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Introduction

Countercurrent transfer of heat, respiratory gases, minerals and metabolites has been known for
many years to be a fundamental regulatory mechanism of some physiological processes. In sea
mammals, wading birds and fishes living in polar seas countercurrent systems in the limbs, flippers
or tail vessels protect the organism against heat loss (Schmidt-Nielsen, 1981). In most mammals
countercurrent heat exchange between the arteries supplying the brain and veins carrying the blood
away from the nasal area and head skin forms the so-called brain cooling system, which protects
the brain against overheating (Baker, 1979). The countercurrent transfer of minerals and metab-
olites in the kidney is a well-known system regulating the osmolarity and concentration of urine
(Lassen & Longley, 1961). Countercurrent transfers in the blood vessels of the intestinal villi take
part in the absorption processes (Lundgren, 1967). The pampiniform plexus in the boar partici-
pates in a heat-exchange countercurrent, thus decreasing the temperature of the testes (Waites &
Moule, 1961), as well as in local transfer of testosterone (Free er al., 1973; Ginther et al., 1974;
Einer-Jensen & Waites, 1977). Studies on the influence of hysterectomy on the function of the
corpus luteurn in different species, made in the 1930-1970s, suggested the existence of a local
transfer of a luteolytic substance from the uterus to the ovary. These suggestions have been con-
firmed by detailed and elegant anatomical papers of the vascular anatomy of the uterus, ovary and
oviduct in mares (Ginther et al., 1972), cows (Ginther & Del Campo, 1974), ewes (Ginther et al.,
1973; Del Campo & Ginther, 1973), sows (Del Campo & Ginther, 1973) and laboratory animals
{Del Campo & Ginther, 1972). Ginther (1974) suggested that there was a local transfer of a luteo-
lytic substance from the uterus to the ovary, The experiments of McCracken et al. (1972) on sheep
were critical for understanding the mechanism of transfer of prostaglandins. Using radioactive
prostaglandin they proved for the first time the existence of the local transfer of prostaglandin from
the utero-ovarian vein to the ovarian artery. Moreover, the countercurrent transfer of radioactive
inert gases was demaonstrated in laboratory animals (Einer-Jensen, 1974), of progesterone in sheep
(McCracken & Einer-Jensen, 1976; Einer-Jensen & McCracken, 1981; Walsh et al., 1979) and pigs
{Krzymowski er af., 1981b; Kotwica e al., 1981), of testosterone in pigs (Krzymowski er ai., 1981a;
Krzymowski er af., 1981b) and cows (Kotwica er al., 1982), of oestradiol in pigs (Krzymowski es al.,
1981b) and cows (Krzymowski er al., 1981/1982; Koziorowski er al., 1988), of relaxin and thyroxin
in ewes (Schramm et af., 1986a), and of oxytocin in sheep (Schramm et agl., 1986b) and cows
(Koziorowski er af., 1989).

The morphological adaptation of the walls of adjacent arterial and venous vessels (Lee &
O’Shea, 1975; Doboszynska et al., 1980) and the relationship between countercurrent efficiency and
the size of hormone molecules (McCracken er al., 1984) have been investigated in the context of the
countercurrent mechanism. Kotwica (1980) suggested that the lymph and lymphatic vessels in
sows participated in prostaglandin transfer in the area of the mesovarium. Heap ef af. (1985)
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demonstrated that PGF-2a transfer from the uterine lymph into the ovarian vasculature in sheep
was potentially as great as that from the uterine venous blood.

Einer-Jensen (1984, 1988) suggested a relationship between the countercurrent transfer of hor-
mones and hormones binding to plasma proteins. As far as is known, the pool of free sieroids in the
blood plasma is maintained in equilibrium with the pool of carrier-bound hormones, with only i-
2% of steroid hormones being in the unbound form in the arterial blood. According to Einer-
Jensen (1984, 1988) the local transfer of free hormone from the veins and lymphatic vessels to the
artery, even at a low efficiency of countercurrent exchange, can considerably multiply the concen-
tration of free hormone in arterial blood that is able to interact with the receptor. Moreover, it was
suggested that the less polar (ketonic) member of each steroid pair was transferred more efficiently
than its hydroxyl counterpart. This may be due to its greater solubility in the membrane lipids of
the cells in the interposing vessel walls (McCracken e/ al., 1984).

Role of the broad ligament of the-uterus in the countercurrent transfer of hormones

Mesovarium

In sows the ovarian artery is subdivided into several basic branches in the mesovarium area.
After division, one of them reaches the mesosalpinx and oviduct and provides the mesovarian
muscular layer with numerous tiny ramifications. Two or three middle branches form many loops
on the surface of and near the ovarian vein, and some of them anastomose with the uterine artery.
The ramifications of convoluted branches go deep into the vessel plexus and surrounding muscular
layer. All the vessels are covered with a muscular layer which is especially well developed in the
ovarian area. Lymph drains from the ovary through numerous tiny lymphatic vessels situated
immediately under the perimetrium covering the muscles. This network of lymphatic vessels is
drained in turn by large valved vessels deep in the convoluted arterial branches (T. Krzymowski,
unpublished observations).

The rhythmic contractions of the muscular layer of the mesovarium results in changes of the
venous blood and lymph flow (T. Krzymowski, unpublished observations). The muscular layer of
the broad ligament is supplied with the arterial blood that passes through the fine, short arterial
ramifications that leave the branches of the ovarian artery at right angles. These arterial ramifi-
cations penetrate the muscular layer of the mesovarium and create a capillary bed. The blood from
the muscular layer returns through fine, short veins which, reaching the branches of the ovarian
artery, redivide on the arterial surface or pass by to connect with the venous network covering the
arteries (Fig. 1).

The origin of the network covering the branches of the ovarian arteries is still not clear. Lee &
O’Shea (1975) suggested that in ewes this venous network was supplied with uterine blood. In sows
a fine venous network covering the walls of the ovarian artery branches has been described in detail
(Figs 2a, b). It was functionally associated with countercurrent transfer of steroid hormones and
prostaglandins in the area of the mesovarium (Krzymowski er af.,, 1982a; Kotwica er al., 1982/
1983). The venous network was found to twine around the artery covering more than half of the
surface of the ovarian artery branches (Fig. 2b}. It is only loosely associated with the surface of the
adjacent arterial walls and can be easily removed.

Spontaneous or mechanically stimulated contractions of a section of the convoluted branches
of the ovarian artery were studied during in-situ experiments which restricted blood flow through
the venous network covering the contracting section (T. Krzymowski, unpublished observations).
The nervous and hormonal regulation of blood flow through the convoluted branches of the
ovarian artery, as well as through the venous network covering the branches, may therefore be an
important component of the countercurrent mechanism of the mesovarium area.

In 1976, McCracken & Einer-Jensen showed for the first time the possibility of progesterone
countercurrent transfer in the mesovarium in ewes. In sows, tritiated testosterone introduced into
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ovarian artery branches. The blood flowing through the venous network covering the branches of
the ovarian artery thus delivers the hormones to the arterial blood according to the concentration
gradient (second step). Thus hormone-enriched arterial blood supplies the ovary, oviduct and the
tip of the uterine horn.

Such a local concentrating mechanism, increasing hormones in the arterial blood, may in part
regulate the blood flow through the vascular system of supplied tissues. The rise of oestrogen
concentrations in the ovarian artery as the result of countercurrent transfer may induce local
hydroxylation of the aromatic ring in oestradiol and the formation of catecheloestrogens which
contain two instead of one phenolic hydroxyl group on the aromatic ring. Like catecholamines,
catecholoestrogens can block the Ca?* channels in a-adrenergic receptors in smooth muscte cells of
the vessels and so block or change the function of the receptor. This leads to arterial vasodilatation
and increases blood flow in the uterine artery (Ford, 1985). Moreover, the pattern of uterine blood
flow to the non-pregnant pig uterus is negatively correlated (r = —0-94) with the concentration of
progesterone in the blood (Ford & Christenson, 1979) and progesterone alters the function of the
uterine or ovarian sympathetic nerves by changing the number and activity of u,-adrenergic recep-
tors (Ford e af., 1984; Dynarowicz et al., 1988). The ratio of oestrogen to progesterone in the blood
supplying the genital organs may affect both the ovarian as well as uterine blood flow. In sows the
blood flow to the ovaries changes regularly during the oestrous cycle, being highest during the
luteal phase and lowest during follicular phase (Magness et al., 1983). However, blood fow
through the uterine artery is increased after systemic (Dickson et al., 1969) or intrauterine (Ford
et al., 1982) administration of oestradiol.

Mesosalpinx

The primary function of the oviduct and mesosalpinx is the collection and transport of eggs.

Like other arterial branches supplying the ovary, the branch of the ovarian artery supplying the
mesosalpinx and oviduct forms many spirals. To discover whether this vascular system is able to
affect the local transfer of steroid hormones into the ovary, special experimental models were
adopted with isolated organs (Figs 3 & 4).

On Days 14-17 of the oestrous cycle the isolated ovary with its ovarian pedicle was infused via
the ovarian vein for 30 min with radioactive steroid hormones. Radioactivity was found in the
blood taken from both the ovarian and the oviduct branches of the ovarian artery (Fig. 3). In
subsequent experiments the mesosalpinx of an infused preparation (Preparation A) closely overlaid
the other isolated ovary (Preparation B) placed nearby in a separate box and supplied with the
arterial blood (Fig. 4). During the experimeni 0-6% of [*H]testosterone infused into Preparation
A was transferred through the mesosalpinx vasculature into the ovary and mesovarium of
Preparation B (Krzymowski er a/., 1982c). In a similar experiment, the ovary of Preparation B was
enveloped by the mesosalpinx of Preparation A injected with [PH)PGF-2a (Fig. 5) (Kotwica er al.,
1982/1983). The labelled prostaglandin injected into the uterus was found in the venous effluent
{0-15% of the dose injected into Preparation A), as well as in the ovarian pedicle tissue of
Preparation B. This suggests a possible new route of PGF-2q transfer from the uterus through the
mesosalpinx into the corpus luteum of pigs (Kotwica er a/., 1982/1983). The transfer of progester-
one from the corpus luteum into the mesosalpinx vasculature has been shown (Adamowicz et af.,
1939). Moreover, it was demonstrated that follicular hormones were transferred from the ovarian
vein to the ovarian and utero-tubal arteries, thus providing a local means of regulating oviduct
function and sperm transport {(Hunter er af., 1983). Elevated concentrations of steroids and prosia-
glandins transferred in this way would permit incisive changes in the potency and contractile
activity of the isthmus, thereby facilitating the periovulatory phase of sperm transport from the
caudal portion of the oviduct to the site of fertilization (Hunter er al., 1983). These results indicate
that the oviduct and part of the uterine horn proximal to the ovary could be supplied directly by a
local pathway with hormones released from the ovary into the blood and transported through the
anastomoses between the ovarian and uterine artery into the target organs.
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Fig. 3. Experimental design for studying the countercurrent transfer of [*H]testosterone from
the évarian vein into the blood of the mesosalpinx vasculature, [*H]Testosterone was infused:
via the tip of a cannula positioned in the ovarian vein 1-2cm from the ovary. Blood samples
were taken from the ovarian vein, the oviducal branches of the ovarian artery and from the
cannulated ovarian vein. (Adapted from Krzymowski er al., 1982c).

Mesometrium

In the mesometrium the uterine veins cover and twist along the branches of the uterine artery
(Ginther, 1974; Krzymowski er al., 1989). This results in a large area of close surface contact
between the veins and arteries and favours a direct passage of substances between the-two.- A large
part of the surface of the uterine artery branches is covered with a thin-walled venous mesh (Fig.
2d). After the injection of Evans’ blue dye into the superficial layer of the myometrium, lymphatic
vessels in-the whole area of the mesometrium could be clearly observed. These observations showed
that lymph drained from the uterus vessels through numerous valved vessels that lay parallel to the
branches of the uterine artery, as well as in a superficial mesh of unvalved lymphatic vessels drain-
ing the mesometrium just under the perimetrium. Moreover, the fine thin-walled lymphatic vessels
of the superficial mesh were connected with the valved vessels lying parallel with the branches of the
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Fig. 4. Experimental design for studying [*Hliestosterone transfer from the mesosalpinx
vasculature into the ovary. [*Hltestosteronc was infused-into the ovarian vein, 1-2 cm from the
ovary of Preparation A. The mesosalpinx of Preparation A was placed on the surface of the
ovary of Preparation B. Radioactivity was measured in blood and lymph samples taken from
Preparation B. Preparations A and B were connected by the mesosalpinx only. 1, The ovarian
vein; 2, tip of the cannula for testosterone infusion; 3, spirals of the ovarian arterial branches; 4,
cannula with arterial blood connected with the ovarian artery; 5, the ovary; 6, the mesosalpinx
and oviduct of the infused Preparation A covering the ovary of Preparation B (Krzymowski
et al., 1982¢).

uterine artery (Krzymowski er al., 1986). Figure 6 illustrates the connections between the arterial,
venous and lymphatic vessels along the mesometrium.

The infusion of [*H]PGF-2c into the most superficial layer of the myometrium of an isolated
uterus, injection of [PHJPGF-2a into the lumen of an isolated uterine horn (supplied with auto-
logous blood), and [*H)PGF-2a infusion into the myometrium of an anaesthetized sow resulted in
the presence of [*HJPGF-2a in the blood taken from the uterine artery (Krzymowski et af., 1986).
The mechanism of PGF-2a countercurrent transfer from the venous and lymphatic effluent was
active during the luteal phase of the cestrous cycle, but it was noticeably reduced on Days 13-17 of
the cycle when tuteal regression was taking place (Fig. 7). A significantly higher concentration of
[*HJPGF-2a in the uterine arterial plasma was found in pregnant (14-18 days of pregnancy), and in
oestrogen-induced pseudopregnant sows (15-18 days of the oestrous cycle), than in the control
group (13-17 days of the cycle) (Table 1).

In experiments in vive (Koziorowski er al., 1988) tritiated prostaglandin was injected into the
uterine lumen of sows on Day 18 of pregnancy. An increase in the level of radioactivity in blood
taken from the branch of the uterine artery, compared to radioactivity in an equal volume of blood
sampled simultaneously from the carotid artery, was presented as evidence for the existence of
PGF-2a back transfer in the area of the broad ligament vasculature. It was demonstrated that the
concentration of [*H)PGF-2a in uterine artery plasma was significantly higher than in carotid
artery plasma (P < 0-001). Total radioactivity transferred back into the uterus with the arterial
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Fig. 5. Schematic diagram of the experimental design for studying [*H]JPGF-2u transfer from
the uterine horn into the ovary. [*H|PGF-2a was injected into the musculature of Preparation
A (black triangles). Arrows indicate the dircction of the blood flow into the uterine artery (a)
into the ovarian artery (b, ¢) and from the utero-ovarian veins (2, 6). The mesosalpinx of
Preparation A closely covered the surface of the ovary of Preparation B. Radioactivity was
measured in the ovarian eMuent (1); the ovarian venous effluent (2, 6); the ovarian tissue (3); the
ovarian pedicle tissue (4); and in the lymph and interstitial fluid (5). (Adapted from Kotwica
et al., 1982/1983).

S SR e il e b Lymphatic vessels meshwork
W o Ny e -
— LN = 3 N N \( Perimetrium
N7 AREWZZAN f
}% % \"é \‘\ ""“‘\"? il t——— Layer of muscles
]

..\nt‘(;

— ! \ \
‘: \'--"ﬁ f’— - = NS Yd'ﬁr. B h of uterine artery
4.! %‘@”ﬁﬂ%\-ﬁ%&&&g& césg‘r:ed b:verr:ous mesh
WA o W NP, W '

Valved lymgphatic vessels

——— Branch of uterine vein

Fig. 6. Schematic diagram showing the gencral structure of the broad ligament and the connec-
tions observed between the lymphatic, venous and arierial vessels along the mesometrium.
(Adapted from Krzymowski et al., 1986).

blood was calculated as 2% of the injected dose (Koziorowski er af., 1988). In experiments carried
out in very similar conditions (S. Stefanczyk-Krzymowska, T. Krzymowski, N. Einer-Jensen, T.
Kaminski & J. Kotwica, unpublished), total radioactivity transferred back was calculated as 1-73%
of 1otal infused [*H]PGF-2a, while transfer efficiency was 11-6%. No correlation was found
between [*HJPGF-2a concentration in the venous effluent and its simultaneous back transfer to the
arterial blood, or between the distribution of the radioactive prostaglandin in the walls of the
vessels and in the tissues of the mesometrium surrounding the vessels. Figure 8 indicates that
the mechanism of PGF-20. transfer in the area of the broad ligament vasculature is not based on
simple diffusion through the vessels walls, but is strictly limited by the different abilities of the
tissues to bind and concentrate prostaglandin (8. Stefanczyk-Krzymowska, T. Krzymowski, N.
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Fig. 7. Radioactivity (mean + s.e.m.) per ml of the blood taken from the branch of the uterine
artery during and after infusion of 25 uCi (25 x 108c.p.m.) [*H]PGF-2a into the superficial
layer of the myometrium of sows on Days 2-12 (O O)Y(N = 5)or Days 13-17 (@ o)
of the oestrous cycle (N = 4). Significant differences (P < ¢-01, P < 0-05) were obscrved:
during 80-120 min of the experiment. (From Krzymowski et af., 1986). .

Table 1. Mcan {+s.c.m.) total radioactivity transferred from the

broad ligament vasculature into the uterus with arterial blood

during a 120-min period after infusion of 7 x 107 c.p.m. of

{*H]PGF-2¢ into the myometrium (calculated ltom the amount of

radioactivity in 1 ml of blood plasma taken from the branchof the-

uterine artery and the total volume flowing through the specimen
(from Krzymowski el al., 1987)

Uterine horn isolated No.of " " % ofinfused
from animals on: CT sows c.p.m, (% 105} ? HIPGF-2a
Days 15-18 of.

pseudopregnancy 8 13-91 £ 7-83* 19-8
Days 14-18 of .

pregnancy 8 420 & 0-53** 60
Days 13-17 of the . .
oeslrous cycle 8 [-79 + 0-69 24

Significantly different from value for gilis 6n Days I3 17 of the oestrous
cycle: *P < (0-05; **P < (0-001.

Einer-Jensen, T. Kaminski & J. Kotwica, unpublished). It was concluded that prostaglandin reten-
tion in the tissues of the reproductive organs created a temporary reservoir which may be gradually
released. Such a mechanism in physiological conditions may reduce the peaks of PGF-2a concen-
tration observed in the venous blood by Frank et ¢f. (1977) and by Hunter & Poyser (1982), and
may prevent luteal regression in early pregnancy (Krzymowski er al., 1987, 1989). In experiments
with.early pregnant sows (Day 18), [PHJPGF-2a was circulated in the blood for 2 h at a concen-
tration of ~ 300 d.p.m./ml plasma. After this time radicactivity was measured in the uterine tissues
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and uterine flushings (Table 2). The presence of {*H]JPGF-2a in the uterine tissues and in uterine
flushings at a concentration exceeding the content of the arterial blood confirmed the capacity of
the ulerine tissue for binding, retention and removal of [PH]PGF-2u into the uterine lumen. Bazer
& Thatcher (1977) suggested that PGF-2u accumulation in the uterine lumen during early preg-
nancy was evidence for its exocrine secretion towards the uterine lumen. However, our unpublished
results (S. Stefanczyk-Krzymowska, T. Krzymowski, N. Einer-Jensen, T. Kominski & J. Kotwica)
indicate that the high PGF-2a level found in- the uterine lumen during early pregnancy (Thatcher
et af., 1986) could also be a consequence of PGF-2q¢ uptake from the arterial blood supplying the
uterus and removal into the uterine lumen. Labelled prostaglandin found in uterine flushings in
concentrations many-fold higher than in the blood supplying the uterus (Table 2) supported this
suggestion.

Branch
of uterine
vein

Branch
of uterine
artery

S &
n@-

Fig. 8. The concentration of radioactive prostaglandin in the wall of the uterine arterial and
venous branches and in the mesometrial tissues surrounding thesc vessels (d.p.m./g) 2 h after
the injection of 10° d.p.m.-of [PH}PGF-2a into the uterine lumen. The mean concentration of
[*H]PGF-2a is also presented (d.p.m./ml of blood plasma) for the arterial blood taken during
the 2 h of the experiment. The differences are significant, P < 0-01.

Mesometrial
tissue

Table 2. Mean concentrations of [*HJPGF-2ua in

various lissues of sows (N = 8) 2 h after injection

of [*HIPGF-2u (10°dpm) into the lumen of a-
scparated uterine horn

Conc. of [*H]PGF-2u , d.p.m.
In arterial blood plasma supplying

the uterus 253-329
[n the endometrium 1730
In the myometrium 3800
In 1 ml uierine flushings 1410
In total uterine Alushings (100 mi) 141 000

Conclusions

(1) The broad ligament (mesovarium, mesosalpinx and mesometrium) is not only a tissue
supporting the arterial, venous and lymphatic vessels, as well as nerves, but is also an organ
involved in the hormonal regulation of reproductive processes. . .
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(2) Countercurrent exchange of hormones in the area of the bread ligament vasculature
takes place through two complementary processes:

(i) direct passage through the walls of two adjacent vessels according to the well-known
mechanism of countercurrent heat exchange;

(i1} indirect, two-step passage. Steroid hormones and prostaglandins pass from the tymphatic
vessels into the arterial blood supplying capillaries of the muscular layer of the broad ligament
according to a concentration gradient (first step). Then, the btood flowing out from these capil-
laries transports locally high concentrations of hormones into the venous mesh covering the
wall of the ovarian artery. Significant differences in hormone concentrations within these vessels
and the ability of vessel walls to bind hormone facilitates transfer into the arterial blood
(second step).

(3) Countercurrent transfer of hormones in the vasculature of the mesovarium and mesosalpinx
makes retention possible and provides for a local mechanism of action of steroid hormones:

(i) by oviducal and uterine receptors which couid influence the secretion and contractile activity
of the oviduct and uterus;

(ii) by the theca and granulosa cells for regulation of their activity in a local feedback
mechanism.

(4) Anastomoses between the ovarian and uterine arteries allow the transfer of a higher
concentration of steroid hormones from the mesovarium area into the blood supplying the
uterus and oviduct. On the one hand this mechanism and countercurrent exchange of hor-
mones in the mesovarium area may protect the organism against a high concentration of ster-
oids in the systemic blood suppiying the central nervous system and other organs. On the other
hand, they may locally allow considerably higher concentrations of steroids to be reached in
target (i.e. genital) organs. This proposal is supported by the results of Magness & Ford (1982)
who observed that the concentration of oestradiol and oestrone was 3—4-fold higher in the
uterine lymphatic effluent than in the systemic blood supplying the uterus, and of Peck er al.
{1973) who found that total oestrogens were greater in the uterine tissues than in the systemic
blood. .

(5) The local passage of steroid hormones in the unbound state from the venous effluent into the
arterial blood, near target organs, can significantly increase the quantity of free hormone able to
interact with receptors.

(6) Countercurrent transfer of PGF-2a in the mesometrial area, from the venous and lym-
phatic effiuent into the arterial blood supplying the uterus (PGF-2o back transfer), is very
efficient during oestradiol-induced pseudopregnancy, early pregnancy (Day 18 of pregnancy)
and during the luteal phase of the oestrous cycle. Consequently, it may considerably reduce
peak prostaglandin concentrations during pulsatile release of PGF-2a from the uterus. This may
protect the corpus tuteum against luteolysis because PGF-2a is secreted during these periods by
the uterus. We suggest that the dilatation of arterial vessels and the increase in blood flow
through the mesometrial vasculature are the main factors increasing PGF-20 back transfer.
Moreover, many experiments indicate that oestradiol (catecholoestrogens) and adrenergic vaso-
constrictor tone affect uterine blood flow (Ford, 1985), thus determining countercurrent
transfer in the mesometrial area, while progesterone increases the ovarian blood flow in the
mesovarial area.

(7) The endometrium, myometrium and the walls of arterial and venous vessels in the
mesometrial area, as well as tissues surrounding the mesometrial vasculature, have different
PGF-2u uptake and retention ability which varies during the oestrous cycle and pregnancy.
This forms the basis for PGF-2a uptake and back transfer from the broad ligament vascula-
ture into the uterus, and is involved in the mechanism of protection of the corpus luteum
against luetolysis.

This work was supported by the Polish Academy of Sciences (Project RPBP 05.2).
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