
INTRODUCTION
In the last century, the uptake of neurotransmitters in the

central nervous system from the synaptic cleft and their
retrograde transfer to neurovesicles of the synaptic knob, i.e., to
the places of their secretion, as well as the transfer of a portion
of the transmitter molecules from the synaptic cleft to other parts
of the nerve structures (non-neural uptake), were discovered.

In recent decades, among many physiological regulatory
systems operating as local and central controls, the mechanism
of the local regulatory system based on the uptake and retrograde
transfer of hormones and other physiological regulators to the
places of their secretion or their destination transfer to nearby
structures has become precisely understood. The system of the
local retrograde and destination transfer of physiological
regulators, situated between the endocrine and paracrine
regulation, is based primarily on specific morphological
adaptations of the local blood circulatory system and lymphatic

system. These adaptations enable the transfer of the regulatory
molecules through the walls of blood and lymphatic vessels and
increase their concentrations in the arterial blood supplying the
organs that secrete them (retrograde transfer) or nearby organs
(destination transfer). The local retrograde transfer of regulatory
molecules not only allows them to be reused but also, as recent
studies have shown, influences their production by a negative or
positive feedback mechanism. The local destination transfer of
physiological regulators can selectively supply nearby organs
with certain regulatory factors and thereby affect their function.
Many observations indicate that the local retrograde and
destination transfer of hormones and other biologically active
substances may be a universal physiological regulatory
mechanism, operating with only special modifications in various
species of animals and in humans.

Extensive studies on the structure and functions of the
retrograde and destination transfer system have focused on
several key areas:
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� the female and male reproductive organs;
� the perihypophyseal vascular complex (the venous

cavernous sinus and the internal carotid artery or the rete
mirabile of the internal carotid artery or maxillary artery);

� the periophthalmic vascular complex (the venous
ophthalmic sinus or plexus and the rete mirabile of the
external ophthalmic artery).
Most studies aiming at clarifying the physiological

mechanisms of retrograde and destination transfer have been
conducted on the female or male reproductive organs of many
animal species. These processes in the perihypophyseal vascular
complex and in the ophthalmic vascular complex are less well
understood, although many results suggest an important role of
these mechanisms in the physiology of the hypophysis and
central nervous system and in eye function.

RETROGRADE AND DESTINATION TRANSFER 
OF PHYSIOLOGICAL REGULATORS IN THE FEMALE

AND MALE REPRODUCTIVE SYSTEMS
Retrograde transfer of ovarian hormones from the ovarian
venous and lymphatic outflow to the ovary

Only 1-2% of the ovarian steroid hormones in the systemic
arterial blood that supplies all of the body's organs are in the
form of free molecules, and the ratio of free to plasma protein-
bound molecules remains relatively constant (1, 2). A high level
of free, biologically active steroids in the blood reaching the
nervous system, sensory organs and many other areas would be
harmful and dangerous for these organs. However, the
reproductive organs require not only high general concentrations
of these hormones but also high concentrations of their
biologically active forms, i.e., free, not bound to plasma
proteins. Therefore, in the females of many examined domestic
species, in laboratory animals and in women there are special
adaptations of the blood circulatory system and lymphatic flow
in the mesovarium, mesosalpinx and mesometrium that enable a
local supply of high concentrations of free, unbound molecules
of ovarian hormones to the female reproductive organs.

Extensive morphological studies, especially the studies by
Del Campo and Ginter in the 1970s, led to an interest in the
unusual course of the ovarian artery branches wrapping the
branches of the ovarian vein in the females of all studied
domestic and laboratory animals (3, 4). The extremely strict
adherence of the artery wall to the accompanying veins and even
common tunica adventitia of these vessels (4) suggested the
probability of the permeation of molecules through the walls of
the adjacent blood vessels. At that time, the pioneering research
of Einer-Jensen, documenting the permeation of the radioactive
inert gases krypton and xenon from ovarian venous blood to
ovarian arterial blood (5, 6), triggered further extensive research
on the transfer of ovarian hormones in the females of many
species. This permeation was called counter-current transfer, and
for many years, only this term was used. Most studies of the
physiological mechanisms of ovarian hormone counter-current
transfer, later defined by physiologists as a local retrograde
transfer, have been performed on the pig, as a good animal
model with an expanded uterus, mesovarium, mesosalpinx and
mesometrium, providing the possibility of experiments on
anesthetized or conscious animals. The counter-current transfer
of ovarian hormones has been demonstrated in pigs in both
phases of the estrous cycle (7-9) and in pregnancy (10). These
studies were conducted on anesthetized animals (11-14), on
conscious animals in physiological conditions (10, 11, 14) and
on isolated reproductive organs supplied with homologous blood
(7-9). The possibility of the counter-current transfer of ovarian

hormones and radioactive krypton between venous and arterial
vessels has also been demonstrated in the adnexa of women (15-
17). Various studies performed on sheep (18- 20), cows (21, 22)
and women (23-26) reported or suggested the functioning of the
counter-current transfer of ovarian hormones in these species.

Fig. 1 presents a schematic of the special adaptations of the
uterine and ovarian arterial, venous and lymphatic vessels that
enable the supply to the ovary, uterus and oviduct of arterial
blood enriched with steroid hormones at high concentrations. In
many species of animals (suids, ruminants, laboratory rodents,
cats and dogs) and in humans, the following adaptations of the
ovarian and uterine blood vessels exist: each branch of the
ovarian artery lies adjacent to a branch of the ovarian vein, and
the arterial branches or arterio-arterial anastomoses connect the
ovarian artery and uterine artery (3) (Figs. 1A, 1B, 1C). In the
mesometrium and mesovarium, there is a rich network of
lymphatic vessels that pass along blood vessels or cross them
(Fig. 2). As a result of this arrangement, there are special
conditions for the permeation of ovarian hormones from the
venous blood and the lymph to the arterial blood supplying the
ovary, oviduct and uterus.

Ovarian steroid hormones (molecular mass ~300-350 Da)
and other physiological regulators released from the ovarian
cells leave the ovary by two ways:
� in venous blood flowing out into the branches of the ovarian

vein, and
� in lymph, by numerous initial and precollector lymphatic

vessels forming near the paraovarian lymphatic plexus (27-
29) and later passing as the collector lymphatic vessels
throughout the mesovarium to the nearest local lymphatic
node (Fig. 1A and Fig. 2).
Then, molecules of the hormones may be transferred into the

arterial blood supplying the female reproductive organs via two
pathways (Fig. 3), according to the partial pressure gradient:
directly, from the ovarian venous blood to the ovarian arterial
blood (counter-current transfer) and indirectly, in a complex
multistage process, from the ovarian lymph and the venous blood
of the mesovarial vasculature into the ovarian arterial blood.

Direct counter-current transfer of free steroid hormones
The branches of the ovarian vein lie next to each other and

adjacent to branches of the ovarian artery (Figs. 1A, 1B, 1C).
Histological examination revealed the local thinning of the vein
and artery walls at the level of their direct contact (4). In adjacent
arteries and veins, the blood flows in opposite directions. The
concentration of steroids in the venous blood exiting from the
ovary is, on average, 10- to 20-fold greater than that in the
systemic arterial blood entering the ovarian artery (12). Due to the
difference in the concentration of the ovarian hormone molecules
(all steroids, oxytocin, inhibin and activin subunits), these
molecules may permeate from the branches of the ovarian vein
into the branches of the ovarian artery by a counter-current
transfer mechanism based on the partial pressure gradient. The
physiological mechanism of the transfer is not clear. There is no
information regarding whether the hormone permeation from the
venous to the arterial blood is accomplished entirely by free,
passive transmembrane diffusion, based on the partial pressure
gradient of the diffusing hormones and the counter-current
mechanism, or whether the hormones pass by an active process
with the use of carriers and energy (a saturable peptide transport
system) (30), and counter-current mechanism. Many findings
indicate that the efficiency of the transfer of steroid ovarian
hormones, as well as activin A and inhibin α-subunit, into the
arterial blood does not depend only on their concentration in the
ovarian venous blood (12-14, 31, 32). This observation may
suggest the participation in this transfer of a more complex
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process involving transporters, as demonstrated in the case of
prostaglandins (33-36). The structure of steroid hormone
molecules facilitates their penetration of vessel walls. Small,
lipophilic steroid molecules relatively easily overcome the
barriers posed by the walls of lymphatic and blood vessels.
Moreover, when the rate of transfer of three pairs of ovarian
steroids, differing only in the presence of one hydroxyl group
(estrone-estradiol, androstenedione-testosterone, progesterone-20
alpha-dihydroprogesterone) was compared, in each case the less
polar steroids with keto groups permeated more efficiently (37).

Fig. 4 shows the results of a study performed on conscious
pigs in different phases of the estrous cycle (12). The results
show the retrograde transfer of progesterone and estradiol,
resulting in significant increases in the concentrations of these
hormones in the arterial blood supplying the ovary, and
particularly of free (not bound), biologically active molecules of
the steroids, compared with their concentrations in the systemic
blood. As has been shown in studies performed on gilts,
retrograde transfer provides a rise in the hormone concentration
in the arterial blood supplying the organ producing these
hormones, which in turn may cause, by feedback mechanisms,
changes in the intensity of hormone secretion (32).

Indirect, multistage free steroid transfer

A prerequisite for the indirect transfer of free ovarian steroid
hormones is a quite specific adaptation of the local blood
circulation and lymphatic flow in the mesovarium. This process
consists of two steps:

Step 1. Lymph flows away from the paraovarian lymphatic
plexus (27-29) through the collector lymphatic vessels (located in
the muscular layer of the mesovarium) to the local lymphatic
node in the lower portion of the mesovarium (Figs. 1, 2). The
thin-walled lymphatic vessels intersect with numerous blood
vessels (arterioles, capillaries and venules) supplying the
muscular layer of the mesovarium. It has been previously
demonstrated that one-tenth of the progesterone released from the
ovary appears to be carried by the lymphatic route (38). The
concentrations of the ovarian hormones in the lymph collected
near the porcine ovary were much higher compared with the
levels in the systemic blood. The progesterone concentration in
the ovarian lymph of sheep was 10- to 1000-fold higher than in
jugular vein plasma (38, 39). Hormone molecules can diffuse
from the lymph into the blood of the mesovarial capillaries and
small venous vessels, most likely based on their concentration
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Fig. 1. Schematic diagram illustrating
adaptation of the ovarian and uterine
vasculature to allow the retrograde and
local destination transfer of ovarian
hormones.
(A) Reproductive organs of the pig:
periovarian vascular complex in the
mesovarium as area of ovarian
hormones permeation from the ovarian
venous and lymphatic effluent to the
arterial blood supplying the ovary: (1)
branches of the ovarian artery
entwining the ovarian vein; (2)
paraovarian lymphatic plexus; (3)
precollector and collector lymphatic
vessels leaving the subovarian
lymphatic plexus; (4) lymphatic vessels
draining lymph from the uterus; (5)
lymphatic vessels running through the
mesovarium towards local lymph node;
(6) arterio-arterial anastomoses
between the ovarian artery and uterine
artery; (7) branches of the ovarian
artery supplying the mesosalpinx and
oviduct.
(B) Reproductive organs of the ewe:
periovarian vascular complex in the
area of the mesovarium (for clarity of
the figure lymphatic vessels and uterine
venous vessels were omitted): (1)
branches of the ovarian artery covered
and entwined branches of the ovarian
vein; (2) branch of the ovarian artery
connected with the uterine artery
supplying the uterus and oviduct; (3)
branch of the ovarian artery supplying
the oviduct and mesosalpinx.
(C) Reproductive organ of the women
(for clarity of the figure lymphatic
vessels were omitted).



gradients. The slow flow of the lymph promotes this diffusion.
The transfer of hormones from lymph has been demonstrated in
an experiment on the isolated periovarian vascular complex, in
which the ovary was ligatured and excised and steroid hormones
were infused into the lymphatic vessels (13). The venous outflow
from the mesovarial tissues reaches the veno-venous network
lying on the surface of the ovarian artery branches (Fig. 3).

Step 2. The permeation of steroids from the blood of the
veno-venous network, located on the surface of the ovarian
artery branches, into the ovarian arterial blood.

The major part (30-70%) of the surface of the ovarian artery
branches is covered with the veno-venous network (8, 13). The
filling of this network with blood is dependent on the blood
pressure in the ovarian artery (13). Because the concentration of
steroid hormones in the blood flowing through this network is
higher than in the blood of the ovarian artery branches, the
molecules of the ovarian hormones can diffuse through the walls
of the vessels and raise their concentrations in the arterial blood.

The venous blood of the veno-venous network flows into the
ovarian vein branches (Fig. 3). The blood flow through the
mesovarium is regulated by the adrenergic system, and a local
block of the α-adrenoreceptors increases the local flow of blood
and affects steroid transfer (40). During the contraction of the
ovarian artery branch walls after mechanical, electrical or thermal
stimulation, the lumen of the part of the venous vessels that forms
a network on surface of the arterioles is reduced or closed (8).

The local destination transfer of ovarian hormones to the oviduct
and uterus

Local destination transfer is very closely and functionally
connected with retrograde transfer. In this process, arterial blood
with elevated hormone concentrations due to retrograde transfer
selectively supplies nearby organs by special arterial branches or
arterio-arterial anastomoses (Figs. 1, 3) and may affect their
function thereby. Among the many known functions of ovarian
hormones in the reproductive organs, their role in the regulation
of cyclic changes in the structure and function of the uterus,
oviduct and vagina, the complex process preparing the
reproductive organs for pregnancy, deserves a special emphasis.
It has also been shown that ovarian steroid hormones play an
important role in regulating the cycle by modulating changes in
uterine blood flow. However, a very important role of
progesterone demonstrated in the last decade is the protection of
the embryo from the maternal immune system during early
pregnancy. It was documented that free, non-plasma protein-
bound molecules of progesterone block the ability of dendritic
cells and macrophages to present embryonic antigens to Th
lymphocytes. This blockage of the ability of antigen-presenting
cells to present embryonic antigens to Th lymphocytes is a first
and very important step that sets the stage for later phases of the
protection of the semiallogeneic embryo from destruction by the
maternal immune system before maternal recognition of
pregnancy (41-46). However, a fundamental requirement for the
abovementioned processes is the supply of arterial blood to the
uterus and oviduct with a sufficiently high concentration of free
steroid hormone molecules, and primarily consisting of free
molecules of progesterone. Fig. 5 illustrates the local destination
transfer of progesterone to the uterus and oviduct during early
pregnancy. Similarly, an increase in estradiol, estrone,
androstenedione and testosterone concentrations (by 18 to 69%),
mainly consisting of free, unbound steroids, in the blood
reaching the oviduct and uterus compared with the peripheral
arterial blood, was demonstrated on different days of early
pregnancy in the pig (10).

Retrograde and destination transfer of prostaglandins (PGF2α
and PGE2) in the area of the mesometrium

It was first demonstrated in 1986 that PGF2α produced in the
uterus was retrograde transferred in the mesometrial vasculature
from the venous and lymphatic outflow to the arterial blood
supplying the uterus and oviduct (47). The special adjustments
of the blood and lymphatic vessels in the mesometrium include
the following adaptations:
� branches of the uterine artery are tightly covered by uterine

veins and pass very close to the lymph vessels,
� very small branches run from numerous branches of the

uterine artery to the muscle of the mesometrium (Fig. 6),
� the mesometrial venous vessels create a dense veno-venous

network on the branches of the uterine artery (Fig. 6).
A two-stage retrograde transfer of prostaglandin occurs

here, similar to that of steroids in the mesovarium. However,
the permeation of prostaglandins through the vascular barriers
is difficult because they are organic anions. In the tissues of
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Fig. 2. Lymphatic vessels of the mesometrium, and mesovarium
of the pig. The vessels were filled with black ink mixed with
warm gelatin, injected interstitially into the subserosal connective
tissue: (1) ovary; (2) paraovarian lymphatic plexus and collector
lymphatic vessels; (3) ovarian vascular plexus; (4) local lymph
node. The photo according to Doboszynska et al. (29).



many organs synthesizing or metabolizing prostaglandins, a
specific protein prostaglandin transporter (PTG) was
identified. The expression of PTG has also been demonstrated
in the female reproductive organs (33-36). The retrograde

transfer of PGF2α into the arterial blood directed back, on
average, 40% of the uterine PGF2α outflowing with the uterine
venous blood and lymph (48). The intensity of the retrograde
transfer and local destination transfer of PGF2α and PGE2 was
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Fig. 3. Adaptation of ovarian vessels to
allow indirect multistage complex
hormones transfer from the ovarian
lymph and venous blood into the
ovarian arterial blood: (1) branches of
the ovarian vein entwined the branches
of ovarian artery; (2) ovarian arterial
branches cowered with veno-venous
network; (3) collector lymphatic
vessels crossing the arterial, venous
and capillar vessels of the mesovarium;
(4) arterio-arterial anastomoses
between the ovarian and uterine
arteries; (5) branch of uterine artery;
(6) small arterial branches supplying
thin muscular layer of the mesovarium;
(7) branch of ovarian artery supplying
the oviduct and mesosalpinx.

Fig. 4. Retrograde transfer: the increase in concentration of
progesterone and estradiol in blood supplying ovaries
compared to the systemic blood in both phases of the estrous
cycle in the pig. (1) systemic blood; (2) arterial blood
collected from branch of the ovarian artery. Graphs were
prepared according to Stefanczyk-Krzymowska et al. (12).



dependent on the stage of the reproductive processes (49-52).
The retrograde and destination transfer of prostaglandins play
very important roles in the regulation of reproduction. This
transfer not only protects the corpus luteum from premature
luteolysis during the luteal phase of the estrous cycle and early
pregnancy but also locally supplies the walls of the uterine
arterial vessels with high concentrations of prostaglandins,
affecting their function (53). The increased concentrations of
PGF2α and progesterone in the blood supplying the uterus in the
last part of the luteal phase result in the contraction of the
myometrial and endometrial branches of the uterine artery. As
a result, on days 10-12 of the estrous cycle, the blood supply to
the uterus decreased by 60-70% in pigs (54), and by 90% in
ewes (55) compared with the supply during estrus. This
ischemia, resulting in hypoxia of the uterine tissues, causes the
appearance of hypoxia inducible factors (HIFs) (56-58), which
are nuclear proteins that activate gene transcription specifically
in response to reduced cellular oxygen concentration. Their
presence in a tissue is a marker of hypoxia (58). The expression
of HIF-1α and HIF-2α mRNA was low to undetectable on day
10 but increased between day 10 and 14 and then declined on
day 16 of the ovine estrous cycle (59). HIF-1α expression and
its regulation by the prostaglandin E-series prostanoid receptor
2 was demonstrated in human endometrium (57). The
retrograde transfer of PGF2α was very intense during early
pregnancy in the pig (presence of embryo estrogen signal) and
during pseudopregnancy induced in pigs by estrogen injection
(60). Similarly, the concentration of PGE2 in the arterial blood
supplying the uterus during early pregnancy increases due to
its retrograde transfer (51, 52). The elevation of PGE2 and
estrogen concentrations in the blood supplying the uterus
during early pregnancy (51, 52) can relax the arterial
musculature and increase the uterine blood supply (56).
Moreover, progesterone and interferon tau are also included in
the regulation of endometrial function in early pregnancy (59).

Retrograde and local destination transfer of testicular hormones
in the male genital organs

The testicular lymphatic vessels and the pampiniform
venous plexus, which envelops the testicular artery, are covered
by two layers of richly vascularized mesofunicular muscles. The
mesofuniculus and its arterial, venous and lymphatic vasculature
create a spermatic cord, the structure of which is very similar to
the periovarian vascular complex of the mesovarium.

The mechanism concentrating testosterone in the male
reproductive organs of the rat has been described already in the
1970s (61, 62). The counter-current transfer of testosterone and
the radioactive inert gases krypton and xenon from the plexus of
the pampiniform vein to the blood of the testicular artery was
demonstrated in the rat (61-63), monkey (64) and man (65, 66).
The morphological relationship between the vessels of the
spermatic cord of the human (65), rat (67), boar (68, 69) and
bovine (70), studied by scanning microscopy of corrosion casts
and light microscopy of tissue sections, demonstrated a special
morphological adaptation of the pampiniform plexus vessels for
the permeation of testosterone from the testicular venous
effluent to the arterial blood supplying the testis. The arterio-
venous anastomoses between the pampiniform venous plexus
and the testicular artery were not found; however, four types of
testicular veins have been described, according to their
perivascular elements and their location in relation to the
testicular artery (69). The deepest layer of the venous network,
located in the tunica adventitia of the testicular artery and
occasionally penetrating into the tunica media of the testicular
artery, was considered to be an important element reducing the
capacity of the barrier between the testicular artery and the
testicular veins, which may play an important role in transferring
substances between the veins and the artery (69).

The transport of steroids from the boar testis in lymph,
venous blood and rete testis fluid (71) and the higher
concentrations of testosterone and estradiol in blood collected
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Fig. 5. Destination transfer: the increase in concentration of
progesterone in arterial blood supplying the uterus and
oviduct compared to systemic blood on different days of early
pregnancy in the pig. (1) systemic blood; (2) arterial blood
collected from branch of the uterine artery. Graphs were
prepared according to Stefanczyk-Krzymowska et al. (10).



from the distal part of the testicular artery than in the peripheral
blood of anesthetized boars (72) provide evidence for the
retrograde transfer of steroids from the testicular effluent back to
the testis. Moreover, in all of the layers of the walls of the
spermatic cord blood vessels, the cytochrome P450 aromatase was
found (72). This observation indicates the ability of this area to
convert testosterone to estradiol. It is obvious that estradiol
produced in the walls of the arterial branches of the spermatic
cord can reach, in the spermatic arterial blood, not only the testis
(retrograde transfer) but also the epididymis, prostate and
vesicular gland (destination transfer). The local destination
transfer of testicular hormones was previously demonstrated in
the rats (73). It has been documented that the lymphatic vessels
of the mesofuniculus and spermatic cord, as well as the venous
and arterial vasculature of the mesofuniculus, create a previously
unknown pathway for the increase of testicular hormone
concentrations, not only in the arterial blood supplying the testes
(retrograde transfer) but also in the blood supplying the caput
and cauda epididymis; the vas deferens and accessory genital
organs, such as the prostate and the vesicular gland (local
destination transfer) (73). This mechanism is similar to that in
the female mesovarium. The significance of the retrograde and
destination transfer of testicular hormones for the function of

physiological processes in the testis, epididymis and accessory
sexual glands has not been explained thus far. However, it can be
assumed that the supply to the male genitals by arterial blood of
increased concentrations of male hormones should regulate, by
feedback mechanisms, the secretion of testicular androgens and
estradiol and is also likely to be an important step in the
regulation of the function of the epididymis, prostate and
vesicular gland.

RETROGRADE TRANSFER IN THE PERIHYPOPHYSEAL
VASCULAR COMPLEX: THE VENOUS CAVERNOUS
SINUS AND THE RETE MIRABILE OF THE CAROTID 

OR MAXILLARY ARTERY
The admirable and wonderful structure of the perihypophyseal

vascular complex and its specific location aroused the interest of
morphologists and physiologists. According to Simoens et al.
(74), this amazing morphological creature was noticed and
described in antiquity by Herophilus and Galen and again in the
Renaissance period by Leonardo da Vinci. To date, however, its
physiological function is not fully understood.

Retrograde transfer of neurohormones (neurotransmitters)
Intracranially, in the sella turcica, on both sides of the

hypophysis and under the dura mater lies the venous cavernous
sinus. (Fig. 7). All of the venous blood outflowing from the
hypophysis (hypophysis veins), eyes (centralis retinae,
ophthalmic superior, and ophthalmic inferior veins), nasal cavity
(angularis oculi vein) and some dural sinuses goes into the
cavernous sinus. Venous blood flows from the cavernous sinus
into the carotid external veins; indirectly or through the
transverse sinus and sagittal sinus.

In most species, including humans, the left and right
cavernous sinuses are connected by the intercavernous sinus, (Fig.
7) or by two intercavernous sinuses (anterior and posterior), but in
several species, they are only connected by the venous
anastomoses. In humans, the cavernous sinus (Fig. 7C) is
composed of trabecular connective tissue, covered by
endothelium, and forms a venous space or sinus channel for
venous blood flow. In all of the species of the order Artiodactyla,
the cavernous sinus is filled with a network of tiny veins forming
a veno-venous network, which is intertwined with the net of the
rete mirabile of the carotid or maxillary artery (Fig. 7B). In the
Carnivora, horses, rodents and primates including man, the
internal carotid artery (or the maxillary artery) enters the
cavernous sinus only slightly branched, or even unbranched (74,
75), but it is always coated by the venous cavernous sinus. In the
human, the left and right internal carotid arteries enter the
cavernous sinus surrounded by the sympathetic plexus, and the
venous blood of the cavernous sinus is separated from the arterial
blood only by the venous vascular endothelium and the arterial
wall. Immediately after leaving the cavernous sinus, the internal
carotid artery forms the ophthalmic artery. The abducent nerve
passes throughout the cavernous sinus, washed by the venous
blood, and the oculomotor, trochlear, optic and maxillary nerves
run in the lateral wall of the cavernous sinus (Fig. 7C). In the pig
and sheep, the oculomotor, trochlear, trigeminal and abducent
nerves pass through the infero-lateral angle of the cavernous sinus
(76) (for clarity of illustration, these nerves are not marked in Fig.
1B). It can be assumed that the passage of nerves through the
cavernous sinus is important for their function, but the role of this
adaptation is not known. The arterial rete mirabile is especially
well developed, for yet unexplained reasons, in all species of the
order Artiodactyla. This structure was described in detail in pigs
(74-78), cattle, sheep, goats and deer (74-76, 79-82). In these
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Fig. 6. Retrograde transfer of prostaglandin E2: (1) uterine artery
branch in the mesometrium. (2) small branch of the uterine
artery supplying the muscular layer of the mesometrium; (3)
small venous vessels draining the venous blood from
mesometrial musculature creating veno-venous network on the
surface of arterial vessels supplying the uterus; (4) veno-venous
network on the uterine artery.



animals, in the rete mirabile supplying the blood to the pituitary
and the major part of the brain and in the network of veins of the
cavernous sinus, draining the venous blood from the pituitary and
brain, there is a considerable reduction of the distance between
two streams of blood flowing in opposite directions. This
reduction is accompanied by a thinning of the wall of the middle
layer of arterioles (77) and very often by a common tunica
adventitia of the arterial and venous vessels (83). In other species
of animals and in humans, in whom there is no classical carotid
rete mirabile, a close-up of the two streams of blood still occurs.

Following the publication of the results of Hayward and
Baker (80), and later of other authors, it was believed for several
decades that the cavernous sinus and arterial rete mirabile
function as a heat exchanger between the cold venous blood
flowing from the mucosa of the nose and mouth to the cavernous
sinus and the arterial blood of the carotid artery supplying the
brain and pituitary. The perihypophyseal vascular complex has
been regarded as a selective brain cooling system. However,
recent research using precise methods (implanted miniature heat
telemeters) demonstrated insignificant differences between the
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Fig. 7. Scheme of the periophthalmic and
perihypophyseal vascular complexes.
(A) Periophthalmic vascular complex:
ophthalmic venous sinus and rete mirabile of
the ophthalmic external artery. (1)
"sphincters", created by part of the facial
veins with well-developed multilayer tunica
media, react to steroid hormones and
pheromones and regulate blood flow to the
ophthalmic and cavernous sinuses or to the
jugular vein.
(B) Perihypophyseal vascular complex in
animals with rete mirabille of maxillary artery
or internal carotid artery (sheep, pig and other
species of Artiodactyla). For clarity of figure
nerves passing throughout the cavernous
sinus were omitted: (1) infundibulum; (2)
neurohypophysis; (3) adenohypophysis; (4)
inferior hypophyseal artery; (5) middle
hypophyseal artery; (6) superior hypophyseal
artery; (7) long portal veins; (8) inferior
hypophyseal vein; (9, 10, 11) venous
connections to the cerebral sinuses.
(C) Perihypophyseal vascular complex in
human: internal carotid artery without rete
mirabile.



temperature of the blood supplying the brain and the systemic
blood under conditions of free movement and exercise in various
Artiodactyla, including black wildebeest, springbok, eland (84-
86) and zebra (Equus burchelli) (87). Even before this concept
was criticized and the importance of the vascular
perihypophyseal complex in thermoregulation and protection of
the brain against overheating was questioned, as early as 1990
and 1992, the first evidence for the local transfer of
neurotransmitters from the venous blood outflow from the brain
and pituitary to the arterial blood supplying the brain and
pituitary was presented (88). The authors demonstrated the
presence of radioactive GnRH in the blood taken from the
cranial section of the vertebral arteries after injection of labeled
GnRH into the cavernous sinus or sagittal sinus in the rabbit.
This discovery was soon confirmed in female sheep and pigs in
an ex vivo model of the isolated head perfused with autologous
blood (89). Subsequent studies showed that, after the infusion to
the venous blood of the cavernous sinus of radiolabeled GnRH
(89, 90), beta-endorphin (89, 91), oxytocin (92) and dopamine
(93, 94), these radioactive hormones appeared in the arterial
blood supplying the brain and pituitary and could be traced in the
structures of the pituitary gland, hypothalamus and amygdala
after the completion of the experiment. A close relationship was
found between the stage of the estrous cycle and the permeation
of hormones from the venous to the arterial blood. A blockage of
Na+/K+-ATPase with ouabain reduces beta-endorphin transfer to
the arterial blood (91). Moreover, labeled progesterone and
testosterone in pigs (95, 96) and tritiated water, tyrosine,
propanol and diazepam (but not cocaine), in rats (97, 98) were
transferred from the nasal venous effluent (passing through the
cavernous sinus) into the brain arterial blood.

The transfer of hormones and transmitters infused into the
venous blood of the cavernous sinus to the arterial blood
supplying the pituitary and brain (via the internal carotid artery,
pituitary arteries, and Willis ring) shows that the neurohormones
(neurotransmitters) outflowing with the venous blood from the
brain and the pituitary can permeate the vascular walls in the
perihypophyseal vascular complex and be transported to the
pituitary and brain (retrograde transfer). The mechanism of
penetration is unknown, but it can be supposed that the partial
pressure gradient may fulfill a crucial role. In an excellent study
performed in vivo on horses, it was documented that the
concentrations of the hormones produced in the pituitary and
hypothalamus were disproportionately higher in the venous
blood collected from the cavernous sinus than in the arterial
blood flowing to the arterial vessels of the perihypophyseal
vascular complex. The concentrations of oxytocin, vasopressin,
ACTH and LH were 8-, 500-, 40-, and 50-fold higher,
respectively, in the venous blood of the cavernous sinus than in
the blood of the carotid artery (99, 100).

Currently, it has not been explained whether the retrograde
transfer in the perihypophyseal vascular complex of the
regulatory factors produced in the brain and pituitary participates
only in the recovery of the valuable neurohormones
(neurotransmitters) that are captured and transmitted back to the
pituitary and brain. It is possible that this process serves to
protect neurohormones from enzymatic degradation in the
systemic circulation. It could be a way of economic management
and optimization of physiological regulation, similar to the
neural uptake of transmitters in the synapses and similar to the
retrograde transfer of ovarian and testicular hormones in the
female and male reproductive organs, respectively.

However, it can be assumed, but should be documented
experimentally, that the retrograde transfer of neurotransmitters
is involved in the redistribution of the neurohormones produced
in the hypothalamus, e.g., oxytocin, GnRH, and opioids. We
suppose that neurotransmitters can, in this way, reach higher

concentrations (through the arterial blood supplying the brain
and pituitary) in areas of the brain to which they could not travel
by neural pathways. It can also be expected that the
perihypophyseal vascular complex may be a crucial element for
the local humoral system, regulating the brain function based on
the retrograde transfer of many regulators, including opioids and
their derivatives. Such assumptions corroborate the results
obtained for endorphin retrograde transfer in sheep and pigs (89,
91). This system likely participates in the local regulation based
on positive or negative feedback inhibiting certain processes in
the brain and pituitary gland, e.g., during long-term behavioral
responses, during periods of anestrus or estrus, in the
characteristic silencing and "state of bliss" when chewing a food,
or during sleep, rest and hibernation.

The unique, highly developed structure of the
perihypophyseal vascular complex in animals of the order
Artiodactyla, compared with carnivores, rodents and primates
(74, 75, 79, 80), the transfer of beta endorphin from the venous
blood of the cavernous sinus to the brain, as demonstrated in the
pig and sheep, (89, 91) and the well-known specific behavior
after collecting food in ruminants and porcine, allow us to
present the following hypothesis on the physiological
mechanism of humoral regulation of the behavior in certain
species of animals.

1. A common feature of all animals of the order
Artiodactyla, i.e., ruminant and porcine species, is their
characteristic behavior after collecting food in the stomach.
Filling of the forestomach in ruminants (cattle, sheep, goats,
deer, antelope and many other species) or of a large proximal
part of the stomach in the Suidae (pig, wild boar and other
species) causes a complete emotional silence, usually lying
down, reduces the frequency of breath and heartbeat, and
induces (as is typical for opioid effects) "a state of bliss".

2. We propose that the specific behavior of animals of the
order Artiodactyla after food consumption results from the
increased secretion and release of opioids from the brain and
pituitary into the venous blood and cerebrospinal fluid. Many
opioids, and most likely D-Ala2-D-Leu5-enkephalin (DADLE),
which is capable of reducing the respiratory rate and the heart
rate, lowering the metabolism and causing hibernation (101,
102), may be released into the venous blood and cerebrospinal
fluid. Their retrograde transfer in the perihypophyseal vascular
complex to the brain (as demonstrated for beta-endorphin in pigs
and sheep) (89, 91) protects these endogenous opioids from
enzymatic degradation in the systemic circulation and directs
them, in the arterial blood, to the centers of the subcortical
structures they could not reach from the cerebrospinal fluid or
the venous blood of the cerebral circulation.

Destination transfer of male pheromones from the nasal mucosa
into the brain and pituitary throughout the perihypophyseal
vascular complex

Intraspecific communication by chemical signals
(pheromones) plays an important role in the control of
physiological and behavioral processes in mammals. Two main
pheromones are produced in the testes of boar and many other
species: signaling pheromone 5α androst-16-en-3-one
(androstenone) and priming pheromone 5 androst-16-en-3 -ol
(androstenol). The concentration of the priming pheromone in
boar saliva is 10-20 times greater than signaling.

In 1999, it was first demonstrated that tritium-labeled boar
priming pheromone androstenol, sprayed through the catheters
onto the respiratory part of the nasal mucosa, was absorbed into
the venous blood, transported through the angularis oculi vein to
the cavernous sinus and found in the arterial blood of the carotid
rete supplying the hypophysis and brain. Part of the radioactive
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androstenol accumulated in the hypophysis and certain brain
structures (103). It was also demonstrated, in experiments
performed on anesthetized pigs, that radioactive male
pheromone androstenol transferred in the blood from the nasal
mucosa to the brain and reached a high concentration in certain
structures of the limbic system, in the olfactory bulb, in the
amygdala, septum, and hypothalamus (104, 105). The direct
influence of androstenol on GABA receptors in the olfactory
bulbs and the accompanying changes in the behavior of mice
confirmed the role of priming pheromone in brain function
(106). Blood outflowing from the nasal mucosa is led by the
nasal vein and angular vein to the cavernous sinus or by the
facial vein to the systemic circulation. The vascular tension of
the unusually constructed facial vein determines the distribution
of the blood flow. A well-developed internal elastic lamina and a
multi-layer tunica media were present in proximal fragments of
the facial vein after its leaving from the nasal vein (107). The
constrictions of this fragment of vessel, which act as vascular
sphincters, depend, among other factors, on sex hormones and
pheromones (108, 109). The constriction of relevant parts of
venous vessels can help to achieve higher concentrations of
pheromone in the cavernous sinus, and in consequence, also in
the pituitary gland and brain. Based on these studies, it has been
assumed that the perihypophyseal vascular complex participates
in the destination transfer of the male priming pheromones from
the nasal cavity to the brain and pituitary. It has been suggested
that, in addition to the standard neural pathway of the signaling
pheromone, a second, humoral pathway exists, by which the
priming pheromone androstenol reaches the brain and
hypophysis (103-105). This adjustment protects the dendritic
receptors of the female olfactory neurons against
hyperpolarization of the cell membrane, reducing their reactivity
during prolonged contact with the male pheromone. When the
priming pheromone reaches the nerve centers in the brain
through the perihypophyseal vascular complex, by the
energetically cheaper humoral pathway, it induces known
hormonal responses (105).

THE OPHTHALMIC VASCULAR COMPLEX: 
THE OPHTHALMIC VENOUS SINUS OR VENOUS

PLEXUS AND THE RETE MIRABILE 
OF THE OPHTHALMIC ARTERY

In animals and humans, the ophthalmic venous sinus (in the
pig and several other species) or the plexus of the ophthalmic
external vein (in certain other species) is localized just below the
eyeball in the orbital cavity (Fig. 7A). Venous blood from the eye
(the ophthalmic vein) and from the nasal cavity (the angularis
oculi vein) flows into the venous sinus. The ophthalmic sinus is
filled with the rete mirabile of the ophthalmic artery or with a
network of its small branches. In consequence, two blood streams:
the arterial blood supplying the eye and the venous blood leaving
the whole area of the eye and the nasal cavity, flowing in opposite
directions, are very close to each other. It has been established that
bright light stimulates heme oxygenase (HO) to produce carbon
monoxide (CO) and nitric oxide synthase to produce nitric oxide
(NO) in the retina and red blood cells (110, 111). The presence and
distribution of two isoforms of HO has been demonstrated in the
epithelium of the seromucous glands, the endothelium of the
human nasal mucosa and the erythrocytes. High levels of HO-1
mRNA and HO-2 were found in the photoreceptors, amacrine and
both bipolar and ganglion cells of the retina in the turtle, as well
as in the ganglion and amacrine cells of the inner retina in rats
(111). The stimulation of the retina, in combination with CO and
NO application, dramatically increased cGMP synthesis in the
retina in comparison with NO or CO applied alone (110). CO,

similarly to NO, has been found to be a very important vasodilator
(112-115, 116).

CO is synthesized as a regulator in an endogenous process
stimulated by HO, and therefore, it is quite strongly bound to
hemoglobin. Its dissociation can take place after the meeting with
the arterial blood, in a very slow process, allowing small amounts
of this gas transmitter to stimulate cGMP synthesis in the
vascular muscle cells. When CO or NO diffuses into the vascular
smooth cells, it elicits vasodilation by its hyperpolarization
(opening potassium channels) and by increasing cGMP
production. CO, similarly to NO, endothelium-dependent
relaxing factor and light, produces relaxation by the modulation
of soluble guanylate cyclase to cGMP (112, 114, 115).

Recently, the release of CO to the venous ophthalmic effluent
was demonstrated in physiological conditions (117). In an
excellent experiment performed by Koziorowski et al., it was
revealed that CO at high concentrations in the venous blood
reaches the venous ophthalmic sinus. The secretion of CO in the
eye into the ophthalmic venous blood of the wild boar and pig
crossbreed changed depending on the phase of day and season,
differing extremely in light intensity (117). This result showed, for
the first time, that the intensity of CO secretion into the porcine
ophthalmic venous blood during the summertime was dependent
on the light phase and nocturnal phase of the day. The authors (117)
suggested that, in the periophthalmic vascular complex, very small
molecules of CO (molecular mass 30Da) are able to diffuse into the
arterial blood of the rete mirabile of the ophthalmic artery and may
be retrogradely transferred to the ophthalmic artery blood, where it
may participate in the regulation of the blood supply to the eye.

In 1996, Dan A. Oren published an inspirational hypothesis
on phototransduction (118). He assumed that the information
regarding light intensity may be transmitted from the retina to
the brain, not only by the neural pathway, as generally accepted,
but also by a humoral pathway. According to this concept, CO
and NO could be transported from the eye in the venous blood
and transferred, by a counter-current mechanism, to the arterial
blood in the perihypophyseal vascular complex. If CO and NO
were transferred to the arterial blood, then they could influence
the neural centers of the brain (118).

CO and NO were, until recently, considered to be gaseous
transmitters produced exclusively for local use. However, there is
evidence that they do not participate only in local regulation. NO
binds to the hemoglobin molecule by the thiol group, which is
primarily composed of cysteine and glutathione, and forms 
S-nitrosohemoglobin, particularly with the molecules present
near the cell membrane of erythrocytes (119, 120). 
S-nitrosohemoglobin, present in blood cells, becomes a carrier of
CO and, together with the arterial blood, reaches the
microvasculature. After dissociation, NO activates adenylate
cyclase in the vessels, and particularly the microvessels, of the
brain. NO and CO directly activate calcium-dependent potassium
channels in the muscle cells of the brain vasculature. This leads
to the hyperpolarization and relaxation and, consequently, the
vasodilatation of the brain vasculature (113-115).

Molecules of CO and NO, retrogradely transferred in the
ophthalmic sinus from the ophthalmic venous blood to the
ophthalmic artery, possibly due to the partial pressure gradient
and histological structure of the periophthalmic vascular complex
and the size of the particles (CO 28.8 Da and NO 30 Da), may be
local regulators of blood flow to the eye. It has been previously
demonstrated that an increase in the CO concentration in the
blood after the inhalation of CO for 60 min significantly
increased the diameter of the human retinal arteries and veins
(121) Changes in the concentration of CO in the blood of the
ophthalmic venous sinus, depending on the intensity of sunlight
(119), suggest a benefit, such as a local regulation, based on the
retrograde transfer.
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In the recent extensive study performed by Koziorowski and
his team (117), the physiological increase in the concentration of
CO in the cavernous sinus of the perihypophyseal vascular
complex was imitated. In anesthetized animals, autologous
blood or autologous blood plasma with an experimentally
induced 2.5-fold increase in the concentration of CO was infused
into the ophthalmic venous sinus for 48 hours (117). Then, the
structures of the hypothalamus in which the genes of the
circadian and circannual rhythms, per and cry, have been
localized (122, 123) were collected and investigated. The
increased supply of CO in the cavernous sinus of the
perihypophyseal vascular complex influenced the level of per
and cry genes expression and melatonin secretion. These effects
were, however, dependent on the season and time of day (124).
The preliminary results of the above studies were presented in
numerous communications at the VI Congress of the Society for
Biology of Reproductive (Program and Abstracts, Polanczyk -
Rzeszow 2011; pp 156-159). The authors suggested that CO,
considered to be a signal of light intensity, may be transferred by
the humoral pathway into certain structures of the brain, where
it may cause a regulatory effect. It has been previously found
that CO regulated the binding of DNA of the NPAS2
hemoprotein, identified as a transcriptional factor that regulates
circadian rhythms (125). The above data confirmed the
hypothesis presented by Oren (118).
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