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Hepatic Sphincters

Brief Summary of Present-Day Knowledge

Melvin H. Knisely, Fann Harding, Hilda Debacker

Studies of normal and pathologic cir-
culatory physiology sometimes are car-
ried out without taking into account (i)
the blood-cell-reservoir function of the
spleen, and (ii) the blood-reservoir func-
tion of the liver and portal vein bed.
For instance, some of the recent re-
views of the factors which affect and
limit cardiac output in health and dis-
ease have paid but scant attention to the
accumulated knowledge of the structure
and reservoir functioning of the spleen,
portal vein bed, and liver (7). The pur-
poses of this article (2) are to give ade-
quate leads to the earlier fundamental
literature and to present a brief summa-
tion of the recent and growing knowledge
in this field. The references to the basic
older literature are particularly impor-
tant because they come from at least
two specialized fields of study: anatomy
and normal circulatory physiology. Spe-
cialists in other fields of biology, medi-
cine, and surgery are often unaware of
this basic literature.

A blood reservoir may be defined as
a region of the vascular apparatus of
variable capacity, in which controlled
amounts of blood can be stored and
from which controlled amounts can be
released. A necessary part of a reservoir
system is physical apparatus that is ca-
pable of controlling the outflow of blood
from the reservoir. The stored blood is
not necessarily in the reservoir because
the tissues of the reservoir are acting
upon it in any special way or because
the stored blood is necessary for the use
of the reservoir apparatus itself. The
stored blood may sometimes be station-
ary or moving, or various amounts may
be accepted by the reservoir while other
amounts are being released. Ordinary
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arteries cannot be considered significant
as blood reservoirs because of their low
capacity.

Spleen

The spleens of mammals are some-
times said to “stare blood.” This state-
ment is inaccurate and misleading. The
spleens of mammals, including man,
store and release highly concentrated
blood cells. Yang (3) and Yang and
Chang (4) found that human spleens
can store and, upon adequate stimulus,
eject concentrated blood cells. This stor-
age-and-release acts to increase or de-
crease the circulating red cell count, and
thereby acts toward maintaining the
count constant. Obviously, this also af-
fects circulating blood volume.

Robert M. Berne has prepared a 16-
millimeter motion picture which records
a large volume change in the spleen of
the dog. The film not only presents con-
crete evidence for scientists but also is
ideal for classroom presentation. It can
be borrowed for study (5). (For the
older, basic literature and summary of
the evidence that the spleens of mam-
mals store and release concentrated
blood cells, rather than whole blood, see
6, 7.)

Liver and Portal Vein Bed

There is a rather large literature deal-
ing with the blood-reservoir functions of
the liver and of portal vein bed, begin-
ning with Stolnikow in 1882 (8-13). A
detailed analysis and summary of the
fundamental knowledge was given by
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Knisely, Bloch, and Warner in 1948 (7).
Descriptions of a few critical experi-
ments follow.

Johansson and Tigerstedt (14) found
that when saline or defibrinated blood
was transfused into rabbits, large quan-
tities of blood were stored in the liver.
They say (translated) : “The second fact
to which we would draw attention is the
great distention of the liver which we
have observed in all our transfusion ex-
periments and which has also been noted
by earlier workers. After the injection of
large quantities of fluid the liver be-
comes almost as hard as a board. If after
the death of the animal the liver is cut
out, fluid streams from it in great quan-
tities. We see that a considerable quan-
tity of fluid is taken up by the liver and
thus withdrawn from the general circu-
lation.”

Krogh and Lindhard (15) and Krogh
(16) clearly demonstrated by experi-
ments performed on young, healthy,
normal, unanesthetized, untraumatized,
unfrightened men—namely, themselves
—that the human liver and portal vein
bed can store large amounts of blood,
and that the rate at which such stored
blood is poured into the inferior vena
cava is a mathematical determinant of
the amount of blood delivered to the
heart. This means that the control of the
outflow of blood from the livers of
healthy human beings is a major factor
in the control of cardiac output. These
experiments did not make it possible to
locate the anatomical structures that
control the outflow from the liver and
portal vein bed.

Jarisch and Ludwig (I7), working
with rabbits and cats, demonstrated that
the veins of the intestines (which are
tributaries of the portal vein) are a
blood reservoir. Following even small in-
jections of saline or blood into the ani-
mal’s jugular vein, the volume of the
intestinal vessels rose promptly and
sharply. The vessels of the animal’s legs
did not make this response. The ability
of the intestinal vessels to store blood
was immediately abolished in all cases
in which the innervation of the liver
was destroyed. It must therefore be con-
cluded that the storing of blood in in-
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testinal vessels is dependent on blood-
flow control mechanisms within the
liver.

Grab, Janssen, and Rein (78) found
in 44 experiments on dogs that it was
possible, following the administration of
different doses of adrenalin, to cause the
liver to eject a volume of blood equiva-
lent to as much as 59 percent of the
weight of the emptied organ.

Storage Control Mechanisms

Bauer, Dale, Poulsson, and Richards
(19) found that in dogs the contraction
of the large hepatic veins is a mechanism
which can initiate the storage of blood
in the liver. They also found that in their
preparations small doses of adrenalin
caused the outflow control mechanisms
to relax.

The hepatic outflow control mecha-
nisms have received several names, such
as sluice valves, sluice channels, throttle
veins and, in German, Drosselvenen.
These terms have developed in general
as a result of experiments using the
methods of gross physiology. For the
most part, the terms designate function
and not specific, identified portions of
anatomy. For a summary of the older
anatomical knowledge of Drosselvenen,
see Benninghof (9), Franklin (10), and
Arey et al. (12).

Within recent years, knowledge of the
specific anatomical locations of the con-
tractile outflow control mechanisms has
been growing. Four, perhaps five, sepa-
rate sets of mechanisms are now known
which can control the outflow of blood
from the portal vein bed and liver.

Contractile hepatic veins. In dogs,
long stretches of whole hepatic veins can
dilate widely or contract so tightly shut
that the available blood pressure cannot
force them open (12, 13, 19, 20). Arey
et al. (12), using wax plate reconstruc-
tion methods, have provided precise de-
scriptions of the arrangements of stain-
able smooth muscles in hepatic venules
of various sizes in the dog, raccoon, and
fur seal.

According to Testut and Latarjet (21)
(translated): “. . . the hepatic veins
differ from the portal vein branches by
the quite special development of their
muscular fibers, which form a real tunic
around their whole circumference and
over their whole extent. This muscular
tunic . . . consists of an internal layer of
circular fibers and an external layer of
longitudinal fibers. It is rather thin in
man but very thick in some animals:
thus, it reaches a thickness of 4 mm. in
the ox and in the horse.”

Contractile sublobular veins. Deysach
(22) presented pharmacologic and his-
tologic evidences that the sublobular
veins are powerfully contractile in the
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cat, rabbit, raccoon, Virginia opossum,
grizzly bear, coati mundi, white-tailed
deer, “and others.” (Deysach received
his rare animals from a zoo.)

Deysach “‘small sluice channel.” A
fairly large number of hepatic sinusoids
come together into a single channel
which enters either a central or sublobu-
lar venule through a single contractile
sphincter, which is the “small sluice
channel.” Deysach (22) first described
these channels and demonstrated their
presence mainly in adult cats and rab-
bits. Harding (23) saw Deysach small
sluice channels in the living livers of
frogs, mice, rats, hamsters, guinea pigs,
rabbits, cats, dogs, and rhesus monkeys.
The small sluice channels are greatly
outnumbered by the fourth type of out-
flow control mechanism.

Sinusoid outlet sphincters. Each he-
patic sinusoid or small group of sinusoids
drains through a single outlet sphincter
into a central or small sublobular venule
(see Fig. 1). When one sinusoid outlet
sphincter remains open, and those on
each side of it shut off tightly, the blood
from several of the neighboring, branch-
ing, and anastomosing sinusoids passes
out through the single open-outlet
sphincter. It is often difficult or impos-
sible to know whether a given Deysach
small sluice channel definitely is an
anatomical structure, or whether the ar-
rangement observed is a result of the
aforementioned physiologic activities of
the tissues at the moment.

Possible  fifth mechanism. The ar-
rangement of the smooth muscle fibers
of the wall of the vena cava, arching
around the outlet orifices of the large
hepatic veins may, in some species, be a
hepatic outflow control mechanism (see,
for instance, the suggestive figure pre-
sented by R. Spanner, 24). Both Arey
et al. (12) and Franklin (I0) provide
reviews of older, relevant anatomical
knowledge, mainly concerning possible
throttle-valve mechanisms in aquatic
diving mammals.

Sphincters of the Liver Lobule

Knisely, Bloch, and Warner (7) pre-
sented a diagram showing the parts of
the liver lobule of frogs, based on migro-
scopic study of the quartz-rod transillu-
minated living livers of 3500 animals
(for anatomical orientation, see Fig. 1).
The purpose of their study was to learn
the structure and visible mechanical
functioning of the parts of the liver lo-
bule of one species thoroughly; it would
then be possible to see which structures
and functions of the liver lobules of other
species are like those of frogs, and which
differ, and how they differ. These inves-
tigators also reported the presence of in-
let and outlet sphincters, which were ob-

served in the lobules of one rhesus
monkey.

Since then, Seneviratne (25) has stud-
ied living frog, mouse, and rat livers
and reported that he could not see
sphincter valves in any of these species.
However, his Figs. 7, 9, and 10 show
sinusoids ending blindly, leaving a clear
space between the ends of the sinusoids
and the adjacent larger vessel. This is
the exact appearance of rows of sphinc-
ters when they are contracted tightly
shut.

Both inlet and outlet sphincters have
been observed by Irwin and Macdonald
(26) in living guinea pigs; by Bloch
(27) in 6000 living animals (frogs, rats,
mice, bats, guinea pigs, rabbits, and rhe-
sus monkeys); by Rappaport (28) in liv-
ing weanling white rats. Outlet sphinc-
ters were seen by Harding (23) in living
frogs, mice, rats, hamsters, guinea pigs,
rabbits, cats, dogs, and in one rhesus
monkey. Inlet sphincters have been seen
during the past 5 years in our laboratory
in living frogs, mice, rats, cats, hamsters,
and dogs.

In summation, both inlet and outlet
sphincters have now been seen in the
livers of living frogs, mice, rats, guinea
pigs, rabbits, hamsters, bats, cats, dogs,
and rhesus monkeys.

In quartz-rod transilluminated livers,
the sphincters have been observed by
using high-resolving Leitz biobjective
binocular dissection microscopes, which
give magnifications from about 50 to
150. In our laboratory, compound bin-
ocular microscopes, provided with water-
immersion objectives, have permitted
observations up to x550.

Irwin and Macdonald (26) made a
significant contribution to the micro-
scopic study of living structures in mam-
mals. They adapted tracheal insufflation
techniques, thereby making it possible to
reduce or stop gross respiratory motions,
nearly eliminating these motions from
the minute structures that were being
observed. Rappaport, working in our
laboratory during July 1956, devised an
arrangement which still further reduces
the motions of mammalian structures.
He arranged intra-abdominal polyethyl-
ene aprons under which Ringer’s solu-
tion was run through a narrow poly-
ethylene tube, thereby maintaining a
constant intra-abdominal pressure. By
using both of the aforementioned tech-
niques simultaneously, it is now possible
to focus a water-immersion lens on a
single outlet sphincter and keep that
structure in focus at as much as x550
magnification for several hours at a
time.

When it is properly illuminated, the
sphincter material has a translucent ap-
pearance, sharply different from that of
the surrounding hepatic parenchyma.
With our light source (a tungsten-fila-
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Fig. 1. Frog liver lobule. Each of the kinds of structure present in the lobule and the
interrelationships between them are shown. Multiple interrelationships of items of the
same kind are not shown—for instance, the well-known branching and anastomosing of
sinusoids. Note the positions of (i) the inlet sphincter, at the point where the sinusoid
joins the afferent intralobular portal venule, and (ii) the outlet sphincter at the junction
of the efferent end of the sinusoid and the central vein of the lobule.

ment, motion-picture projection bulb
operated at somewhat less than its rated
120 volts), the contractile tissue some-
times has a translucent golden color.

When illuminated by near-ultraviolet
light from a General Electric Mazda
A-H-5 lamp, transmitted to the liver by
a quartz rod, the contractile inlet and
outlet tissue of frogs fluoresces quite dif-
ferently from the parenchyma. The con-
tractile tissue becomes a greenish-gold
color. (This is a “natural fluorescence”;
no dye has been given the animal.)

In frogs, an injection of 0.6 milliliter
of 0.5-percent trypan blue (dissolved in
distilled water) into the dorsal lymph
sac stains the hepatic parenchyma tissue
sharply but leaves the sphincter material
completely unstained.

Inlet Sphincter Function

In frogs, the inlet sphincters play a
significant role in the “autotransfusion
reaction.” Knisely, Bloch, and Warner
(7) described their observations of this
reaction' as follows: “The Autotransfu-
sion Reactions: When a lightly anesthe-
tized frog, which has a moderate to
large percentage of its hepatic sinusoids
storing blood or concentrated blood cells,
has a moderately rapid hemorrhage from
any part of its body, the terminals of the
hepatic arterioles and portal venules and
the inlet sphincters constrict tightly shut,
the outlet sphincters open, the sinusoid
linings constrict (often peristaltically
from the periphery of the lobule toward
the center), thus ejecting the contents of
the sinusoids into the central veins. Thus
the animal ‘gives himself a blood trans-
fusion.” The outlet sphincters then close,
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which prevents backflow into the sinu-
soids. The central and sublobular veins
may also constrict somewhat (but usually
not tightly shut) thus ejecting a little
more blood. The whole autotransfusion
is a precisely coordinated reaction of the
individual structures which participate.
In well nourished lightly anesthetized
animals the blood is actively ejected by
contraction of the sinusoid linings. The
evidence is that the sinusoids may be
completely empty and contracted so
tightly that they have no lumen at the
end of the ejection.”

As far as is now known, blood does
not pass from the portal vein bed into
the liver without passing through the
hepatic inlet sphincters. Note that dur-
ing the autotransfusion reaction just de-
scribed blood stored in the liver was
forcibly ejected during a time that he-
patic inlet sphincters prevented portal
vein blood from entering the liver. Ana-
tomically, the inlet sphincters of other
species stand in a position which would
permit controlled emptying of the liver
without emptying of the portal vein bed
and tributaries through the liver. Other
than the foregoing, we have no clear-cut
concepts of the functions of inlet sphinc-
ters, either for hepatic or for general
circulatory physiology. Obviously, the
functions of the inlets are now open for
investigation.

Hepatic Outflow Control Mechanisms

When a segment of hepatic vein con-
tracts tightly shut, it stops the outflow
of blood from a relatively large volume
of liver tissue. When a sublobular vein
contracts, it can cause the storage of

blood in one or more whole lobules.
When a Deysach “small sluice channel”
closes tightly, it can cause the retention
of but a small amount of blood in the
relatively few sinusoids which drain
through it.

The individual sinusoid outlet sphinc-
ters of frogs can all open widely at once
or take turns individually, opening and
closing, relaxing and contracting; or
various numbers of them may remain
partially, tonically, contracted; or vari-
ous numbers may all close at once.
(These activities have been recorded in
motion pictures taken through the micro-
scope.) The outlet sphincters thus pro-
vide precise control of the flow of blood
out of each and every sinusoid of the
frog liver (for details, see Knisely,
Bloch, and Warner, 7). Detailed knowl-
edge of the behavior of sinusoid outlet
sphincters in mammals is not yet avail-
able.

By and large, the four or five separate
outflow control mechanisms have been
discovered and studied during separate
investigations, which usually employed
quite different methods of study. Conse-
quently, the knowledge that a given spe-
cies has a certain type of outflow control
mechanism does not indicate that the
other mechanisms are absent in that spe-
cies. Note that at least four of the
mechanisms have now been found in
dogs.

In various papers and reviews describ-
ing efforts to discover hepatic outflow
control mechanisms, it is sometimes
pointed out that “the mechanisms are
absent” in one species or another. Care-
ful reading of many of the original
papers clearly shows that the investiga-
tors have not always determined whether
they found the hepatic outflow mecha-
nisms absent, or whether the methods
they used failed to detect their presence.

As previously noted, Krogh and Lind-
hard (15) and Krogh (I6) demon-
strated that human liver and portal vein
bed store and release blood and thereby
limit and control the rate of filling of
the heart, and thus the cardiac output.

As is well known, in many organs—
human skin, for instance—there are di-
rect vascular capacity changes as various
numbers of arterioles, capillaries, or ven-
ules change caliber during different
phases of functions of the organs. Fur-
ther, every movement of fluid in or out
of the wvascular system acts toward
changing the capacity of the system. If
an animal’s vascular system is to func-
tion as a competent hydraulic machine,
it must have blood depots which can re-
spond to the summations of all the direct
and indirect changes in the capacities of
the peripheral parts of the system.

Blood returns to the right heart by
three major pathways: the superior vena
cava, infrahepatic inferior vena cava,
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and the hepatic veins which drain the
liver, portal vein bed, and spleen. Vari-
ous tributaries of the superior and in-
ferior vena cava have flap valves which
permit forward blood flow and stop
back flow. The hepatic outlet control
mechanisms stand as throttle valves con-
trolling the outflow from the great he-
patic and portal vein bed blood reser-
voir; they are the only known contractile
structures which can dam back fairly
large volumes of blood and restrict or
stop the flow of that blood toward the
right heart.

Portocaval Anastomoses

Currently, it is often assumed that no
blood can pass from the liver and portal
vein bed to the vena cava without pass-
ing through the hepatic veins. Were this
true, the blood from the liver and portal
vein would have to pass through one or
more of the hepatic outflow control
mechanisms. However, there are in hu-
man beings, and perhaps in other spe-
cies, known collateral connections be-
tween the portal vein or its tributaries
and the inferior vena cava. No single
current textbook of human gross anat-
omy lists all of these. Comer and Knisely
(29) present a list of known collaterals
in man, collected from the original lit-
erature (see also 30). The total numbers
and total cross-sectional areas of the col-
lateral connections between portal vein
and vena cava are not known for any
species, nor are their normal functions
and vasomotor control mechanisms
known.

One of us (M. H. K.) recently was
present at the autopsy of a 20-year old
previously healthy man who had been
killed 10 hours before by a single stab
wound in the upper right thorax. From
rather cursory examination of the vessels
of the portal vein bed and collaterals to
the inferior vena cava, he is of the
opinion that the whole topic of porto-
caval anastomoses in the healthy normal
human being now needs rigorous rein-
vestigation. One problem is to be sure to
distinguish an anastomosis which is a
part of healthy normal anatomy from
one which developed as a consequence
of, or as a part of, circulatory pathology
of the abdominal territory. For this, re-
sort to histologic sections may be neces-
sary. The information currently in ele-
mentary textbooks of human anatomy
is not useful for this purpose; it was not
collected for the specific purpose of mak-
ing it possible to understand the struc-
ture and function of normal human
beings. As noted, when attempting to
understand normal and pathologic phys-
iology, the presence of portocaval anas-
tomoses in normal healthy men is fre-
quently unknown, ignored, or forgotten.

Those who are interested in the con-
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trol of cardiac output should read the
detailed and comprehensive analysis of
the literature dealing with the blood-cell
reservoir functions of the spleen, and the
blood reservoir function of the hepatic
veins and the liver, in Knisely, Bloch,
and Warner (7).

Reservoir Retention Shock

The “pooling of blood” in the liver
and portal vein bed has been thought to
be a major factor in some, not all (see
Knisely et al., 31) types of circulatory
shock. The forcible closing of adequate
numbers of one or more types of hepatic
and portal outflow control mechanisms
can be one factor which initiates the
pooling (13). The plugging of enormous
numbers of small hepatic blood vessels,
sinusoids, intrahepatic radicles of the
portal vein and hepatic artery, and so
forth, with masses of agglutinated blood
cells is another mechanism which can
initiate the “pooling of blood” in the
liver and portal vein bed.

Conclusion

We now need to know the following:

1) A great deal more about the num-
bers, total cross-sectional areas, histo-
logic construction, vasomotor control,
and normal functions of the portocaval
anastomoses in each of a series of spe-
cies.

2) The cytological characteristics of
various contractile sphincter mechanisms
of the liver [Warner (32) reported struc-
tures (in guinea pigs) similar to smooth
muscle cells surrounding the sinusoids
efferent ends; these cells contained fibrils
similar to myofibrils (see also Arey et al.,
12)].

3) The physiological reactions in
which the hepatic sphincter mechanisms
continually participate (for the cur-
rently available information, see Knisely,
Bloch, and Warner, 7).

4) The neurological and hormonal
mechanisms which normally control the
hepatic sphincters.

5) How the various types of outflow
control mechanisms take turns operating
and otherwise coordinate their activi-
ties.

6) Pharmacological and therapeutic
agents which will cause each type of
sphincter in each species to contract or
to relax (for a beginning of this, see 11,
19, 22, 33).

7) The responses of each type of
sphincter mechanism to noxious stimuli
applied to the whole animal, such as
hemorrhages, both rapid and short, and
long and slow; and also the responses to
severe burns, crushing injuries, experi-
mentally induced infections, or perhaps
even to just a severe fright.
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