
INTRODUCTION

Thedopaminergic (DArgic) systemand theneurotransmitter
dopamine (DA) areresponsible formanybasicbody functions,
such as motivational and emotionalbehaviorof humansand
animals, controlof involuntaryas well as rapidmotor function,
and neurosecretionassociatedwith the rhythm of light,
biologicalclock, andreproduction (1-5). DAis also involved in
cognitive processes, such as functioning of a working memory
(6), and dopamine transporter (DAT) contributes to homeostatic
sleep-wake regulation in humans (7).

Great interest in the DArgic system in humans primarily
results from the fact that dysfunctions of the system, i.e., hypo-
or hyperfunction, result in serious neurological disorders, such
as: ADHD, which is most common inyoung people;depression,
present in people of all ages;schizophrenia in adults; and
Parkinson’s disease in older people (8-11). The genesis of these
diseases is still poorly understood, but a relationship between
activity of the DArgic system and function of the cavernous
sinus has never been considered. We know today that, in the
cavernous sinus, DA(among many other neurotransmitters) is
counter-current, retrograde transferred from the brain venous
effluent into the arterial blood supplying the brain (12-15). It has
been established that DA, just like other DAT substrates,down-

regulates the expression of DAT (16-18). If the retrograde
transfer of DAin the cavernous sinus occurs under physiological
condition over the whole lifetime, the uptake and transport of
DA to the capillaries of the cortical and limbic structuresmust
have an important regulatory function.

Therefore, it is surprisingthat in the 21st century, the era of
molecular study and great progress in research on the
physiology of humans and animals, a vascularcomplexlocated
in a very privileged position - inside the skull but outside the
dura mater, lying just beneathandaround thepituitary gland,
specifically innervated by the sympathetic plexuses,
surrounded by a connective capsule, and through which the
trunks of 10 cranial nerves pass - is recognized as a structure of
incredibly low physiological significance. According to
Simoens et al. (19), in antiquity Herophilus and Gallen
describedan unusualconvolutionof veinsandarterieslocated
at the base ofthe brain of animals, now called the miraculous
network (rete mirabile), andLeonardo daVinci was delighted
with the vascularplexus. The scientific description of the
cavernous sinusin humanswas presentedfor the first timein
the 18th century bythe neuroanatomistJ.B.Winslow (20). The
vascularplexus is callednowadaysby physiologistsas the
perihypophysealvascular complex (14). We present the
opinion that in both humans and animals the retrograde transfer
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of DA in the perihypophyseal vascular complex, and more
precisely in the cavernous sinus, is involved in the regulation
of the DArgic system activity.

DOPAMINE TRANSPORTER AND ITS ROLE
IN REGULATION OFTHE DOPAMINERGIC SYSTEM

There is a consensus that theactivity of DArgic neuronsis
primarily determined bythe action of DAT, locatedmainly in the
membrane ofthe presynapticDArgic neuron and effectively
actingin the DArgic synapse(21-26). DAT belongs to the family
of neurotransporter proteins. It transports DAthrough the cell
membrane with energy from the electrochemical gradient of
Na+/Cl– (27). Recently, a growing number of proteins have been
shown to interact with DAT, and it is suggested that these
interactions may be important in the regulation of transporter
function (3). Phosphorylationand oligopolymerizationhave a
significant effect on the activityof DAT molecules (3, 28-30).

Major concentrations ofDArgic cell groups lay in the
midbrain structures, such as the substantia nigra (A9), the
interpeduncular nuclei, and the ventral tegmental area(A10).
Two important DArgic cell groups (A12, A15) lie in the
hypothalamus. Axons of the DArgic neurons located in the
midbrain project to the DArgic forebrain nuclei, and terminate in
the striatum, the amygdala, the olfactory bulb, and the
hypothalamus (24). The nigrostriatal, mesolimbic, and

mesocortical DArgic pathways are formed (5). Gonadal steroids
modulate the mesocortical DArgic system (31). DA released in
the DArgic neurons of the hypothalamusacts on neurons
synthesizinghypothalamic neurohormones. In addition, it
penetrates theportal vessels,reachesthe adenohypophysis, and
from there is transported via the venous bloodgets to the
cavernous sinus. Pioneering research on DAtransfer from
venous blood of the cavernous sinus to thearterial blood
supplying the brain was performed on sheep (12, 13) and
recently on rabbits (15).

DA released into thesynaptic cleftacts onthe postsynaptic
neuronsvia specificDArgic receptors, which belong to the G-
protein-coupled membrane receptor family. DAT removes the
extracellularDA from the synaptic cleftback into thesynaptic
flask, which not only reducesDArgic stimulation, but also
reduces thesynthesis andstorage of the DAin the synapticflask
vesicles; this is thereuptake and retrogradetransferof DA (23-
25). DAT function can also be regulated by presynaptic receptor
ligands (17). Removal of DAT dramatically prolongs the lifetime
of extracellular DA. In mice with a genetically determined
absence ofDAT, the timeof DA residence in the synaptic cleftis
extended by 300-fold(1, 32). Extracellular DAlevels result from
a dynamic equilibrium between its release and reuptake by
DArgic terminals (25, 26). Psychostimulants, such as cocaine,
increase extracellular DAconcentration by inhibiting the
reuptake of DA(33-35). The presence ofDAT was also shownin
the membrane ofdendritesandaxonsof DArgic neuronsin the
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Fig. 1. Scheme ofthe cavernous sinusoccurring in human, rabbit, rat, andmanyother species without of rete mirabile of internal
carotid artery in the cavernous sinus: (1) infundibulum-neurohypophysis; (2) adenohypophysis; (3) cavernous segment of internal
carotid artery; (4) intercavernous artery; (5) midle hypophyseal artery; (6) superior hypophyseal artery; (7) long portal veins.



midbrain (34). Excessive concentrations of DAin the
nigrostriatal neurons lead to formation of toxic hydroxyl
radicals, and in the next stage of alpha-synuclein protein. Alpha-
synuclein is a 140-amino-acid protein that forms a stable
complex with DAT, which causes formation of the Lewy’s
bodies and is typical for Parkinson’s disease degeneration of
neurons (8, 25, 36).

PERIHYPOPHYSEALCAVERNOUS SINUS 
AND DOPAMINE RETROGRADE TRANSFER

Structural features of the cavernous sinus

The cavernous sinus is an irregular cuboidal structure that is
localized around the pituitary gland, lateral to the sella turcica.
In humans and all animals, the left and right cavernous sinuses
are connected together by the intracavernous sinus. In humans,
rabbits, rats, mice, and many carnivoresthe left and right
internal carotid artery, which provides the main supply of the
arterial blood to the brain, passes through the left and right
cavernous sinuses.In humans, this segment of the internal
carotid artery was identified as a segment of T6 (cavernous
segment of the internal carotid artery) (37). The left and right
cavernous segments of the internal carotid artery are connected
by anterior and posterior bends of the intercavernous internal
carotid artery (38) (Fig. 1). In many species of ungulates

(ruminants, pigs), the cavernous sinus is filled with a veno-
venous network intertwined with an arterio-arterial network of
the internal carotid artery or the network of the maxillary artery
(carotid or maxillary rete mirabile) (Fig. 2).

The cavernoussinusis filled with venousbloodoutflowing
from thebrain and pituitary, and in part from the nose and eye.
In the cavernous sinus of humans, rabbits, mice, rats, and many
other species, the walls of the cavernous sinus veins are
transformed into a fibrous trabecule allowing for free, though
slowed down, flow of the venous blood. From the vein’s wall
layers, only the endothelium remains, which directly covers the
wall of the cavernous segment of the internal carotid artery, and
anterior and posterior bends of the intercavernous interna carotid
artery (38). In humans, the cavernous segment ofthe internal
carotid artery(T-6) loses the laminaelasticaexternaandlamina
elasticainterna layers (39). In rabbits, mice and rats, age-related
changes in the size and number of pores in the lamina elastica
interna, affecting the permeation of different molecules through
the walls of vessels, were shown (40-42). The abovedata
indicate that in humansand laboratory animals,only four
vascular layers separatethe venous bloodandarterial blood. In
many species of ungulates (ruminants, pigs), the tunica
adventitiaof veins andarteries in the cavernous sinus combines
in acommontunicaadventitia(43) and the inner muscular layer
of arterioles is reduced to 3–5 layers of muscle cells(44). Venous
blood is separated from the arterial blood by five or six relatively
thin vascular layers.
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Fig. 2. Scheme of the cavernous sinus in animals with rete mirabile of maxilary artery or rete mirabile of carotid artery (sheep, pigs,
bovine and other species of Artiodactyla).
(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; (9-11) venous connections to the cerebral sinuses.



Innervation of the cavernous sinus and its meaning

The unique featureof thecavernous segment of the internal
carotid artery (T6) is its wall, which hasa dense network of
sympathetic fibersthat form a sympathetic carotid plexus. A
similar sympathetic cavernous plexus is found on the wall of the
cavernous sinus. Both plexuses originate from the sympathetic
upper the cervicalganglion and the spheno-palatine ganglion
(Vidian nerve) (38, 45) (Fig. 1 and Fig. 2). Moreover, tentrunks
of the cranialnervepassalong thecavernous sinus.On each side
the cavernoussinus pass: the oculomotornerve(cranial nerve
III) , the trochlearnerve (n. IV), the maxillary nerve and the
ophthalmic nerve, (which are branches ofthe trigeminalnerve:
ns V1 and V2), and the abducensnerve(n. VI) (Fig. 1 and Fig.

2). A functionallink between thenervesand thecavernoussinus
has not been identified. However, it should be emphasized that
Johnston et al. (46) demonstratedthat chemicals could move
from the cerebrospinal fluidinto the cavernous sinusalong the
cranial nerves. When microfil (silastic material) was infused into
the subarachnoid space (cisterna magna) in sheep postmortem, it
was found in the space surrounding the venous network of the
cavernous sinus and within epineural and endoneural spaces of
the trigeminal nerve, as well as in lymphatic vessels emerging
from epineurium of the trigeminal nerve (46) (Fig. 3). We
present the opinion that cranial nerves III, IV, V1, V2, and VI -
which originate from midbrain neurons and exit the midbrain
and pass along the cavernous sinus - may participate in the
transmission of DAfrom the midbrain to the venous blood of the
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Fig. 3. Transfer of yellow Microfil
into the cavernous sinus after its
injection into the cistern magna
(reproduced with permission of
authors from Johnston et al.
Cerebrospinal Fluid Res, 2007).
(A) Coronal section illustrating
yellow Microfil distributed around
the pituitary gland and within the
cavernous sinus. (B) Cut surface of
the trigeminal nerve (dashed circle)
adjacent to the cavernous sinus (CS)
showing yellow Microfil distribution
within the nerve. Lymphatic vessels
(white arrows) containing yellow
Microfil can be seen emerging from
the epineurium of the nerve.



cavernous sinus. The penetration of the DAalong the cranial
nerves from the midbrain into the cavernous sinus is strongly
suggested by the following data:

- extracellular DAvolume fraction is greater by 40%, and
DA uptake rate is 200-fold lower in substantia nigra
(midbrain) vs. striatum (34);

- our recent pilot studyshowed that when radiolabeled DA
was infused for 20 minutes into the ventral tegmental area
in the bled rabbit, the radioactivity was found in the
cavernous sinus 30 minutes after the end of the infusion
(unpublished data).

Physiological functions of the cavernous sinus

Physiologicalstudieson the function of the cavernous sinus
have been undertaken in the 1970s, mainly in the works of
Hayward and Baker (47, 48). It was established that arterial
blood flowing to the brain is cooled by the cold venous blood
flowing from the nose to the cavernous sinus. The proposed
countercurrent exchange of heat between the arterial rete
mirabile and venous blood of the cavernous sinus was accepted
by physiologists and widely publicized. However, in recent
decades, previously used methods for the temperature
measurement have been criticized, and the new findings with use

of telemetric methods showed that under physiological
conditions countercurrentheat exchangein the cavernous sinus
has no special significancein protecting the brain from
overheating(49-52).

A completely new view on the function and physiological
significance of the cavernous sinus was caused the discovery
that neuropeptides(neurotransmitters), as well as other
physiological regulators, may permeatethe perihypophyseal
vascular complexfrom the venous bloodof the cavernous sinus
(venous outflow from the brainand pituitary) to the arterial
bloodsupplyingthe brain. Studies on isolated pig heads supplied
with their own blood through the carotid arteries showed that
after infusion of radiolabeled gonadotropin releasing hormone
(GnRH), beta-endorphin or progesterone to the cavernous sinus
(through the angular oculi vein), these hormones were found in
the arterial blood supplying the brain and pituitary (53). To
determine whether a mixing of the venous and arterial blood can
occur in the cavernous sinus, autologous red blood cells labeled
with radioactive chromium (51Cr) and suspended in saline were
infused into the cavernous sinus through the angular oculi vein.
In none of the experiments was 51Cr radioactivity found in
arterial blood supplying the brain (53).

In further studies on the isolated animal heads perfused with
autologous blood, or in vivo on anesthetized animals, it was
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Fig. 4. DA retrograde transfer in
sheep (compiledwith permissionon
the basis of Skiporet al. 2001 and
2004). (A) The dynamic transfer of
3H-DA in ovariectomized female
sheep in spring (LD, long days), and
in autumn (SD, short days). (B) The
dopamine concentration in blood
plasma of the arterial blood flowing
through the brain, following infusion
of 1 mg of DA or saline into
cavernous sinus. (DA-dopamine
infusion, S-saline infusion).



demonstrated in swine and sheep that after infusion into the
cavernous sinus, radioactive neurotransmitters such as GnRH
(54, 55), oxytocin (56) DA(12, 13), and beta-endorphin (57),
these radioactive neurotransmitters were found in arterial blood
supplying the brain and pituitary. When progesterone, estradiol,
testosterone, and male pheromone androstenol were injected into
the nasal cavity, they reach the cavernous sinus via the angular
oculi vein and were found in arterial blood supplying the brain
and pituitary, as well as in many brain structures (58-61).
However, prolactin (PRL) and luteinizing hormone (LH) were
not retrograde transferred from venous blood of the cavernous
sinus into arterial blood supplying the brain (62).

The discovery of local retrograde and destination transfer of
regulatory factors pointed to apreviously unknown function of
the cavernous sinusin the humoralphysiological regulation (14).
It demonstrated the possibility of the local retrograde transfer of
neurotransmitters from the venous brain outflow to the arterial
blood supplying the brain, as well as showing that the cavernous
sinus played a significant role in the local destination transfer of
priming pheromones that permeated from the venous blood
outflowing from the nose into the arterial blood supplying the
brain (14).

In 1996, D.A. Oren presented the hypothesis of
phototransduction via the humoral pathway with participation of
the cavernous sinus. According to this concept, the energy of
visible light stimulates production in the retina (from the hem) of
a neurogenic regulator, carbon monoxide (CO), which in the
cavernous sinus permeates into arterial blood, and after reaching
the brain causes several changes in its activity (63). The study

performed by Koziorowski and co-workers (64) showed that CO
production in the eye depends on the intensity of natural light
reaching the retina, and its concentration in the venous blood
outflow from the eye varies depending on the time of day and the
season, and thus confirmed the Oren’s hypothesis. Moreover, in
experimentsperformed on animals,it has been shownthat CO
introduced intothe cavernous sinusreached thesuprachiasmatic
nuclei and altered the expression of the mainbiological clock
genesper andcry, which regulatecircadianandseasonalcycles
(65). Therefore, it was proved for the first time that the CO, a
physiological regulator, was transmitted from the venous blood
of the cavernous sinus to the arterial blood and influenced the
processes taking place in the specific brain structures. This led to
the conclusion that retrograde and destination transfer of
hormones and other physiologically active substances may be an
universal physiological regulatory mechanism, operating with
only minor modifications in various species of animals and in
humans (14).

RELATIONSHIPS BETWEEN DOPAMINE RETROGRADE
TRANSFER INTHE CAVERNOUS SINUS

AND FUNCTION OFTHE DOPAMINERGIC SYSTEM

Retrograde transfer of dopamine in the cavernous sinus

Pioneering research on the effect of DA retransfer in the
cavernous sinus on the activity of DArgic nuclei A15 of the
hypothalamus was performed in 2001–2004 (12, 13). It has been
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Fig. 5. The concentration of radioactivity in the brain arterial blood in the experiment with infusion of 3H-DA into right cavernous
sinus of the rabbit isolated head perfused with Hanseleit-Krebs buffer solution mixed with homologous blood in a 3:1 ratio. (Muszak
et al. J. Physiol Pharmacol 2014, with permission).
(A) Mean (± S.E.) concentration of radioactivity in blood samples collected from rabbit’s brain basal artery during and after infusion
of 3H-DA. (B) The dynamic presentation of radioactivity in blood samples collected from rabbit’s brain basal artery during and after
infusion of 3H-DA.



shown that a few minutes after the introduction of radiolabeled
DA to the cavernous sinus (via the angular oculi vein), DAwas
present in the arterial blood supplying the brain. Moreover, the
influence of the season (spring, winter) on the intensity of the
transfer of DAfrom the venous blood of the cavernous sinus into
the arterial blood supplying the brain was demonstrated (12).
Using an isolated sheep head perfused with autologous blood
and radiolabeled or cold DAinfusion, the transfer of DAfrom
venous blood of the cavernous sinus to the arterial blood
supplying the brain was studied (13). Transfer of DAby a
countercurrent mechanism in the ewe changes with seasons and
endocrine stage. Data compiled from Skipor et al. (13, 14) are
presented in Fig. 4.

The studies performed by Skipor et al. (13, 14) were focused
only on the impact of DAinfusion into the cavernous sinus on
the secretory function of the hypothalamic neurons associated
with reproduction in sheep. So far, no studies have been carried
out on the influence of the retrograde retransfer of DAin the
cavernous sinus on hypo- and hyperfunction of striatal DArgic
neurons. The morphological structure of the cavernous sinus in
sheep (Artiodactyles) differs significantly from the structure of
the cavernous sinus in humans. However, a very close similarity
in morphology of the cavernous sinus in humans and rabbits
directed an interest toward the transfer of DA in the rabbit.
Recent studies on DAtransfer in the rabbit have shown that DA
could penetrate the cavernous sinus from the venous blood of the
cavernous sinus to the arterial blood supplying the brain, and DA
and its metabolites reached many structures in various areas of
the brain, including the cortical and subcortical regions (15)
(Fig. 5 and Fig. 6).

If DA is retrogradely transferred from the brain venous
effluent to the arterial blood supplying the brain in the rabbit, in
which the cavernous sinus morphology is very similar to that in
humans, we can suggest that the DAretrograde transfer may also
occur in humans.

The mechanism of neurotransmitter transfer in the cavernous
sinus

The mechanism of transfer of DA, and other
neurotransmitters from venous blood of the cavernous sinus to
arterial blood of the internal carotid artery has not been

elucidated. It is hard to believe that it is done exclusively on the
basis of the concentration gradient. A blocking of Na+ K+ ATP-
ase with oubain administered into the cavernous sinus reduces
beta-endorphin countercurrent transfer from venous blood of the
cavernous sinus to the arterial blood supplying the brain (55).
The presence of LH/hCG receptor mRNAtranscripts in the walls
of both arterial and venous compartments of the cavernous
sinus-carotid rete complex was demonstrated. It suggested that
LH could modulate GnRH transfer acting directly on the
vascular smooth muscle (55).

Lack of LH (30 kDa) and PRL(23 kDa) permeation,
together with earlier findings regarding the permeation of DA
(0.19 kDa), testosterone (0.19 kDa), progesterone (0.32 kDa),
oxytocin (1.0 kDa), GnRH (1.2 kDa) and beta-endorphin (3.4
kDa), suggest that the molecular mass of the hormone may be a
major factor determining the transfer of hormones in the
cavernous sinus (62).

Pharmacological studies on chromium (III) chloride effect
on monoaminergic system in mice indicated that the
antidepressant-like activity of chromium was dependent on the
noradrenergic as well as dopaminergic and serotonin systems
(66). Extremely rich adrenergic innervation of the internal
carotid artery cavernous segment (44, 45) suggests the presence
of significant expression of the extracellular norepinephrine
transporter (NET) in the arterial wall. The transporter, which
belongs to the family of monoamine transporters, can transport
both norepinephrine and DA(67).Therefore, thequestion arises
whetherNET is involved in the transport of DAthrough the
arterial wall of the cavernous fragment of the internal carotid
artery, and whether it is possiblethat this influences the
retrograde transfer of DA? The clarification of this question
could be of great practical importance, since some
pharmacological agents that locally regulate DApermeation and
retrograde transfer might exist, and in this way, the activity of
the DArgic system in the subcortical and cortical areas of brain
might be regulated.

Dopamine influence on the activity of the dopamine transporter

DA enters the cavernous sinus with venous effluent from the
hypothalamus and pituitary. However, a large part (about 65%)
of dopamine permeating in the rabbit cavernous sinus to the
arterial blood reaches the brain with arterial blood already in the
form of metabolites (15). Dopamine metabolismhas been
extensivelystudied formany years (25, 26, 34, 68-72). In the
striatal astrocytes, DAmay be converted to metabolites, such as
dihydroxyphenylacetic acid, methoxytyramine and homovanillic
acid by enzymes: monoamine oxydase (MAO) and catechol-O-
methyltransferase (COMT) (blood-brain barrier action) (68-70).
COMT operates in astrocytes but there is no its activity in
DArgic nigrostriatal neurons(68-69).Age-dependent estrogen
concentration may influence the activity of COMT(70).

DA uptake in vascular epithelial cells is the first step of the
blood-brain barrier system that protects neurons from entry by
DA. When radioactive DA(3H-DA) is infused into the rabbit
cavernous sinus, the largest uptake of 3H-DA (3H-DA/mg) is in
the vasculature of the pia mater, in comparison to other brain
structures (Fig. 6). Receptionof DA by astrocytesacts as the
second stepof the blood-brain barrier. Striatalastrocytescantake
upDA as well asL-DOPA which is therapeutically efficacious in
patients with Parkinson’s disease and other hypofunctionings of
the DArgic system (70). Primary cultured striatal astrocytes
(expressed aromatic amino acid decarboxylase) convert L-DOPA
to DA (71). In striatal astrocytes, DAis metabolized quickly
while L-DOPA relatively more slowly (69). However, despite DA
metabolization, the striatal astrocytes (continuously supplied by
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Fig. 7. Diagram of the rabbit brain with marked areasof thestriatumand cavernous sinus in normal physiological condition and in
hypofunction of the DArgic system:
Left side of the figure:normal physiological condition: (A) Magnification of the cavernous sinus with marked course of the cavernous
segment (segment T6) of the internal carotid artery, sympathetic innervation, and cranial nerves which take their origin in the midbrain
and pass throughout the cavernous sinus. High concentration of DAin arterial blood, due to its retrograde transfer in the cavernous
sinus, is transported to the brain (thick blackarrows). (A-1) Magnification of portion of the striatum: - continuous inhibition of DAT
expression by DA(supplied from the cavernous sinus) by the down regulation mechanism. DArgic synapse with limited expression
of DAT in membrane of the nigrostratial neuron: (1) nigrostratial neuron; (2) astrocytes; (3) endothelium of capillary vessel. The
supply of DAregulating expression of DAT is marked with thick dark red arrow.
Right side of the figure:hypofunction of dopaminergic system (in Parkinson’s disease or other hypofunction) (B) Lack or limited
retrograde transfer of DAin the cavernous sinus results in low concentration of DAtransported with arterial blood to the brain (thin
black arrows). (B-1) Lack or limited inhibition of DAT expression by DAby down regulation mechanism (thin dark red arrow). A high
expression of DAT in the nigrostratial neuron.



DA retrograde transfer from cavernous sinus) contain in their
cytoplasm free particles of DAfor a period of time. The striatal
astrocyte cell membrane contains receptors, channels and
transporters for neurotransmitters involved in astrocyte-neuron
transmission (72-74). We think that theincreased concentration
of DA in the cytoplasmof astrocytes, even for a shorttime,
facilitates the permeation ofDA molecules (molecular mass 0.19
kD) through the astrocyte cell membrane and DAdiffusion
towards DArgic synapse, according to gradient concentration.
This results in increased DAconcentration in the area of the
DArgic synaptic cleft and binding of the DAwith receptorsand
DAT. An effective DAradius after quantal release is 2 µm for the
activation of low affinity DA receptors and 7 – 8 µm for high
affinity receptors (34). We conclude that DArgic activity is
regulated by the extracellular concentration of DAresulting from
a dynamic equilibrium between itsrelease anduptakein DArgic
terminals(25) as well as from its constant supply from striatal
astrocytes into the area aroundDArgic synapses. A number of
experiments support the idea that expression of DAT activity is
regulated directly by interaction with their substrates. Brief
repeated periods of DAexposure or DAand amphetamine
treatments down-regulate activity of DAT. Experiments
performed in an in vitro model and in vivo documented that
prolonged exposure to DA, amphetamine or tyramine, greatly
reduced DAT function. Frequent (every 2 min) applicationsof
DA in ratschanged the parameters inthe clearance ofDA, which
was accompanied bya profound down-regulation ofDAT
function(16). In another study, the function of DAT was reduced
by DA and amphetamine, and was enhanced by cocaine, when
they were used at appropriate concentrations or doses (17).
Down-regulation of DAT function was also demonstrated after
DArgic neuron lesion (18). Based on these results and data from
our earlier studies, we suggest that under physiological
conditions, a continuous supply of DArgic terminal region by
retrogradely transferred DAmay inhibit the expression of DAT
by a down-regulation mechanism. It would be a control of the
DArgic system based on feedback, which is the primary
physiological regulatory mechanism. It is also likely, but it should
be proven in further studies,that DA metabolite or active
substances inhibiting the expression of DAT (produced in
astrocytes under the influence of DAmetabolites), may be
released in perivascular striatal astrocytes.

Because the inhibition or increase of DAT activity by
retrogradely transferred DAis a chronic process, we suggest that
short-term therapy by administration ofL-DOPA will not
effectively remove disturbances in dopaminergic system
activity. Therefore, the mechanism of physiological permeation
of DA from venous to arterial blood is a very important step in
the regulation of DArgic system function and it should first be
understood. We suppose that in the future, this first basic stage
of the mechanism for DApermeation in the cavernous sinus may
be easily pharmacologically regulated.

We conclude that DAis continuously retrogradely
transferred in the cavernous sinus by a countercurrent
mechanism from the venous blood of the cavernous sinus into
the arterial blood supplying the brain.

We present the view that in animals and humans, DArgic
activity may be regulated depending on the intensity of DA
retrograde transfer from the cavernous sinus over the whole
lifetime and canhave an impacton the occurrence ofits hypo-
or hyperfunction. We suggest that under physiological
conditions, DA - continuously retrogradely transferred, and
carried by the arterial blood from the cavernous sinus to
endothelial cells and perivascular striatal astrocytes - inhibit the
expression of striatal DAT by a down-regulation mechanism.

Many data indicate that DAreaches the cavernous sinus
with venous brain effluent, and suggest that it also moves to

the cavernous sinus along the endoneurium and perineurium
of 10 trunks of five cranial nerves (III, IV, V1, V2, VI). These
nerves originate from the region of the midbrain in which the
concentration of DAergic neurons and the concentration of
extracellular DAis largest. The changes in the retrograde
transfer activity in the cavernous sinus - age-dependent and
regulated by the hormones may be the primary cause of
dysfunction of the DArgic system. A new concept of DArgic
function and genesis of its dysfunction with involvement of
DA retrograde transfer in the cavernous sinus is presented in
Fig. 7.

SUGGESTIONS FOR FUTURE STUDIES

The data presented above suggest that research aimed to
explain the genesis (including the age) of the hypo- or
hyperfunction of the DArgic system, and DArgic system
dysfunction causing Parkinson’s disease, ADHD, schizophrenia
and many other psychiatric disorders, should considertwo areas:

- the cavernous sinus, where DAis taken-up, and transferred
from the venous blood of the cavernous sinus to the arterial
blood supplying the brain. To regulate this process
pharmacologically, understandingthe mechanism and
explanation of what determines its courseis necessary.

- brain DArgic structures, whose activity is regulated
primarily by the action of DAT. I t is essential to clarify
whether the expression of the DAT is regulated exclusively
by extracellular DAor by DA metabolites reaching the
presynaptic membrane, and any factor secreted by striatal
astrocytes under the influence of DAmetabolites.
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