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We have reviewed the distribution of portal circulations throughout the animal body; they are
commoner than is generally supposed. Most portal circulations consist of two serial capillary
beds connected by one or more larger vessels. We have called these 'convergent' portal circu-
lations: examples are hepatic portal, placental, hypophysial, renal, ovarian and testicular
circulations, as are parts of the lymphatic circulation. A second type of portal circulation, which
is less common, consists of two serial capillary beds that are not connected by larger vessels. These
we have called 'continuous' portal circulations: adrenal and pancreatic circulations are examples
of this type.
When a countercurrent concentrating mechanism exists in the body it is always part of the

primary or secondary bed of a convergent portal circulation, though some convergent portal
circulations are not associated with countercurrent mechanisms.

The Concept ofPortal Circulations

Soothsayers were the first serious students of the liver, and thought of the
entry of the great vessels into the liver as the gate of the organ-the porta
hepatis [Bonora, 1964]. Rufus of Ephesus, a Roman surgeon, described this
arrangement in about 100 AD. In the centuries that followed, the main vein
running through the porta hepatis became known as the portal vein, and some
time after the discovery of capillaries in 1660 by Malpighi, it became evident
that the portal vein was at least unusual in having capillaries at both ends. When
the vessels of the pituitary stalk were first described by Popa and Fielding in
1930, these authors realised that these vessels shared with the portal vein the
possession of serial capillary beds, and so by analogy they became known as the
'pituitary portal' system.
There is semantic confusion lurking here, for 'portal' could be derived from

'porta' (gate) or 'portare' (to carry). There seems no doubt that 'portal' in the
original sense means 'like the vein at the gate of the liver'; it is fortuitous that
the pituitary vessels carry hypothalamic hormones to the pituitary, and that the
hepatic vessel carries metabolites to the liver. But the 'carry' meaning seems to
have taken over from the original 'gate' meaning.

Semantics aside, what characterizes portal circulations is that they possess
two serial capillary beds (supplying different cell types) that are not separated
by the heart. We will refer to the two capillary beds as 'primary' and 'secondary'
respectively; it is the first part of our hypothesis that portal circulations are
more common than is generally supposed.
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PORTAL CIRCULATIONS IN VARIOUS ORGANS

(a) The circulation of the liver

The hepatic portal vein carries venous blood partly derived from primary
capillary beds in the villi of the gut. The hair-pin arrangement of the vessels
in the villi strongly suggests that a counter-current system operates at this site
[Lundgren, 1967], and it has been found that there is an osmotic gradient in the
villus, whose osmolarity is greatest at the tip [Lundgren, 1974; Winne, 1975].
The secondary capillary bed of the liver, composed of wide fenestrated capil-
laries confusingly known as sinusoids, receives a mixture of portal venous and
hepatic arterial blood. A feature of the arrangement is that the blood in the
sinusoids (i.e. in the secondary bed) flows from the edge of the liver lobule to
the central vein: as bile is secreted into the canaliculi it passes towards the edge
of the lobule, in a direction opposite to the flow of blood. Thus in this portal
circulation both primary and secondary capillary beds are associated with
a counter-current mechanism.

In the fetus, where the gut is not yet a major site of absorption, the placenta
is the source of nutrition. Here the fetal capillaries (the primary bed) and
maternal capillaries lie alongside each other, and their flow is in opposite
directions. This is a counter-current exchange mechanism for the transfer of
oxygen [Barron, 1960]. Some blood passes from the capillaries of the placenta
to the ductus venosus, by-passing the liver, and some to the secondary bed, the
fetal hepatic sinusoids (Fig. 1). At birth, the young animal's liver switches
from a placenta-to-liver portal system to a gut-to-liver portal system.

LIVER
Di ACEFNITA

FIG. 1. The placenta-hepatic portal circulation in the fetus. The fetal capillaries of the placenta
make up the primary bed; the sinusoids of the liver are the secondary bed.
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(b) The circulation of the kidney
A short wide arteriole enters each glomerulus, and breaks up into glomerular

capillaries (the primary bed); these rejoin to form the efferent vessel. The
efferent vessel ends in one of two types of secondary capillary bed, situated
either in the renal cortex or the medulla. The cortical efferent vessels break up
into secondary capillary beds round the cortical tubular system (Fig. 2), whilst
the juxtamedullary efferent vessels also break up into a secondary bed, the
vasa recta (Fig. 3). The vasa recta run counter-current to themselves, and also

CORTICAL
/ \ GLOMERU LUS

FIG. 2. One of the portal circulations in the kidney has its primary bed in the cortical glomerulus
while the secondary bed is peritubular.

to the loops of Henle. The two secondary capillary beds, though differing in
form, have similar functions in that they salvage substances that have left the
circulation from the primary capillary bed of the glomerulus.

So there are two portal circulations in the mammalian kidney. In many
animals lower than mammals there are actually three, because in fish, amphi-
bians and reptiles there exists a vein passing to the kidney, the renal portal
vein, which drains the posterior half of the body (Fig. 4). In birds (Fig. 4), the
blood in the hepatic portal vein can be diverted to the kidney, a most mysterious
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FIG. 3. Another portal circulation in the kidney. The primary bed is in the juxtamedullary
glomerulus and the secondary bed is formed by the vasa recta.

GLOMERULUS

FIG. 4. Fish, amphibia, reptiles and birds have a third pattern of renal portal circulation. In fish,
amphibia and reptiles the primary bed is made up of all the capillaries of the posterior
half of the body, the secondary bed being peritubular. In birds the primary bed is in the
wall of the gut, as well as the posterior half of the body.
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arrangement. In both these types of renal portal system the secondary bed forms
part of the peritubular capillary network of the nephron. Injection of a sub-
stance excreted by tubular secretion (e.g. phenol red) into the left leg of a
chicken results in its excretion by the left kidney [Sperber, 1960].

(c) Circulation of the pituitary

Popa and Fielding [1930] first realized that the vessels running along the
pituitary stalk connected two capillary beds, and formed a portal system
analogous to the portal vein of the liver. These workers actually mistook the
primary for the secondary bed, thinking that the blood passed up the stalk.
We now know that blood flows down the stalk in the long portal vessels,
carrying neurohormones from hypothalamic nerve cells to the epithelial cells
ofthe adenohypophysis. The vessels ofthe primary bed are curiously looped and
coiled capillaries [Daniel and Prichard, 1975]. It is tempting to draw a parallel
between the shape of these loops and the counter-current devices seen, for
example, in the kidney and in the intestinal villi.

It seems, however, that the original idea about the direction of the blood flow
in the pituitary stalk was not entirely wrong, for Page, Munger and Bergland
[1976] have described portal vessels in the stalk in which blood could flow from
the neurohypophysis up to the median eminence. Oliver, Mical and Porter
[1977] have shown experimentally that neurohypophysial hormones do in fact
pass up the stalk to influence the release ofhormones from the median eminence.
These authors make the suggestion that there is a counter-current exchange
of hormone(s) between the ascending and descending portal vessels; and the
curiously looped capillaries, which we mentioned above, might provide the
anatomical basis for counter-current exchange at this site.

(d) The circulation of the uterus and ovary

There is a good deal of evidence (though not all harmonious) that the
uterus produces an agent or agents responsible for lysis of the corpus luteum.
The most popular candidate for this agent is prostaglandin F2,. Lysis of the
corpus luteum may be prevented by interrupting the vascular connexion
between the uterus and the ovary, so the reader might reasonably assume that
there was a portal system of vessels connecting the organs. But in fact the
situation is much more remarkable, as shown in Fig. 5, which shows the
arrangement in the sheep. Venous blood from the ovary and uterus drains
into the utero-ovarian vein, while the ovarian artery passes tortuously along
the surface of the vein, in a counter-current direction [McCracken, Carlson,
Glew, Goding, Baird, Green and Samuelsson, 1972; Baird, 1977]. Prosta-
glandin F2,, infused into the uterine vein, passes into the ovarian artery,
though the walls of the two vessels are obviously thicker than capillaries or
arterioles, and so reaches the ovary [Mapletoft and Ginther, 1975]. (It might be
asked whether there is need for such a remarkable arrangement-could not
the PGF2a, pass round the whole circulation? It is likely that the half life of
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FIG. 5. The utero-ovarian portal circulation. The primary bed is a veno-arterial communication
between the utero-ovarian vcin and the ovarian artery. The secondary bed is within the
substance of the ovary.

PGF2a in the circulation is so short that huge quantities would need to be
secreted by the uterus in order to produce luteolysis.) It is not clear whether this
vascular arrangement exists in primates [Goldberg and Ramwell, 1975] though
it is probably found in most other vertebrates. From the point of view of this
paper, two conclusions are relevant:

1. The utero-ovarian vascular connections are functionally portal.

2. The vascular connections constitute a counter-current arrangement
which would tend to maintain high concentrations of substances (e.g. prosta-
glandin F2, or gonadotrophins) in the ovarian circulation.

(e) The circulation of the testis

In many ways the vascular arrangement of the testis resembles that of the
ovary. Blood enters the organ via the testicular (spermatic) artery, and after
supplying the seminiferous tubules leaves via the veins that form the pampiniform
plexus, which envelops the testicular artery (Fig. 6). There is no doubt that this
device is a counter-current heat exchanger, allowing the temperature of blood
entering the organ to be several degrees lower than core temperature. But the
arrangement also behaves as a secondary capillary bed, because testosterone
(and water) have been shown to pass from the pampiniform veins into the
testicular artery [Free and Nguyen Duc Kein, 1973; Free, Jaffe, Jain and
Gomes, 1973].
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FIG. 6. The portal circulation of the testis. The primary bed is in the testis and the secondary one
is a veno-arterial communication between the pampiniform plexus and the testicular artery.

Functionally, the vessels of the ovary and testis are portal systems that have,
by looping, created a local circulation where substances like prostaglandins or
gonadotrophins can be concentrated. Depending on the site of formation of the
substance, an active or passive transport mechanism will operate from vein to
artery.

(f) Some glands with ducts

There is a good deal of physiological evidence that the secretions of exocrine
glands (notably the salivary glands, pancreas and liver) undergo extensive
modification as they pass down ducts. These ducts are richly supplied with
capillaries, providing an anatomical basis for the functional findings. Burgen
and Seeman's observations [1958] on the parotid gland of the dog can be most
readily explained if a primary capillary bed surrounded the duct system (with
the capillaries running countercurrent to the flow of secretion) and a secondary
bed supplied the acinar cells. Burgen and Seeman actually use the phrase
'countercurrent portal system' in their paper.

Subsequently it was shown that in the parotid of the sheep a primary capillary
bed supplies the acini and a secondary one the duct [Blair-West, Coghlan,
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Denton, Nelson, Wright and Yamauchi, 1969]. This would not involve a
counter-current relationship between blood and saliva. Recently, Frazer and
Smaje [1977] examining the submandibular gland of the rabbit, found that the
two circulations (ductal and acinar) are not in series at all, but are in parallel.
It is clear that the results of three different groups of authors, using different
techniques in three different species, do not allow us to generalise about serial
beds in salivary glands; more experiments are needed.
The bile ducts are also metabolically active, and evidence suggests that they

actively absorb glucose [Guzeolian and Boyer, 1974]; they are surrounded by a
complex capillary bed derived from the hepatic artery [Andrews, Maegraith
and Wenyon, 1949]. Blood flow in the capillaries runs counter-current to the
bile flow in ducts, and since these circumductal capillaries can only drain into
the liver, they must finish in the sinusoidal system of that organ. This would
be a portal system whose primary bed is around the ducts and whose secondary
bed is in the liver parenchyma (Fig. 7).

BILE
DUCTSLVE

H EPATIC H /EPAT I C
ARTERY V: VEINq

FIG. 7. The portal circullation betweeni the capillaries of the bile duct (primary bed) and the
parenchyma of the liver (secondary bed). The gall-bladder has an analogous arrangement.

The same reasoning can be applied to the gall-bladder, which is a modified
concentrating duct. This organ receives arterial blood from the cystic artery,
and fluid which is reabsorbed from the lumen of the gall-bladder enters the
capillaries in its walls. These capillaries join to form the cystic vein(s), which
pass into the liver parenchyma: so the capillaries in the wall of the gall-bladder
are the primary bed, and hepatic sinusoids are the secondary bed. It seems likely
that the venous blood leaving all ducts-particularly when they are situated
within the substance of their glands-enters the capillary bed of the adjacent
parenchyma, so forming a secondary bed.
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(g) The lymphatic system

The body is protected from the outside world by epithelium-the skin
externally, the endothelium of the gut internally. Beneath these epithelia lie
profuse lymphatic capillary networks. The walls of these capillaries are remark-
ably permeable, even to proteins, and the contents closely resemble tissue
fluid.
When the epithelium is damaged, foreign substances (especially proteins)

rapidly enter the lymph capillaries (the primary bed) and are carried by the
lymphatic vessels to a lymph node, which contains a population of B and T
lymphocytes. The afferent lymph vessels break up in the node into sinusoidal
channels (the secondary bed) so that the lymphocytes are bathed by the incoming
lymph. This then leaves the node carrying antibodies produced by the lympho-
cytes, as well as a certain number of B cells and many more T cells, to be carried
in an efferent vessel to a thoracic duct and enter the general circulation.

In addition, the lymphatics carry a proportion of the hormones leaving
endocrine glands, for example the testis, ovary and adrenals [Daniel, Gale and
Pratt, 1963]; and the thyroid [Daniel, Plaskett and Pratt, 1967; Daniel, Pratt,
Roitt and Torrigiani, 1967a and b]. Lymphatics also carry a proportion of the
insulin secreted by the islets of Langerhans [Daniel and Henderson, 1966].
Thus both morphologically and physiologically, the lymphatic vessels constitute
a portal system.

(h) The circulation of the adrenal

In most species, the blood supply to the adrenal is derived from many
small arterial twigs, which form a network on the surface of the cortex. From

CORTEX MEDULLA

ARTERY VEIN

FIG. 8. The circulation in the adrenal cortex and medulla. The primary bed is in the cortex and the
secondary bed in the medulla; notice that the capillaries continue directly from the primary
to the secondary bed, without converging. The medulla also receives a direct arterial supply.
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this network arterioles dip into the cortex, giving rise to a primary capillary
bed. Efferent capillaries pass into the medulla, where they constitute the
secondary capillary bed [but see Coupland and Selby, 1976]. The medulla
also receives a direct supply from the arteries of the cortex; so, like the liver,
the adrenal medulla receives a mixture of venous and arterial blood (Fig. 8).
Evidence for the physiological importance of the portal blood supply of the
adrenal includes:

1. Adrenaline cannot be synthesized by animals whose cortex is anatomically
separate from the medulla; these animals can only synthesize noradrenaline
[Coupland, 1953].

2. High concentrations of corticosteroids greatly accelerate the methylation
of noradrenaline to adrenaline, both in vivo and in vitro [Pohorecky and
Wurtman, 1971].
So the portal circulation ofthe adrenal plays an essential role in the synthesis

of catecholamines: it is 'portal' in the 'carrying' sense of the word, and 'portal'
in that two serial capillary beds are involved. However, the primary capillaries
do not collect into one vessel before breaking up into the secondary capillary bed
(Fig. 8), as they do in all the portal systems so far described. This difference in
connexions between the beds is important, and we will return to it in the second
part of the paper.

ISLET OF LANGERHANS

ARTERY VEIN

EXOCRINE PANCREAS
FIG. 9. The circulation in the pancreas. A primary capillary bed is in each islet and continues

directly into the secondary bed of the exocrine pancreas, which also has a direct arterial
supply. Note the similarity of this arrangement to that shown in Fig. 8.
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(i) The circulation of the pancreas

All authors, from Kuhne and Lea [1882] onwards, have agreed that the
islets of Langerhans have a high pressure arterial blood supply. Much of the
blood leaves the islet via capillaries which pass into the exocrine pancreas
rather than forming a single vein [Daniel and Henderson, 1978]. Such an
arrangement constitutes two capillary beds in series (Fig. 9). Excellent illustra-
tions of these vessels have been given by Fujita and Murakami [1970]. One of
us [Henderson, 1969] has previously proposed that the high concentrations of
hormones from the islets reaching the exocrine pancreas play an important role
in the functioning of the gland, and that the fragmentation of the endocrine
pancreas into many islets enables the islets to modulate the activities of the
exocrine pancreas [see reviews of the evidence by Falkmer and Patent, 1972;
Fujita, Yanatori and Murakami, 1976]. The arrangement might be called an
islet-acinar portal system. It would be overstating the case to propose that the
whole of the exocrine pancreas derives its blood supply from islets, for there is
no doubt that the exocrine tissues also receive a direct arterial supply (Fig. 9).
Blood going to the islets of Langerhans thus passes through no less than three
serial capillary beds: (1) the islets (2) the exocrine pancreas and (3) the liver,
before returning to the heart.

The ubiquity ofPortal Circulations

We have demonstrated some sites of portal circulations, but it is likely that
this arrangement is even more ubiquitous than we have proposed. For instance,
it would be of interest to search for any local vascular connexions between the
antrum and the fundus of the stomach, since gastrin, which is secreted by the
antrum, has a powerful stimulatory effect on acid secretion by the fundus.
Further organs which might be investigated include the spleen, thymus, pineal,
sweat glands, mammae, the choroid plexus of the brain, and the parathyroid
and thyroid glands.

COUNTER-CURRENT MECHANISMS AND THE Two TYPES OF
PORTAL CIRCULATION

It is clear that portal circulations are inextricably linked with the transfer of
substances into or out of the circulation. Let us consider the movement of a
substance into the primary bed of a portal circulation. The substance may
initially be present at a relatively low concentration, as part of a large pool (as
with oxygen in the maternal blood of the placenta, or amino acids in the lumen
of the gut). Alternatively, the substance may exist at a high concentration
when locally released into the primary bed (as with insulin from the islets of
Langerhans, or corticosteroids from the adrenal cortex). When the substance
is at a low concentration, a counter-current mechanism is usually found in the
primary bed. On the other hand, when the substance is at a high concentration
E
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TABLE I. A sutnimmary of the portal circulations described

Portal circulation

1. Hepatic portal
2. Placenta
3. Hypophysial

4. Renal

5. 'Renal portal' (fish,
amphibians, reptiles)
(birds)

6. Utero-ovarian

7. Testis

8. Exocrine glands

9. Lymphatic circulation

10. [Fish] Whole circulation
Gas gland

Site of primary bed

TYPE 1 CONVERGENT
Villi of intestine (CCM)
Placenta (CCE)
Hypothalamus (?CCM)
Neurohypophysis

Glomerulus

Posterior half of body
Posterior half of body and
villi of gut
Uterus

Testis

Pancreatic duct (?CCM)
Bile duct (?CCM)
Gall bladder
Salivary ducts (?CCM)

Lymphatic capillaries in
most tissues
Gills (CCE)
Gills (CCE)

Site of secondary bed

Liver parenchyma (CCE)
Liver parenchyma (CCE)
Adenohypophysis
Pituitary stalk & median
eminence (CCE)
(1) Pertiublar capillaries
(2) Vasa recta (CCM)
Peritubular capillaries
Pertitubular capillaries

Ovary (and veno-arterial
anastomosis-see Fig. 5)
(CCM)
Veno-arterial anastomosis
(Fig. 6) (CCM)
Parenchyma of pancreas
Parenchyma of liver (CCE)
Parenchyma of liver (CCE)
Parenchyma of salivary
glands
Lymph nodes

All capillaries of body
Gas gland (CCM)

TYPE 2 CONTINUOUS
1. Adrenal Adrenal cortex
2. Pancreas Islets of Langerhans

Counter-current mechanisms (CCM = counter-current multiplier;
changer) are associated only with Type I (convergent) systems.

Adrenal medulla
Exocrine pancreas

CCE = counter-current ex-

(because it has been synthesized locally), no concentrating mechanism is
necessary (Table I). In the best known portal systems the efferent vessels of the
primary bed join together to form one or more major trunks: these we have
called 'convergent' systems (Figs. 1-7). It can be seen from the Table that the
majority of convergent systems are associated with a counter-current mech-
anism (which may be an exchanger or multiplier; we are not particularly
concerned with the distinction in this paper). In two portal systems the capillary
network of the primary bed is continuous with that of the secondary bed, and
we have called this type 'continuous' (Figs. 8 and 9). Continuous portal circu-
lations are not associated with counter-current mechanisms, because substances
are being synthesized and directly secreted into the primary bed. Ifthere are more
portal circulations in the body-and this seems likely-they will probably be
of the continuous type, since these are more difficult to demonstrate.
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Some of the circulations in the Table require comment. We have suggested,
for example, that the hypophysial portal system has a counter-current multiplier
in its primary bed. This is based solely on the striking looped and coiled
capillaries found at this site; but we have only an inkling of how the hypo-
thalamus might make use of such a mechanism (see section c). Then again,
the glomerulus, which is the primary portal bed of the mammalian kidney,
does not have a counter-current function, whereas the vasa recta of the second-
ary bed most certainly do. In fact the kidney's portal system is a kind of mirror
image ofmost of the other systems, for sodium ions escape from the circulation
in the primary bed and are avidly brought back into the circulation by the
secondary bed (Fig. 2). In the table we have drawn attention to fish, in whom
portal circulations abound [Schmidt-Nielsen, 1975]. Blood flows in the gills
in a direction counter-current to water, allowing extremely efficient transfer of
oxygen to blood. Since the heart is upstream to the gills, almost every capillary
in the body makes up the secondary bed of one enormous portal system.
Fish also possess one of the most remarkable counter-current mechanisms in
the animal kingdom: the gas gland, which is the secondary capillary bed of a
portal system that is capable of secreting a gas from blood into the swim
bladder at pressures of up to 200 atmospheres [Schmidt-Nielsen, 1975].
From our present knowledge, counter-current mechanisms are always

associated with portal circulations, although portal circulations are not neces-
sarily associated with counter-current mechanisms.
Some of this paper is undoubtedly conjectural, for it is clear that much

remains to be learnt about microcirculations. Many of the phenomena we have
discussed have only come to light in the last few years. We hope that our
portal/counter-current approach may stimulate new thoughts and research
into the ways in which organs and tissues communicate with each other by
making use of localized stretches of the circulation.
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