or coelomic spaces. 

C learly, unlike Dubovik"s ( H ) bel ief. amphioxus docs not have a closed system of 
lymphatics separate from the blood-vascular system: indeed, it docs not have true 
lymphatics at all - in the mammalian sense. There is only one set of vessels, which a re 
continuous with the tissue spaces. Whether one cal ls these ~blood~ vessels or ~b lood

lymph" vessels is a matter of definition. 

Discussion 
1· ascular Structure 

T he surprising I ight microscopical observations of earlier workers (2 1) have been 
largely confirmed . It can be seen indeed that the vascular system of amphioxus does 
consist of peripheral sinusoids. often only spaces between the cells, which gain in base
ment membranes. endothelium and closed junctions, as the major vessels arc approached 
in either an arteria l or a venous direction. This is the more surprising in that it has 
become usual for the electron microscope to reveal very thin. continuous, sheets of cells, 
wherever they might have been expected. but were not delectable by light microscopy. 
It can be seen. however, that the situation in amphioxus is simi lar to that in the more 
primitive invertebrates ( I. 1-l. 1 i. 20) - at least regarding the discontinuous endothelium. 

One may speculate that the isolated endothelial cells in the sinusoids are responsible 
for the formation of the basement membranes. except where there are other cells avail
able to do this, e.g. the t hick membrane clearly formed by the intestinal epithelial cell s. 
Since endothelia l cel ls show considerable powers of movement in growing capillaries, 
it might well be possible for them to travel a long the peripheral vessels in amphioxus, 
forming the basement membranes. Such a concept would conform to the suggestion that 
in mammals the membrane is made by the endothelial cells (25). At a ll events, in am
phioxus there appear no other cells available to form it in many regions. 

It is highly likel y tha t the contract ile endotheli um, with the prominent fibri ls in the 
cel ls, is the forerunner of lhe vertebrate heart. (Sim il arities between endoth elia l cells 
and smooth muscle cell s, and between these and card iac muscle cells have frequently 
been noted.) It is of interest lhat in the anne lids. cepha lopods and crustacea (! , 17, 19, 
20), which arc high ly developed invertebrates but wel l- removed from lhe vertebrate 
line of development, it is the pericytes which have developed contractili ty. U nfortunately 
no studi es have been made of the more primitive examples of lhe invertebrates, especially 
those ncar the divergence of the Protostomia and the Deuterostomia. 
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Fig. 12 A d iagram to show the simila r, yet divergent, develop ment of the vascular systems in the 
vertebrates and invertebrates. TI1e relations of the open capillary junctions, fenestrae and 
lymphatics are also indicated. 

One can similarly easily imagine that the sinusoids gradual ly evolved into the com
pletely endothelialized blood and lymph vessels of the higher vertebrates (Fig. J 2). 
Sinusoidal vesse ls only remai n in a few specialised reg ions. e.g. the liver. bone marrow. 
etc. Again the higher invertebrates. such as the cephalopods ( I ) show the evolvement 
c~ completely endothclia lized vessels, while even the annelids still have many sinusoids 
(I i). It would seem that sinusoids represent the primitive condition, but again fine 
st ructural evidence from primitive invenebratcs is lacking. 

In amph ioxus there were found no true lymphatics, i.e. separate from the vascular 
system. Of course one can a rb itari ly separate certain spaces, with or without basement 
r.:embrancs, and call them lymphatics (I 4. 2 1). This can now be seen to be based solclv 
on their anatomical positions and on phylogcnctical implications; it has no struclur;l 
nor, as fa r as can be seen, functional basis. 

Simila rly, no fenes trae were seen. These and the lymphatics a rc the only ways by 
which large molecules arc thought to be removed from the tissues (5, i, 8. 13, 29, 33). 
T;1us amphioxus must have some other arrangement for this purpose. from the experi
ments with carbon and lipoproteins it is evident that this is by the particles and large 
rr.? lccules passing into the blood vessels, primarily via the open junctions a nd the large 
gaps between the endothelial ce lls. Such a passage has obvious simi larities with the way 
in which large molecules, etc .. pass into the mammalian lymphatics (3. 4. 5, 9). By con
trast, in injured mammalian post-capi llary venu lcs and capillaries. plasma passes out 
of the vessels v ia the open junctions (25). 
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Vascular Function 

The pasgage of plasma out of injured mammalian blood vessels is obviously a result 
of the outwards hydrostatic pressure acting alone, with the inwards osmotic pressure 
nullified by the wide opening. The entrance of fluid (and the large molecules swept 
along with it) into the lymphatics is usually ascribed to an inwardly directed hydrostatic 
pressure d ifference (33). Recently it has been shown than an osmotic pressure d ifference, 
produced by the higher concentrations of-large molecules inside the lymphatics, than in 
the connective tissue, is of g reat importance (9), especially since other findings indicate 
that the hydrostatic pressure difference may usuall y be directed outwards rather than 
inwards (18). (No doubt transient, but probably important, variations in these hydro
static pressures a re caused by movements, etc.). 

In amphioxus the forces causing the movement of large molecules from the tissues to 
the vessels are unknown, but may be guessed at. Neither the hydrostatic nor the colloidal 
osmotic pressure of the blood is h igh , nor could they be in the sinusoids. They may be 
expected to approximately balance (13, 33)- indeed, with the tenous walls of the sinus
aids, they would have to. The infrequent, but relatively powerful, swimming movements 
of the animal could be expected to increase temporarily the tissue p ressures enough to 
force material, such as the carbon, into the sinusoids in the body wall and other regions. 
In the gut it is likely that fluid enters the animals via the epithel ium and carries the lipo
proteins released there th rough the basement membrane and in to the intestinal sinusoids. 

Vascular Phylogeny 

Since it is evident that fluid and large molecules pass into the vessels of amphioxus 
through the open junctions, it would be easy to imagine that this is how the lymphatic 
system developed evolutionally, and that therefore one ghould call these blood-lymph 
vessels in amphioxus. Simila rly, in the hagfish the endocr ine capillarieg a re nearly fully 
endothelialised, but there are many open junctions (9a). Howeve1·, the elasmobranchs 
have fully endothelialised vessels with apparently closed, though loosely held, junctions 
(11). Here it might be expected that the apparently closed junctions would prevent 
material entering the vessels. This would make it difficult to understand bow thio 
mechanism could be redeveloped when the true lymphatics finally separated-off from 
the veins in the more developed to rpedoes and the teleosts (11 , 21, 29, 32, 33). 

It is possible that in the elasmobranchs, which have a low blood pressure, occasional 
powerful muscular contractions may force materia l through the "loosely closed" junc
tions into the cap illaries and smaller venous vessels in the body-wall musculature. This 
is unlikely to happen in the teleosts with their higher blood pressures and firmer j unc
tions, and hence these may have necessitated the development of the lymphatic system. 
Unfortuna tel y, at present it is not known if muscular contractions can force material 
through the junctions into the venous capillarie~ of the elasmobranch body wall. If so, 
th is would preserve the ability of these junctions to be easily opened and thus faci litate 
the development of the lympha tic system. I.e. in teleosts the junctions in the newly 
separated lymphatics would retain this ab il ity to open and a l:ow passage, while those 
in the blood vessels would become more tightly closed to resist the higher blood pressures. 

However, eve n in the elasmobranchs, many regions must be sufficiently distant from 
the body wall so that muscular concentrations can have li ttle effect. It may be that this 
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is the reason that fenestrated blood vesse ls have developed in these animals, since there 
is considerable evidence that fenestrae wi ll remove large molecules and fluid from the 
tissues in to the venous capi llaries (i . 8, 11 ). It is of in terest that in amphioxus, and in 
the hagfish {9a), there arc no fenestrae. One presumes U1at the low hydrostatic and 
osmotic pressures in these lower chordates permit the existence and functioning of 
permanently open junctions to remove large molecules and collections of fluid from 
the tissues. 

Conclusion 

Such a process of the development of the fine structures (Fig. 12) and the functions 
of the blood and lymph systems, including the fenest rae, seems very attractive. It would 
be from d iscontinuously lined sinusoids to fully lined vessels, both as one passed from 
minor to major vessels and from the primitive animals to the m ore highly evolved ones. 
T his occurs in both the invertebra tes and the vertebrates - presumably in response to 
higher blood pressures. In those vertebrates with fully endothelia lized capillaries, but 
with low blood pressures, strong muscular contractions would still be able to force collec
tions of Ouid and large molecules into the venous capillaries via the loosely held j unc
tions. In reg ions remote from the body wall musculature, fenestrae developed to a llow 
the uptake of large molecules into the fully endothelialized capill aries. When the blood 
pressure rose so much that material could no longer be forced into the venous capillar ies 
(especia ll y as the junctions would have to be more strongly united to stand the p ressures) 
the fenestrae would remain. H owever, especially in the body-wall musculature with its 
non-fenestrated capillaries, another path could have to be developed - retain ing the 
open junctions. This was the lymphatics, which were still linked to the functional state 
of the tissues in that their uptake improves with muscula r contractions. Thus they could 
come to be secondarily important in the gut too, with the contractions of the villi. This 
would allow the gut epithelium to produce the large chylom icra, which could not pass 
through the fenestrae. Attractive as such a scheme may be, our lack of evi dence makes 
this no more than a very tentative hypothesis at present. There is, h owever, suggestive 
structural. functional and phylogenetical evidence in favour of a ll parts of it. 

Summary 

Maj or and minor vessels were studied with the electron microscope, in amphioxus, Brancltio
sloma moretouensis, KJl/y 1966. The major vessels had a lmost con tinuous endotheli um, with 
probably contractile myofibrils, a basement membrane and collagenous supporting tissue. T here 
were no pericytes. The mi nor vessels consisted of sinusoids, with the endothelial cells often being 
separated from each other by many micra. Only the basement membranes defined the walls of 
the vessels; often even these were lacking over parts of the walls. The vessels were thus continuous 
wi th the t issue spaces. No true lymphatics were seen. 

When carbon was injected in to the body wall, some of it lay in the tissue spaces. but this was 
continuous with some in true vessels. Some animals had cod-li ver oil inj ected into the gut. This 
was endocytosed by the epithelial cells and appeared at their base as particles very similar to 
mammalian lipoproteins. These crossed the epithel ial basement membrane to enter the sinuso ids. 
and they eventually passed to the veins eilher v ia areas where these communicated with the 
sir:usoids, or by passing through lhe mutual basement membranes and through open junctions 
in the venous endothelium. 

The sign ificance of these findings for an understanding of the evolut ion of the vertebra te 
lymphatic system and fenestrated blood capillaries is discussed. 
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