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ABSTRACT

The Direct Arterial Blood Supply of the Rabbit Anterior Pituitary:

Relationship to Prolactin Regulation. Michael K. Bamat

The blood supply to the anterior pituitary (AP) plays a critical role

in the regulation of endocrine function. In most mammals the

hypophyseal portal vasculature is the exclusive blood supply to the AP.

We hypothesized that if a direct arterial supply also existed, it would

allow some areas of the gland to escape hypothalamic regulation. An

arterial blood supply to the AP has been proposed as a mechanism in the

formation and growth of prolactinomas. The purpose of this study was to

determine if a direct arterial blood supply to the AP exists in the rabbit,

and, if so, to use this species to study the effect of such a supply on

prolactin (PRL) regulation. Using microspheres and a vascular cast

material we have shown that, in addition to the hypophyseal portal

supply, the AP of the female New Zealand White rabbit receives a direct

arterial blood supply. Branches of the internal carotid and posterior

communicating arteries appear to have a regionalized distribution within

the gland. Arterial blood apparently perfuses the rostral regions of the

AP to a greater extent than the caudal regions. Prolactin is also

regionalized. Using radioimmunoassay and electrophoresis we found

greater concentrations of PRL in the caudal than in the rostral AP.



Rostral areas appeared to synthesize and release and/or metabolize PRL

more rapidly. These results are consistent with the hypothesis that

regions of the AP receiving a direct arterial blood supply may escape

tonic dopaminergic inhibition. In addition the arterial blood supply to

the AP is regulated by a physiological factor which also affects PRL

regulation. Ovariectomy reduces the arterial supply to and PRL

concentration in the AP of these rabbits. Estradiol treatment rapidly

reverses this effect on the arterial blood supply and may have more long

term effects on both blood supply and PRL regulation. Our results

suggest that the AP of the female New Zealand White rabbit provides a

useful model in which to study the etiology of prolactinomas and may

provide valuable insights into both the physiological and pathological

regulation of PRL and of AP function in general.
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INTRODUCTION

An essential component of the neuroendocrine control of the AP is

the hypophyseal portal vascular system (Figures 1,2). Neurohormones

are released in small quantities by hypothalamic neurons and are

transported to the AP via the portal system. This is a true portal system,

beginning and ending in a capillary plexus. It is the exclusive blood

supply to the AP of most mammals. Branches of the internal carotid,

the superior, middle and inferior hypophyseal arteries, supply the

primary portal capillary plexus, which extends from the median

eminence through the neural lobe of the pituitary. Blood from these

capillaries is carried to the AP via the long and short portal vessels

which in turn supply the secondary capillary plexus. There is no direct

arterial supply. This allows the system to maintain biologically effective

concentrations of the neurohormones. As they leave the pituitary via the

confluent vein, the chemical messages are rapidly inactivated by a high

rate of blood flow and dilution in the systemic circulation.

A direct arterial supply, in addition to the portal system, would

seemingly interfere with hypothalamic control of the AP. Since the

arterial blood would not contain hypothalamic regulatory factors, it

would dilute the neurohormones delivered by the portal system to the

AP below their effective concentration. Most mammals studied,



including the sheep, goat, ferret, cat, monkey, rat, dog and human, do

not have a direct arterial blood supply to the AP [2,9,27,28,29,30,

31,49,85, 132,133,134,]. In these mammals the exclusive blood supply

to the pars distalis is the hypophyseal portal system.

However, conflicting evidence exists regarding the presence of a

direct arterial supply to the AP of rabbits. Wislocki and King [134] in

1936 reported the existence of a direct arterial supply to the AP of

rabbits (and possibly the cat) using India ink and trypan blue dye as

arterial markers. According to these early workers the superior

hypophyseal arteries arise from the internal carotid or posterior

communicating arteries, run down the pituitary stalk and supply the AP.

The inferior hypophyseal arteries arise from the internal carotids as they

lie in the cavernous sinuses, run medially, unite in the mid-line and

send branches into the posterior pole of the gland to supply the

infundibular process and intermediate lobe. Brooks and Gersh [13]

interpreted Wislocki and King's findings as evidence for a direct arterial

supply from the superior hypophyseal artery through the stalk and into

the AP. In addition they reported the presence of arteries which arise

on either side of the Circle of Willis (near the point where it is joined by

the internal carotid artery) and which pass medially to the stalk and the

AP. More caudally, two other bilateral vessels were described which

leave the arterial circle near the basilar artery and pass forward to the



gland. Harris [52] agreed that there was a direct arterial supply to the

AP of the rabbit but disagreed with the earlier descriptions of the

systemic supply. From his extensive work, Harris concluded that the

rabbit AP is supplied by two arteries which he called the anterior and

posterior hypophyseal arteries. The anterior hypophyseal artery is a

branch of the internal carotid. It reportedly originates below the plane

of the diaphragma sella, passes immediately into and through the

pituitary capsule and into the interior of the gland. The anterior

hypophyseal artery was found to be a unilateral vessel most often located

on the left. This artery "pursues a tortuous course posterio-medially

then gradually disappears from via..." [52, p. 345]. It enters the gland

between the zona tuberalis and the rest of the pars distalis. On nearing

the midline, the anterior hypophyseal artery divides into large branches

which penetrate posteriorly into the AP. Some of its branches cross the

midline so that the distribution of the vessels is bilateral. This artery

and its branches were said to supply all regions of the AP except the

posterio-superior corners.

According to Harris, the posterior hypophyseal artery, also a

unilateral structure, arises from an internal carotid artery in the region

of the anterior clinoid process. It runs backwards on the diaphragma

sella, ventral to the oculomotor nerve. Here it is "irregularly tortuous

and variably placed" [52, p. 345]. On reaching the plane of the



posterior lobe the artery passes medially across the upper surface of the

pituitary in a wide curve convex posteriorly. This vessel was also said to

have a bilateral distribution, crossing the midline and terminating by

anastomosing with one of the meningeal arteries of the opposite side.

The region supplied by the posterior hypophyseal artery was reported to

include the posterior lobe and the posterio-superior corners of the pars

distalis. In contrast to these reports Page et al. [97], in 1976, in their

ultrastructural analysis of vascular casts of the AP blood supply of female

Dutch-Belted rabbits observed no direct arterial blood supply to the

gland. However, the earlier studies did not indicate the strain, age, sex

or reproductive status of the rabbits used, factors which could affect the

blood supply of the AP.

Therefore, our first step in establishing the rabbit AP as a model for

studying the relationship of a direct arterial blood supply to PRL

regulation was to verify the existence of these vessels in mature female

New Zealand White rabbits.

If some areas of the gland escape hypothalamic regulation due to

the presence of a direct arterial blood supply, lactotrophs

(PRL-producing cells) in that region would escape tonic dopaminergic

inhibition. The synthesis and release of PRL from lactotrophs as well as

cell division are regulated by the hypothalamus. Prolactin, unlike the

other known AP hormones is under the predominantly inhibitory control



of hypothalamic neurohormones, principally dopamine (DA)

I7,51,80,82,106, 128, 130]. Dopamine is secreted by tuberoinfundibular

neurons. These neurons, which originate in the medial basal

hypothalamus, release DA into the hypophyseal portal system at the level

of the primary capillary plexus. The neurohormone is present in the

portal blood in concentrations sufficient to act on AP dopamine

receptors [8, 15,48, 102). It has been shown that DA receptors are

present in the AP [15,73,81, 120). A cell line from an estrogen-induced

PRL-secreting tumor, the GH3 cell line, lacks DA receptors, and PRL

release from these cells is not inhibited by DA (26,44]. Dopamine

agonists markedly inhibit PRL release from lactotrophs

[7,73,119, 120, 130], and the binding affinity of the agonists correlates

with their ability to inhibit PRL secretion. Dopamine synthesis inhibitors

and antagonists stimulate PRL release [35,69). Regardless of the species

observed, removal of hypothalamic DA or blockade of DA receptors

results in increased PRL secretion [7,21, 128, 130]. Portal blood levels of

DA have been shown to vary inversely with PRL secretion [8]. Thus, it is

clear that PRL secretion is under tonic inhibitory control of the

hypothalamic neurohormone DA.

Dopamine is also involved in the control of PRL synthesis.

MacLeod and Lehmeyer [74] showed in 1974 that incubation of rat

pituitaries with DA inhibited PRL secretion and synthesis in vitro.



Administration of dopaminergic blocking agents restored PRL synthesis

and release from these glands. Maurer and Gorski [80] confirmed

earlier work showing that a DA-blocking agent could overcome DA

inhibition of PRL secretion, and extended that work by showing that DA

inhibition of PRL synthesis in vivo and in vitro was also blocked by such

agents. It was later shown by electrophoresis of cell extracts labeled

with [35S]-methionine and by measuring messenger RNA levels that DA

agonists specifically inhibited PRL synthesis in cultures of dispersed

pituitary cells [79].

Furthermore, several observations suggest that DA is involved in

controlling the rate of cell division of lactotrophs. Short-term blockade

of DA receptors with an antagonist results in increased mitotic activity

and DNA content of the AP [67]. Lesion of the tuberoinfundibular DA

neurons leads to an increase in the density of lactotrophs in the rat

pituitary [24]. Baker et al. [5] found that differences in the number of

tuberoinfundibular DA neurons in different strains of mice are inversely

proportional to the number of immunocytochemically stained

PRL-containing cells in the AP. GH3 cells, the PRL-secreting cell line

mentioned above, lack DA receptors and have a very rapid mitotic rate.

Finally, it has been clear for some time that estrogens promote both

PRL synthesis and release from the AP [19,80,83,89, 126] and cause

morphologic changes in PRL cells of male and female rats [47,53,118).



Dopamine agonists, for example bromocriptine (CB-154), partially

inhibit the estrogen-induced increase in the mitotic index and DNA

synthesis of the anterior pituitary (68].

Thus, it is clear that in those animals studied AP PRL synthesis and

release as well as lactotroph mitosis are regulated, at least in part, by

hypothalamic DA. There is evidence that this is true in the rabbit as

well. Administration of the DA antagonists chlorpromazine and sulpiride

to New Zealand White rabbits causes rapid and sustained

hyperprolactinemia [88]. Pretreatment of these animals with CB-154, a

potent DA agonist, prevents the antagonist-induced hyperprolactinemia.

Prolactin is the necessary and sufficient lactogenic hormone in rabbits

[23]. It has been shown that CB-154 prevents milk production in these

animals [84]. This implies that DA receptors are present in the AP of

rabbits. Recently, Schimchowitsch et al. [114,115] demonstrated the

presence of dopamine-containing neuronal cell bodies in the medial

basal hypothalamus with terminals in the median eminence of the rabbit.

Using [3H]-spiroperidol binding to label DA receptors, this group also

found specific binding sites in the AP. These binding sites were

regionalized and clearly correlated with the distribution of PRL-staining

cells. Therefore, it can be assumed that in the rabbit, as has been shown

in all other mammals studied, interruption of the tonic inhibition of PRL

by DA would result in increased PRL synthesis, hypersecretion of PRL



and possibly increased lactotroph density.

If a region of the AP was supplied by arterial blood instead of, or in

addition to portal blood, hypothalamic neurohormones would be absent

or diluted in that region. Thus, DA would not be present in biologically

effective concentrations. Dopamine levels in the hypophyseal portal

blood of rats have been reported to range from 1 to 9 ng/ml, depending

upon the phase of the estrous cycle and the laboratory in which the

levels were measured [8,102]. Gibbs and Neill [48] found that these

levels are sufficient to inhibit PRL secretion in vivo. During the estrous

cycle DA levels in the systemic arterial blood of rats are undetectable

(less than 0.6 ng/ml) [102). In pregnancy the concentration of DA in the

portal blood increases 2-20 fold [8], while systemic levels remain in the

undetectable range. Plotsky et al. [102] reported that DA levels are 2 to

38 times higher in stalk than in peripheral blood. More recently,

Reymond et al. [109] found that plasma concentrations of DA in the

arterial blood of rats were at least 20-40 fold lower than in the portal

vessels. All of these authors agree that the levels of DA found in arterial

blood are not adequate to inhibit PRL in the rat. In virgin and pregnant

NZW female rabbits, arterial DA levels are between 50 and 60 pg/ml [64].

At these concentrations DA would not be expected to suppress AP PRL

effectively in the rabbit either. Therefore, a direct arterial blood supply

to the AP would seemingly interfere with dopaminergic regulation of the



lactotrophs in those regions perfused by the systemic blood.

Several observations suggest that, even in mammalian AP supplied

exclusively by the hypophyseal portal system, there is a regionalized

distribution of the blood within the gland and it may be associated with

regional differences in PRL regulation. Daniel and Prichard [31] found

that the long and short portal vessels supply particular regions of the AP

of the various mammals they studied. It has also been shown that blood

from different long portal vessels is heterogeneously distributed within

the AP [1, 103]. In addition, Reymond et al. [109], have shown that the

concentration of DA in medial long portal vessels is significantly greater

than in the lateral portal vessels of rats. Since the blood from the portal

vessels is not homogeneously distributed and since the vessels contain

different concentrations of DA, it seems likely that DA would not be

equally distributed to the lactotrophs. Lactotrophs in the AP of these

mammals may therefore be differentially regulated. This may be

associated with regionalization of PRL content, synthesis, release and

degradation.

If, in addition to the hypophyseal portal supply, a direct arterial

blood supply to the AP of rabbits exists, it is possible that its distribution

would also be regionalized [e.g., 13,52]. If so, the regionalization of PRL

may be even more pronounced in the rabbit than in mammals not

receiving a direct arterial supply.
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There is some conflicting evidence for the regionalization of PRL in

the AP. Vodian [125], using polyacrylamide gel electrophoresis, found a

homogeneous distribution of PRL in the AP's of Sprague-Dawley female

rats and female guinea pigs. He compared contralateral and

dorsal-ventral halves as well as lateral-medial pieces and contralateral

eighths. He found no differences making these gross comparisons.

However, several Studies in which AP Sections were

immunocytochemically stained for PRL found regionalization of the PRL

distribution. While immunoreactive PRL was seen throughout the gland,

it was found in greatest concentrations at the periphery and adjacent to

the intermediate lobe in rats (4,87,92, 114] and in the human fetus [3].

Moriarty (87) reported that there were few stained cells in the

antero-ventral region of the AP. Nikitovitch-Winer [92] found intensely

stained lactotrophs along the peripheral rim and distributed throughout

a large central area. These two areas were separated by a wide band of

unstained cells. Phelps [101) observed a wide distribution of

PRL-stained cells throughout the gland and uniformly concentrated

along the medial border adjacent to the pars intermedia. So it is

possible that there are regional differences in the distribution of PRL

within the AP of these mammals. It is also possible that these

differences are due to different concentrations of DA reaching various

regions through the portal vessels. If the rabbit AP is also supplied
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directly by systemic blood containing negligible DA concentrations,

these regional differences may be exaggerated in the rabbit pars distalis.

Schimchowitsch et al. [114, 115], using [3H]-spiroperidol binding, found

D2 DA receptors associated with PRL-stained cells in the AP of female

NZW rabbits and that the cells were "irregularly" distributed within the

gland. These workers reported that, while binding sites were observed

medially in the lateral and central areas and throughout the caudal AP,

they were completely absent from the rostral AP of these rabbits.

If the rabbit AP has a direct arterial blood supply and if this supply

is associated with a regionalization of PRL, it also becomes important to

consider potential regulators of this blood flow and of PRL. Estrogen is

known to affect blood flow in various tissues associated with

reproduction and it is also known to influence PRL regulation. Thus, it

is possible that estrogens may play an unusual and important role in AP

function in the rabbit.

It has been clear for some time that estrogens are important

physiological regulators of PRL secretion [51,83,89]. Estradiol

stimulates secretion [51] and seems to do so by interfering in some way

with dopaminergic inhibition of PRL. Gudelsky et al. [51] showed that

the estrogen-induced increase in serum PRL levels they observed was

not due to suppressed release of DA into the hypophyseal portal system.
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Dopamine concentration in hypophyseal portal plasma in E2-treated rats

was 2.5 fold greater than in controls. In vitro DA was far less effective in

inhibiting the release of PRL from the AP of E2-treated rats than from

the glands of vehicle-treated controls. They concluded that E2 affected

PRL secretion by acting at the lactotroph. Another group of workers

showed that prior incubation of rat AP cells with E2 reversed the

inhibitory effects of DA agonists [106]. Recently, Pasqualini et al. [99]

suggested that the stimulatory effect of E2 on PRL secretion may be

partially explained by a direct action of E2 at the pituitary. It appears to

decrease the number of dopamine receptors in the gland. They observed

an increase in PRL release and a decrease in receptor number after only

7 minutes. They therefore concluded that genomic mediation of this

rapid effect of E2 is unlikely.

Young female rats treated with E2 have been shown to have

tuberoinfundibular DA neuron damage. This is associated with elevated

serum PRL levels, increased AP weight and lower levels of DA in the ME

[111]. In another study of rats treated chronically with E2 (resulting in

hyperprolactinemia) median eminence concentrations of DA, but not

other catecholamines, were greatly reduced [121]. This reduction in
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hypothalamic DA may be caused by hyperprolactinemia or through a

direct action of E2 on the brain (e.g., 37].

A number of workers have shown that E2 also regulates PRL

synthesis by the AP [54,66,71,80]. Estradiol treatment increases the

concentration of biologically active PRL messenger RNA in rats

[117,123]. This is mediated by E2 acting at the transcriptional level

(65). This steroid has been shown to increase PRL messenger RNA

levels in cultures of ovine pituitary cells as well [124]. Thus, E2 can act

directly on lactotrophs to influence PRL synthesis.

Estrogen also stimulates mitotic activity in the AP [51,68] and

causes hyperplasia and hypertrophy of lactotrophs [47,93]. Lieberman et

al. [65) concluded from their extensive in vitro work with AP cells from

male Sprague-Dawley rats that stimulation of PRL synthesis by E2 is

mediated predominantly, although not exclusively, through increased

gene expression in existing pituitary cells, rather than an increase in the

number of lactotrophs. This steroid also acts on other tissues associated

with reproduction and affects a number of functions.

Estrogen has a profound effect on cell division and differentiation in

the uterus and oviduct [95, 116). In these tissues it affects not only

uterine cell mitosis, but also blood flow. That estrogens cause a marked

dilatation of the uterine vascular system has long been known [75].
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Estrogen administration increases uterine blood flow approximately 10

fold relative to control values in all uterine tissues, but causes no

significant change in distribution of blood flow within the uterus

(50,55,60). Blood flow begins to increase 30 min. after E2

administration, peaks at 90-120 min. and after 180 min. progressively

declines [60]. Baseline blood flow is reached between 6 and 8 hrs

following estrogen administration. The order of uterine vasodilatory

potency of estrogens is: E2-175 - estriol - DES > estrone [107].

Estradiol and estriol have approximately the same potency in stimulating

uterine blood flow. Thus, it is clear that E2 has a rapid and dramatic

effect on uterine blood flow. Such rapid responses to estrogen may be

due to an effect on vascular tone. This may be important during the

estrous cycle when uterine changes are relatively rapid and brief.

Estrogen also has more long term effects on the uterus. During

pregnancy, when estrogen levels are chronically elevated, uterine blood

flow is increased. Estrogen may continue to act on blood flow by altering

vascular tone, but additionally it may alter resistance by inducing uterine

vascular growth [16,76,98, 131]. This process is important in primates

during the menstrual cycle and in all mammals during pregnancy.

Certainly estrogen does not work alone to produce these changes, but it

is essential. When the rabbit becomes pregnant the general vascular
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network increases in size and complexity. Parry (98) found that new

vessels grow "mesometrially" to increase the blood flow, but that

increased flow "antimesometrially" is probably due to the opening up of

existing blood vessels. There appears to be both actual growth of new

vessels and vasodilatation of vessels already present. Growth of new

vessels was seen by seven days post-conception.

It also appears that estrogen affects the vasculature of the AP gland.

Elias and Weiner [40] treated ovariectomized rats with E2 for 10, 26 and

63 days. They found the formation of new arteries (arteriogenesis)

directly supplying the AP. Associated with this arteriogenesis, AP weight

was increased and serum PRL levels were elevated (see below). The

increased weight of the AP appears to be due to lactotroph hypertrophy

and hyperplasia. A number of other workers have used estrogen

treatment to simulate AP PRL-secreting tumors [59,86, 122, 135].

It has been suggested that escape from dopaminergic inhibition

may be associated with the formation of PRL-secreting adenomas

[62,109]. True PRL-secreting adenomas appear to be somewhat

homogeneous masses of uninhibited lactotrophs which, in general,

contain far fewer mature secretory granules than do normal lactotrophs

[61,81,93,94]. These tumors are focal and, therefore, not due to a

generalized hyperplasia. Patients with these tumors often present with

symptoms of amenorrhea and galactorrhea and are found to be
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hyperprolactinemic. Dopamine and CB-154 administration suppress

PRL secretion in patients with hyperprolactinemia. The DA agonist also

decreases tumor size [129]. Thus, prolactin-secreting adenomas appear

to be composed of lactotrophs in a particular region of the AP that have

escaped from dopaminergic inhibitory control.

There are several possible mechanisms by which cells in the AP

could escape hypothalamic regulation. These include:

1. lesions of the hypophysiotropic neurons;

2. insensitivity of target cells to the action of hypothalamic

regulatory agents;

3. changes in the blood supply that either prevent delivery of

neurohormones or that dilute neurohormone concentrations beyond an

effective range in the AP or regions of the AP.

Clinical evidence suggests that in most patients with PRL-secreting

tumors the deficit or change is not at the level of the hypothalamus. In

studies done on women with amenorrhea, galactorrhea and

hyperprolactinemia and later confirmed to have PRL-secreting

adenomas, DA antagonists failed to increase PRL levels prior to tumor

removal [6]. However, after adenomectomy, the patients responded

normally to the same antagonists [6]. The return of normal DA tonus

following surgery is not consistent with the presence of a hypothalamic

lesion of the tuberoinfundibular DA neurons.
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The deficit does not seem to be a loss of sensitivity at the level of the

target cells either. Tumors are responsive to the action of DA in vivo and

in vitro. It has been known for some time that the exogenous

administration of DA or CB-154 to patients with PRL-secreting adenomas

suppresses PRL secretion [18,46,62,63,68] and also decreases

secretion from tumors in vitro [77, 100l.

Cronin et al. [25] demonstrated that human PRL-secreting adenoma

cells in vitro have high affinity DA receptors. These cells also exhibit a

dose-related sensitivity to the suppression of PRL secretion by DA

comparable to that in non-tumor cells in culture [10]. The rank order of

potency of DA agonists in the tumor cells agreed well with data reported

in non-human AP. Thus it follows that human PRL-secreting adenomas

do not develop or secrete high levels of PRL due to a lack of high affinity

dopamine receptors.

Taken together, this work suggests that the deficit or change

responsible for lactrotroph escape from dopaminergic regulation is not

due to resistance or insensitivity to DA at the cellular level, nor is it due

to hypothalamic lesions. Therefore, we have tested a vascular

hypothesis.

We hypothesize that changes in the vascular supply to the AP may

contribute to and/or support the development of prolactin-secreting

adenomas by allowing some areas of the gland to escape tonic
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dopaminergic inhibition of PRL-synthesis and secretion. Our laboratory

has tested this vascular hypothesis of prolactinoma formation in rats

using two different models: hyperplasia induced by mechanical

destruction of the tuberoinfundibular DA neurons and

hyperplasia-hypertrophy induced by estrogen. Microspheres (15 pum

diameter polystyrene spheres) and vascular casts were used to identify

arterial vessels. When injected into the left ventricle of the heart,

microspheres of this size are trapped in or before the first capillary

plexus they reach. Therefore, in rats, like most other mammals,

spheres should not reach the secondary capillary plexus in the AP, but

should be lodged in vessels throughout the median eminence and neural

lobe (Figure 3). Monnet et al. [85] confirmed the earlier work of

Goldman and Sapperstein [49] by demonstrating that 15 pum

microspheres were unable to reach the AP of Sprague-Dawley (SD) rats,

but did reach the median eminence and neural lobe. If microspheres

did reach the AP it would indicate the presence of a direct arterial

supply (Figure 4).

Regional changes in the blood supply to the AP could result from

blockade of a portion of the portal blood supply. Lesions of the medial

basal hypothalamus result in destruction of not only the

tuberoinfundibular neurons, but also primary portal capillaries in the

median eminence and long portal vessels. Cronin et al. [24] used
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mechanical destruction of the medial basal hypothalamus as a model of a

potential vascular change leading to AP escape from DA regulation. They

demonstrated that medial basal hypothalamic lesions result in

hyperprolactinemia and apparent hyperplasia of AP lactotrophs. In SD

rats such a lesion does not lead to the formation of an arterial supply

(arteriogenesis) to the AP. Interestingly, the same lesion in Fischer 344

(F344) rats does result in an increased number of spheres found in the

AP, indicating arteriogenesis [39].

These findings suggest that vascular responses to medial basal

hypothalamic lesions which include alterations in the portal blood supply

differ in these two strains of rats. Further differences were seen when

these rats were treated with estrogen, which causes the formation of AP

"tumors" (see below) in rats. In SD rats medial basal hypothalamic

lesions block E2-induced arteriogenesis and AP growth, while in F344

rats they potentiate the formation of AP arteries and growth of the gland

caused by E2 [39]. Thus, while there are strain differences, it appears

that hypothalamic lesions that also result in vascular changes are

associated with hyperplasia and hypertrophy of AP lactotrophs and with

hyperprolactinemia.

As mentioned earlier, Elias and Weiner [40] showed that estrogen

treatment of ovariectomized F344 and SD rats for 10, 26 or 63 days
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caused an increase in AP weight and serum PRL levels. In addition, the

formation of a direct arterial blood supply coming through the dural

arteries (which originate from the basilar, internal carotid and posterior

communicating arteries) was demonstrated using microspheres and

vascular casts. Elias et al. [41] later found that they were able to block

the E2-induced arteriogenesis using the DA agonist CB-154.

The changes in the AP observed by Elias and her coworkers do not

represent the formation of PRL-secreting adenomas per se. Estradiol

induced a diffuse hyperplasia and hypertrophy of the lactotrophs, rather

than a focal tumor. However, their findings are consistent with the

hypothesis that regions of the AP receiving systemic blood may escape

from hypothalamic regulation. Estrogen-treatment of these rats is

associated with the development of a direct arterial blood supply to the

AP and the escape of lactotrophs from dopaminergic inhibition.

Further support for a role of vascular changes in the etiology and/or

support of AP tumors comes from work done by Elias et al. [38] in aging

mice. These workers saw no tumors and no microspheres (therefore,

presumably, no direct arterial supply), in the AP's of nine out of nine

15-month-old mice. However, in 8 of 12 AP from 30-month-old mice

they did find tumors. While there were no microspheres in the AP of

the 4 non-tumorous glands from the 30-month mice, there was a

significant number of spheres in 3 of the 8 tumor-containing AP. The



21

other 5 contained 3 or fewer microspheres. These data indicate that

some spontaneously formed AP tumors in aged mice may be associated

with a direct systemic blood supply.

There is also clinical and pathological support for the hypothesis

that escape from DA inhibition due to a direct arterial blood supply may

be involved in prolactinomas. Schecter and Weiner [113] first reported

finding well-formed arteries in 4 of 6 pituitaries from patients with

prolactinomas. (In fact they have now found them in 14 of 17

prolactinomas [112]). Examining 5 non-tumorous pituitaries they found

no arteries. Dr. Jean Racadot, after examining over 3000 pituitary

tumors, has observed that many of the pituitaries with

prolactin-secreting tumors also have a direct arterial supply. He does

not see arteries associated with other tumor types [104].

The rabbit AP, if indeed it does have a direct arterial blood supply

in addition to the portal blood supply may provide a useful animal model

in which to study PRL regulation in the presence of arterial systemic

blood. It may also provide a model with which to study the

development, growth and regulation of prolactin-secreting adenomas.

The purpose of this thesis was to determine whether a direct

arterial blood supply to the anterior pituitary (AP) exists in the rabbit,

and, if so, to use this species to study the effect of a direct arterial
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supply on prolactin (PRL) regulation. We have hypothesized that the

presence of a direct arterial blood supply would allow some areas of the

AP to escape hypothalamic regulation. Specifically, PRL-producing cells

may escape tonic dopaminergic inhibition in those areas of the gland

receiving arterial blood.

Prolactin-secreting adenomas are associated with the presence of

arteries. In fact, the presence of arteries in the gland has been

proposed as a mechanism in the formation and growth of prolactinomas

in humans and in lactotroph hyperplasia-hypertrophy in

estrogen-treated rats.

In order to establish this model and determine the importance of

an arterial blood supply to the AP we addressed the following questions:

1) Is there a direct arterial blood supply to the AP of female NZW

rabbits?; 2) What is the source of the arteries?; 3) Is the distribution of

the arterial blood supply regionalized?; 4) Are PRL concentration,

synthesis and release regionalized, and is there a correlation with the

regionalization of the arterial supply?; 5) Is blood flow to the AP

regulated by a physiological factor which affects PRL secretion, such as

E2?; and, 6) What is the time course of the E2 effect on blood flow?

We used 14 pum polystyrene microspheres and a vascular cast

technique to answer the first three questions. Microspheres 14 pm in

diameter when injected into the left ventricle of the heart are trapped
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in or before the first capillary plexus they reach [40,49,85]. They are too

large to pass through the lumen of capillaries and are, therefore, caught

in arterial vessels. Thus, their presence in an area indicates that that

region receives an arterial blood supply. When microspheres are used in

combination with vascular casts, cast-filled vessels with spheres trapped

at their tips (arteries) can be traced to their origin [85]. In order to

describe the distribution of prolactin and arterial vessels within the

gland we cut frozen AP's into 300 pum serial sections in various planes.

PRL was extracted from each section and measured by RIA. The number

of microspheres in each section was also counted under light

microscopy. The distributions of PRL and microspheres within the

gland were then plotted and compared. The regions of the AP

synthesizing and releasing PRL were also determined and compared to

the microsphere distribution. Anterior pituitaries were cut into 4 slices

from the rostral to the caudal pole. Each piece was incubated with

[3H]-leucine and the amount of incorporation into PRL and the release of

labeled PRL were measured. PRL was separated from other proteins in

the tissue and medium by polyacrylamide gel electrophoresis. The

amount of label in each PRL band was then measured. We also measured

total PRL in the tissue and medium by RIA. The possible role of estradiol

in the regulation of AP blood flow and PRL was studied. Rabbits were

ovariectomized (OvX), ovariectomized and treated with E2 or left
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untreated. Quantitative and distributional changes in AP blood flow and

PRL were then measured in these animals and the groups compared. In

addition, the time course of the E2 effects on blood flow and PRL was

observed by treating OvX rabbits with the steroid for 6 hours, 72 hours

and 14 days or leaving them untreated. These methods and the results

of these studies are reported in detail below.

The resolution of the questions we addressed in this study has

allowed us to establish a model in which to analyze the regulation of PRL

under conditions in which a direct arterial blood supply is present. It is

hoped that these studies may contribute to the understanding of

neuroendocrine regulation in general, and of hypothalamic control of

anterior pituitary function in normal and abnormal physiological states.
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METHODS

I. Demonstration of a direct arterial blood supply to the rabbit

anterior pituitary using microspheres and vascular casts.

In order to determine whether or not there is a direct arterial

blood supply to the AP of female New Zealand White (NZW) rabbits, we

used 14 pum polystyrene microspheres and a vascular cast technique.

Vascular casts were employed to clarify the anatomy of the arterial

supply. It was previously shown that vascular cast studies could be

performed in animals first injected with microspheres [40]. The

presence of microspheres in vessels filled with cast material identified

the vessels as arteries. This also permitted us to trace an artery to its

SOUITCe.

Eight adult female NZW rabbits weighing between 2.5 and 3.0 Kg

were obtained from Nidabel Rabbitry (Hayward, CA) and housed in a

controlled 14-h light, 10-h dark photoperiod with food and water

available ad libitum. On the day of the experiment rabbits were injected

intravenously with 1 ml. of heparin (1000 USP units/ml; Elkins-Sinn,

Cherry Hill, NJ) and anesthetized by i.v. injection of pentobarbital (42

mg/Kg of body weight; Anthony Products, Arcadia, CA). The rabbits were

kept on a heating pad to maintain normal body temperature under
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anesthesia. The thoracic cavity was opened, the descending aorta

clamped and the pericardium reflected. Saline (2.5 ml) containing

1x107 microspheres 13.62+ 0.54 pum in diameter (3M Company, St.

Paul, MN) was injected into the left ventricle of the heart. In five

animals the right atrium was snipped several minutes later in order to

exsanguinate the animals. Approximately 75 ml of phosphate-buffered

saline (pH 7.4, 37°C) were then perfused into the left ventricle at 120

mm Hg pressure and, when saline began flowing from the opening in the

right atrium, the perfusion was interrupted. The vasculature was then

perfused with a siliconized rubber compound (Microfil MV-112, Canton

Bio-medical Products, Boulder, CO) at 120 mm Hg. A "Y"-shaped tube

was inserted in the perfusion tubing so that no air entered the vessels

between the saline and Microfil perfusion. The body was stored at 49C

for 24 h to allow the cast material to solidify. The skull was dissected

free of soft tissue, and the cranium opened and immersed in 10%

formalin for 24 h. Under a stereomicroscope the AP and cast-filled

vessels supplying it were carefully exposed. Photomicrographs were

taken through a Nikon HFX dissecting microscope, documenting the

anatomy of the vasculature as well as the presence and distribution of

microspheres in the AP.
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II. Regionalization of the arterial blood supply and prolactin.

Microsphere Distribution

Anterior pituitaries from rabbits injected with microspheres were

sectioned every 300 pum in the rostral-caudal (frontal) or dorsal-ventral

(horizontal) plane. The number of microspheres in each section was

counted and the content of PRL measured by RIA.

Eight female NZW rabbits weighing 4-4.5 Kg were obtained from

Henry Distributors (Calaveras, CA) and housed under standard conditions

with food and water available ad libitum. Animals were anesthetized with

approximately 5 ml of a 3:2 ketamine-xylazine mixture (Ketaset, 100

mg/ml ketamine, Bristol Labs, Syracuse, NY; Rompun, 20 mg/ml

xylazine, Miles Labs, Shawnee, KS). Indwelling catheters (single lumen,

clear vinyl, expanded catheter; nominal internal and outer diameter 0.45

mm and 0.75 mm, respectively, and expanded int. diameter 0.9 mm;

Dural Plastics and Engineering Dural N.S.W., Australia) were implanted

via the subclavian artery into the left ventricle of the heart. Twenty-four

hours later a 5 ml blood sample was obtained via the catheter followed by

the injection of 5x106 microspheres in 1 ml of saline (3M Brand Tracer

Microspheres, St. Paul, MN). The animals were conscious and

undisturbed until sacrificed several minutes later with pentobarbital.

The AP was immediately removed, the neural lobe carefully dissected
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away and the gland frozen at -40°C in O.C.T. embedding medium (Miles

Laboratories, Naperville, IL). Rostral-caudal or dorsal-ventral 300 pum

serial sections of the AP were cut on an International Cryostat

(International Equipment, Needham Heights, MA) at -20°C. Sections

were thawed and washed in phosphate-buffered saline (PBS) (pH 7.4),

sonicated in 50 mM Tris-2.5 M urea (pH 9.9) and stored frozen at

-40°C. In order to determine the distribution of microspheres and PRL

content, the sonicates were incubated for 3 h at 37°C (in order to

extract PRL) and centrifuged for 5 minutes in an Eppendorf 5412

Centrifuge at 12,500 rpm. The microspheres in the pellet were

transferred to a slide and counted under a light microscope at 100x

magnification. Aliquots of the supernatant were used in the RIA for PRL.

PRL Content Distribution

The distribution of PRL along three axes of the AP was determined

by cutting 300 pum serial sections rostro-caudally (frontally),

dorso-ventrally (horizontally) or side-to-side (sagittally), extracting PRL

and measuring it by RIA.

Eleven adult female NZW rabbits (4-4.5 Kg; Henry Distributors,

Calaveras, CA) were used in these studies. Five of these animals received

microsphere injection through an indwelling left-ventricular catheter

(see Methods, Microsphere Distribution). The other six did not receive
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microspheres. Animals were sacrificed with an overdose of anesthesia

and the AP immediately removed. The neurointermediate lobe was

quickly dissected away and the AP frozen in O.C.T. embedding medium.

Using a cryostat (International Equipment, Needham Heights, MA)

rostral-caudal, dorsal-ventral or left-right 300 pm serial sections were

cut at a temperature of -20°C. Sections were thawed and washed in PBS

(pH 7.4), sonicated in 50 mM Tris-2.5 M urea (pH 9.9) and stored

frozen at -40°C. In order to extract PRL from each section, the

sonicates were thawed and incubated in a water bath for 3 h at 37°C.

Following centrifugation for 5 min. in an Eppendorf 54.12 Centrifuge at

12,500 rpm, aliquots of the supernatant were added to an RIA for PRL.

Protein content was determined by the Bradford Protein Assay [12].

PRL Synthesis and Release in vitro

We studied PRL synthesis and release as well as content in AP

pieces in vitro. We cut AP's into 4 slices from the rostral to the caudal

end of the gland. Each slice was incubated in medium containing

[3H]-leucine for a total of 3 h. The concentration of total

radioimmunassayable PRL in the slices and released into the medium

were determined by RIA, while the newly synthesized hormone in the

slices and released into the medium were determined by polyacrylamide

gel electrophoresis (PAGE) and liquid scintillation spectrometry.
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Thirteen female NZW rabbits weighing 4-4.5 Kg (Henry

Distributors, Calaveras, CA) were ovariectomized (OvX), OvX and

implanted with 5 cm long Silastic capsules containing crystalline E2

(173-estradiol; Sigma, St. Louis, MO), (OvX-E2) or left untreated (intact).

After 14 days they were sacrificed by an overdose of anesthesia, the

pituitaries quickly removed and the neurointermediate lobes separated

from the AP. Serum samples were obtained and frozen for PRL and E2

RIA's. Anterior pituitaries were then cut into four approximately equal

fragments by making three frontal cuts from the rostral to the caudal

pole of the gland with a razor blade. Each slice was then weighed and

incubated for 3 h at 379C with 30 puCi [3H]-leucine (123 Ci/mmol)

(Amersham Int., Amersham U.K.) in O.5 ml DME-H21 leucine-free

medium. The medium was changed at 1 h and 3 h, and retained for

hormone measurement. Samples were aliquoted for RIA or PAGE.

Medium and tissue samples were stored frozen at -40°C. On the day of

the RIA tissues samples were sonicated in 50 mM Tris-2.5 M urea and

then incubated for 3 h at 37°C. Aliquots were added to an RIA for PRL.

The additional sample was stored frozen and later thawed for PAGE and

protein assays. Medium samples were thawed and aliquots added to the

RIA or run on gels. Total PRL content and release into the medium were

determined by RIA. The amounts of labeled PRL in the tissue and
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released into the medium were determined by counting tritium in the

PRL bands of the polyacrylamide gels. Protein content was measured by

the Bradford Protein Assay [12].

III. Regulation of the AP arterial blood supply and prolactin.

Effect of Estradiol on Blood Flow and PRL Content.

We tested the effect of E2 on the arterial blood flow to the AP as

well as the PRL content within the gland. We also examined any

changes in the distribution of the arterial blood supply and PRL.

Groups of 4 adult female NZW rabbits weighing 4-4.5 Kg each were

either OvX, OvX-E2-treated or left intact. Serum samples were taken on

day 7 to determine E2 levels. On day 13 indwelling left-ventricular

catheters were implanted and twenty-four hours later blood was sampled

and 5 x 106 microspheres injected through the catheters (see Methods

II, Microsphere Distribution). Following sacrifice by anesthesia

overdose pituitaries were removed, and the neurointermediate lobes

separated from the AP. The AP was sectioned from the rostral to the

caudal pole as described previously. Following sonication of each

section, PRL was extracted for RIA and microspheres were recovered

and counted. The correlation between serum E2 levels and microsphere
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number was also determined.

Time Course of E2 Effects on Blood Flow and PRL

In order to assess the possible mechanisms by which E2 was

working we determined the time course of E2 action. Nine female NZW

rabbits weighing 4-4.5 Kg were ovariectomized and thirteen days later

implanted with an indwelling left-ventricular catheter. The following

day 4 animals were injected with E2 (50 pg/Kg i.p.) and six hours later

sacrificed by anesthesia overdose. Three animals were implanted

subcutaneously with E2-containing silastic capsules as described

previously. After 72 h these animals were also sacrificed. Two animals

were sacrificed without being treated with E2. The pituitaries were

removed, the neurointermediate lobes carefully dissected away and the

AP's frozen in O.C.T. embedding medium. The AP were then cut into

300 pum rostral-caudal (frontal) sections and the sections processed as

previously described. Microsphere number and PRL concentration per

section were determined as detailed above. These values were

compared to each other and also to values obtained in earlier

experiments in which ovariectomized rabbits were treated with E2 for

14 days.
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IV. General Methods

Extraction of Hormone

Prolactin. Prolactin was extracted by sonication of AP fragments

followed by incubation for 3 h at 49C or 37°C. The efficiency of various

methods of extraction was tested including: Phosphate-buffered saline

(PBS), pH 7.4; 50 mM TRIS buffer, pH 9.9, alone or containing 0.2%

Triton X-100 (Sigma Chemical, St. Louis, MO); 10 mM glutathione

(reduced form; Sigma Chemical, St. Louis, MO); or 2.5 M urea (Fisher

Scientific, Fair Lawn, NJ). We found that Sonication in 50 mM

TRIS-2.5M urea for 3 h at 37°C was the most effective extraction

procedure for immunoassayable PRL. Therefore, we used this procedure

in all of the experiments reported in this study. The comparison

between extractions in TRIS-urea and PBS is shown in Figure 5.

Estradiol. Estradiol was extracted from serum by mixing 0.2 ml of

serum with 3 ml of 40% ethyl-acetate: 60% hexane and snap-freezing in

ethanol-dry ice. Tubes were then centrifuged and the supernatant

decanted and dried. The extracted sample was then resolubilized and

added to an RIA for E2.
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Radioimmunoassay

Prolactin. Prolactin was measured in serum and in AP extracts

using a homologous double-antibody RIA. Materials for the RIA were

graciously provided by Dr. Albert E. Parlow (Pituitary Hormones and

Antisera Center, Harbor-UCLA Medical Center, Torrance, CA). Rabbit

PRL was labeled with 125i using the Chloramine-T method. The

primary antiserum was raised in rat against rabbit PRL. It shows no

cross-reactivity with rabbit TSH, LH, FSH or GH. The final dilution of

the first antibody was 1/125,000. The second antibody, goat anti-rat

immunoglobulin G (Antibodies Inc., Davis, CA) was used at a final titer of

1/125. Samples were incubated for 24 and 48 h at 23°C with first and

second antibody, respectively. Bound and free hormone were separated

by addition of 3 ml of distilled water and centrifugation at 3000 rpm for

30 min. at 4°C. The supernatant was decanted and the precipitate

counted for radioactivity on an 1185 Series Searle Gamma Counter

(Searle Analytic/Radio-Graphics, Des Plaines, IL). The sensitivity of the

assay was 0.1 ng/tube or lng/ml. The intra- and inter-assay coefficients

of variation were 5.8 and 6.2%, respectively.

Estradiol. Estradiol was measured in a double antibody, rapid RIA

in the laboratory of Dr. Scott E. Monroe (Reproductive Endocrinology

Center, U.C. San Francisco, San Francisco, CA), using a kit purchased

from Pantex (Santa Monica, CA). Estradiol was labeled with 1251. The
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primary antiserum was produced in rabbits using estradiol-6-

carboxymethylated oxime-bovine serum albumin as the antigen. It shows

no cross-reactivity with progesterone, testosterone, estrone, preg

nenolone, DHEA, estriol, alpha-estradiol, cholesterol, androstenedione,

corticosterone or cortisol. Goat anti-rabbit immunoglobulin G was used

as the precipitating antibody. Samples (extracted from serum) were

incubated at 379C for 60 min and at 49C for 15 min. with the first

antibody. Incubation with the second antibody was for 15 min. at 4°C.

The supernatant was decanted and the precipitate counted for

radioactivity. The lower limit of sensitivity was 20 pg/ml. The

intra-assay coefficient of variation was 7.0%, while the inter-assay

coefficient of variation was 8.2%.

Protein Determination

Protein content was measured as described by Bradford [12].

Briefly, 100 mg Coomassie Brilliant Blue G-250 (Sigma, St. Louis, MO)

was dissolved in 50 ml of 95% ethanol (Ethyl alcohol, 200 proof, U.S.

Industrial Chemicals, Tuscola, IL). To this was added 100 ml 85% (w/v)

phosphoric acid (HPLC phosphoric acid, Fischer Scientific, Fairlawn,

NJ). The solution was diluted to a final volume of 1 liter. Final

concentrations were 0.01% (w/v) Coomassie Blue, 4.7% (w/v) ethanol

and 8.5% (w/v) phosphoric acid. Bovine serum albumin (BSA) was used
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as a standard. After adding 10-100 pil of the sample 10 pil of IN NaOH

was added to each tube. The volume in each tube was brought to 110 pil

with buffer. One ml of the protein reagent was added to each tube and

absorbance measured against a reagent blank at 595 nm on a

Perkin-Elmer 35 Spectrophotometer (Perkin-Elmer, Coleman

Instruments Div., Oak Brook, IL).

POl lamide Gel Electrophoresi

Anterior pituitary hormones were separated according to the

method of Nicoll et al. [91], a modification of the original disc gel

eletrophoresis system of Ornstein [86] and Davis [32]. This procedure

employs a 7.0% polyacrylamide gel and a Tris-glycine buffer system (pH

8.3). The running gel was prepared using IN HCl, Trizma base, TEMED,

polyacrylamide, Bis and ammonium persulphate (all obtained from

Biorad Laboratories, Richmond, CA). This gel was polymerized in glass

tubes with an internal diameter of approximately 5 mm. The length of

the gel was 5 cm. The stacking gel was prepared using the same

materials as in the running gel in different proportions, except that

riboflavin (Biorad Labs, Richmond, CA) was employed as the

polymerization catalyst rather than ammonium persulfate. This gel was

added in 100 pil aliquots or a length of about 5 mm. The anterior

pituitary pieces were sonicated and incubated at a concentration of 5 p.g
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wet tissue weight/ml of 50 mM Tris-2.5 M urea as described previously.

One-hundred and fifty microliters of tissue or medium sample were

mixed with an equal volume of the stacking gel and 200 pil of this

mixture added to the tubes. Following polymerization of this layer a

second 100 pil aliquot of the stacking gel was added to form a gel cap.

Samples were run at room temperature with a current of 4 mA/column.

After removing the gels from the glass tubes, they were stained with a

Coomassie blue stain (G-250 in trichloroacetic acid) overnight. The

staining solution was then poured off and 7.5% acetic acid added to

intensify the staining of the protein bands. The band that comigrated

with rabbit PRL standard (A. Parlow) and that corresponded to the

biologically active PRL described by Nicoll et al. [17] was also measured

by densitometry (Beckman Model 2400 Spectophotometer, Beckman

Instruments, Fullerton, CA). Determination of PRL concentration by

densitometry and by RIA yielded the same results. Gels were then

sliced, and each slice placed in a 20 ml vial and dehydrated at 60°C for

3 h. The dehydrated slices were then dissolved in 0.5 ml 30% hydrogen

peroxide. Scinti-Verse II scintillation fluid (15 ml) was added to each

vial and tritium counted on a Beckman L5 7500 beta counter for 5 min.

Counting efficiency was 36.5%.
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Analysis of Data

Statistical analysis of the data was performed using one-way analysis

of variance (ANOVA) and the Scheffe F-test for determining statistical

differences between two treatment groups in a multi-treatment study. A

p value of less than 0.05 indicated that two groups were significantly

different from each other. A Student's t-test with a p value less than

0.05 was used for one comparison as indicated in the Results section.

Linear regression analysis was performed by a least-squares fit with

determination of the correlation coefficient (r). A statistical program for

the MacIntosh Plus computer was provided by Dr. James Roberts,

University of California, San Francisco.
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RESULTS

I. Demonstration of a direct arterial blood supply to the rabbit

anterior pituitary using microspheres and vascular casts.

Female New Zealand White (NZW) rabbits were shown to have a

direct arterial blood supply to the AP in addition to the hypophyseal

portal supply. We observed numerous 14 pum diameter microspheres in

the AP of all 8 animals injected with spheres (Figure 6). Microspheres

were also present throughout the median eminence and neural lobe

(Figure 7). Not only were microspheres visible within the AP, but they

were also seen in a characteristic pattern. Microspheres were

distributed in highest numbers rostrally and laterally. They were not

visible medially beyond the rostral one-third of the AP or caudally (Figure

8).

In all 5 animals in which vascular casts were made, we found

cast-filled vessels with microspheres trapped where the vessels

narrowed (Figure 9). These vessels (arteries) were traced back to

several sources. The first was a branch of either the right or left internal

carotid that enters the ventral rostro-lateral corner of the gland near the

junction of the zona tuberalis and the AP (Figure 10). This artery runs

medially and branches bilaterally within the AP. A branch of the left
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internal carotid, entering the dorsal caudo-lateral pituitary, supplies

primarily the posterior pituitary, but also appears to send branches into

the dorso-caudal regions of the AP. In addition, we traced a vessel back

to its origin from the posterior communicating artery near the branch

point of the posterior communicating and basilar arteries. This artery,

first visible within the dorsal AP, runs caudally, arches ventrally and then

runs rostrally within the ventral AP. This vessel finally surfaces and

branches on the ventro-lateral surface about one-third of the

rostral-caudal distance from the rostral pole of the gland. Microspheres

were trapped in the tips of these branches (Figure 9). Although difficult

to actually trace, the superior hypophyseal arteries may also be a source

of arterial blood to the AP. Bilateral branches can clearly be seen

running down the stalk and into the rostral regions of the pituitary

(Figure 2).

In addition we examined 60 pum vibratome sections of the AP of

female NZW rabbits. In all 3 pituitaries examined in this way we found

cross sections of smooth muscle-lined arterioles within the glandular

tissue (data not shown).

Since microspheres 14 pum in diameter do not pass through

capillaries, these observations demonstrate that the AP of female NZW

rabbits does receive a direct arterial blood supply in addition to the

hypophyseal portal supply. The data also suggest that the arterial
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distribution is regionalized.

II. Regionalization of the arterial blood supply and prolactin.

Microsphere Distribution

The distribution of microspheres in 300 pum serial sections along

the dorsal-ventral and rostral-caudal axes are shown in Figures 11 and

12, respectively. We observed no clearly consistent pattern in the

dorsal-ventral distribution of microspheres (Figure 11). However, along

the rostral-caudal axis microsphere number increased between the first

and fourth or fifth 300 pum section, then steadily declined in more

caudal sections (Figure 12). The third through fifth sections contained

the most spheres. Thus, the greatest number of spheres were trapped

between 0.9 and 1.5 mm from the rostral pole of the AP. (The entire

length of the gland is approximately 4.5 mm or fifteen 300 pum sections.)

PRL Content Distribution

We determined the distribution of PRL along the three primary axes

of the AP and compared it to the distribution of microspheres reported

above.

PRL appears to be regionalized along the dorsal-ventral axis. In 4

of 5 AP's from untreated adult female NZW rabbits (intacts) the PRL
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concentration within each 300 pm section increased slightly from the

dorsal to the middle portions of the gland (Figure 13). Also in 4 of 5 of

these AP's, the PRL concentration declined markedly in progressively

more ventral sections of the pituitary. In 1 of the 5 animals PRL

concentrations were greater in the ventral than in the dorsal or middle

regions of the gland. Comparing the PRL concentration gradient (Figure

13) with the microsphere distribution (Figure 11) along the

dorsal-ventral axis, we found no clear relationship between regions

containing trapped microspheres and those with the greatest

concentrations of PRL.

Figure 14 shows the distribution of PRL in 300 pum serial sections

from the left to the right side of AP's from 3 untreated adult females.

Preliminary studies had indicated that there were no differences in PRL

concentration comparing contralateral fragments of the AP. The data in

Figure 14 support this finding. There appear to be no consistent

differences in PRL distribution along the left-right axis of the AP.

In preliminary studies we also observed an increasing PRL

concentration gradient along the rostral-caudal axis that did not appear

to be perturbed qualitatively by the steroidal milieu. Prolactin

concentrations were lowest in the rostral-most section and increased

progressively until reaching their highest values in the caudal sections of

the gland. We found the same pattern of distribution in three intact
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rabbits (Figure 15). Therefore, PRL content distribution, like

microsphere distribution, is regionalized. However, microsphere and

PRL distribution along the rostral-caudal axis of the same AP appear

almost as mirror images of each other (Figures 12 and 15). The greatest

concentrations of PRL are found in the areas with the fewest

microspheres and vice versa.

PRL synthesis and release in vitro.

We measured PRL synthesis and release in vitro in AP slices from

intact, OvX and OvX-E2 rabbits using four parameters: Concentration of

radioimmunoassayable PRL, which presumeably is composed of labeled

and unlabeled PRL, in the tissue and its release into the medium and the

concentration of labeled PRL in the tissue and medium after a 3 h

incubation with [3H]-leucine.

i iOimmun avable PRL concentrations

Consistent with our earlier findings concerning PRL distribution

(Figure 15) there is a clear rostral-caudal gradient of

radioimmunoassayable PRL concentrations. In all three groups the

caudal-most AP slices contained an average of 3 to 4 fold more PRL than

the rostral-most slices (Figure 16). Also consistent with our previous

work, the concentrations of PRL found in corresponding slices from the
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intact and OvX-E2 groups were very similar, while AP slices from the

OvX animals contained significantly less than those from either the

OvX-E2 or intact rabbits (Figure 16).

ii. Radioimmunoassayable PRL released into the medium.

Figure 17 shows that the amount of radioimmunoassayable PRL

released into the incubation medium follows the same rostral-caudal

pattern as that seen with total PRL content (Figure 16). More

radioimmunoassayable PRL is released from successively more caudal

slices. The caudal-most slices released 2-4 fold more PRL than the

rostral-most slices. Again, intact and OvX-E2 values were quite

comparable and the levels from the OvX groups were much lower than

those from either the intact or OvX-E2 groups (Figure 17).

The apparent rate of release of radioimmunoassayable PRL

decreased with time in vitro, since the amount of total PRL measured in

the medium after the first hour was nearly the same as that measured

after the subsequent 2 hours (Figure 18).

We also looked at release in relation to content. Since

radioimmunoassayable PRL release parallels content, the ratio of

hormone released to that contained in the respective tissue was not

different rostro-caudally. Roughly, all slices from all three groups
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released 0.7-1.2% of the content remaining in the tissue.

iii. Concentration of newly synthesized PRL.

The concentration of PRL synthesized in vitro by each rostral-caudal

slice does not parallel radioimmunoassayable PRL concentrations in

those slices (content). In the AP of intact, OvX and OvX-E2-treated

female NZW rabbits there were no significant differences in the

concentration (dpm/pg protein) of labeled PRL remaining in the 4

rostral-caudal slices (Figure 19). The concentration of PRL synthesized

in vitro and remaining in the tissue does not parallel the distribution of

radioimmunoassayable PRL (Figure 19). No statistically significant

differences were observed comparing the values of the 4 different slices

within each group nor comparing the levels of labeled PRL in slices from

the intact, OvX and OvX-E2 groups.

iv. Newl hesized PRL released into the medium

The amount of labeled PRL released into the incubation medium

followed the concentration gradient of the labeled PRL in the tissue

(Figure 20). Although not statistically significant, the rostral-most slice

tended to release more labeled PRL than the other three slices. There

were no differences between the three groups in release of labeled PRL
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from corresponding slices.

As with radioimmunoassayable PRL release, the amount of labeled

PRL released during the first hour of incubation was approximately equal

to that released during the subsequent two hours. The percentage of

labeled PRL released from each slice ranged from 8.8+1.4 to 33.1+8.9%

with a mean of 15.5+1.5% of total labeled PRL. This is approximately 13

to 22-fold greater than the percentage of radioimmunoassayable PRL

released.

The specific activity of PRL released into the medium was

approximately 10-fold greater than the specific activity of the PRL

remaining in the tissue. This suggests that PRL synthesized in vitro was

selectively released during the 3-hour incubation period.

Figure 21 shows the addition of labeled PRL remaining in the tissue

and that released into the medium. No differences were observed

comparing either the four slices within a group or comparing treatment

groups. This suggests that the PRL synthetic activity is homogeneously

distributed along the rostral-caudal axis of the rabbit AP and that it is not

obviously influenced by E2.
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III. Regulation of the arterial blood supply and prolactin.

Effect of Estradiol on Blood Flow and PRL Content.

We tested the possibility that E2 affects the arterial blood supply to

the AP and PRL within the gland. Ovariectomy markedly decreased the

number of spheres reaching the AP and the concentrations of PRL

within the tissue. These effects were reversed by E2 treatment.

Neither OvX nor E2 treatment altered the regionalization of either

microspheres or PRL.

As in the AP from intact rabbits, the concentration of PRL in AP's of

OvX and OvX-E2-treated animals increased dramatically from the rostral

pole of the AP into the caudal sections of the AP (Figures 15 and 22).

The PRL concentration then declined slightly through the final sections,

but to levels well above those seen in the rostral portions of the gland.

However, the levels of PRL in each section of the AP of OvX rabbits were

much lower than those in sections of the AP from either the intact or

OvX-E2 treated animals (Figures 15 and 22), which were not

significantly different from each other (Table 1). Likewise, the total

amount of PRL in the glands of the OvX animals was significantly less

than that found in either the OvX-E2 or intact rabbits (Table 1). The
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levels of E2 in the serum of OvX rabbits was less than 20 pg/ml (the

limit of detectability of the assay) compared to 364+36 pg/ml in the

OvX-E2 animals (Figure 22), levels approximately double those in the

serum of intact rabbits (191+ 50 pg/ml).

Figure 23 shows the distribution of microspheres in the 300 pum

rostral-caudal serial sections of the AP from these same OvX and OvX-E2

animals. In both groups, as in the intact group (Figure 12), there is an

increasing number of spheres per 300 pm section from the rostral pole

through the third to fifth section. The number of microspheres in each

section then declines steadily from that point to the caudal pole of the

gland. While there is no difference in the pattern of microsphere

distribution, the number of microspheres is quite different between

groups.

Estrogen replacement, therefore, did not affect the pattern of

microsphere distribution, but significantly increased the number of

microspheres reaching the gland. Figure 24 shows the relationship

between serum estrogen levels and microsphere number in the AP's of

these rabbits. The increase in sphere number was directly proportional

to E2 concentrations in the serum as is indicated by the correlation

coefficient (r-.85).

Table 1 summarizes the data from three groups of rabbits. Neither
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total PRL content nor mean PRL concentration are statistically different

between intact and OvX-E2 rabbits, while total PRL and mean PRL

concentration were much lower in the glands of OvX animals. It is

interesting and perhaps important to note that while there are

differences in total PRL and mean PRL concentration there is no

statistically significant difference in total protein content in the three

groups. This suggests that, at least after 14 days estrogen is not acting

through a generalized effect on mitotic activity since pituitary size is

quite comparable in all three groups.

The variability in the microsphere number within the intact and

OvX groups is obvious in Table 1. Therefore we subsequently increased

the number of animals in both of these groups. The number of

microspheres trapped in the AP was measured in a total of six intacts,

five OvX and 4 OvX-E2 rabbits. Values were greater in the AP of OvX-E2

animals (190+14) than in the AP of intacts (115+30), but the difference

was not statistically significant. However, the AP's of both of these

groups contained significantly more microspheres than those from OvX

animals (24+9).

While ovariectomy decreases PRL concentrations in and arterial

blood flow to the AP and while E2 reverses this effect, the final columns

of Table 1 show that the pattern of PRL and microsphere distribution is
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not altered. Approximately 30% of the PRL is found in the rostral half of

the gland while 70% is in the caudal half. Greater than 75% of all the

spheres were found in the rostral half of the gland and less than 25% in

the caudal portion of the gland.

Thus, the rostral-caudal distribution of PRL and trapped

microspheres are unchanged in various estrogenic states, but

ovariectomy clearly decreases both PRL concentration and arterial blood

flow to the AP. Estradiol replacement reverses this effect.

Time Course of Estradiol Effects on Blood Flow and PRL

The PRL content and microsphere number in the rostral-caudal

sections of the AP of the OvX rabbits were consistent with those found

previously. These results are shown in Figures 22, 23 and 25. In 3 of 4

animals treated for 6h with E2 the PRL content was nearly identical to

that seen in the OvX animals. One of the four had levels like those seen

in intact or 14-day E2-treated animals (Figures 15,25).

While PRL levels were comparable to Ovº values, the number of

microspheres found in the glands of these 6 h E2-treated animals was

far greater than those found in OvX or even OvX rabbits treated for 14 d

with E2 (Figures 12.25). These results show that E2 has a rapid effect

on pituitary blood flow.
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The AP's from animals treated for 72 hours with E2, however,

contained fewer microspheres than the 6 hour E2-treated rabbits and

moderately more than the OvX animals (Figure 25). These results may

argue for a biphasic effect of E2 on the AP vasculature. The PRL

concentration in these pituitaries was also intermediate between the

OvX and 6 h E2-treated and the 14 d E2-treated animals seen previously.

Serum PRL levels in the OvX rabbits were 4.0 ng/ml (n=2), and

8.7+2.3 and 19.4+3.9 ng/ml (n=3) in the 6 and 72 h E2-treated animals,

respectively. Serum E2 levels in OvX rabbits were again in the

undetectable (20 pg/ml) range. Levels in the 6 and 72 h E2-treated

animals were 209.2+17.0 and 209.7+26.0 pg/ml, respectively.



52

CONCLUSIONS and DISCUSSION

The results of this study show that, in addition to the hypophyseal

portal supply, the AP of the female NZW rabbit receives a direct arterial

blood supply. Fourteen-pum diameter microspheres, when injected into

the left ventricle of the heart, reach the AP in significant numbers.

Combining a vascular cast technique with microsphere injection we

were able to trace the origin of the arteries. They appear to come from

branches of the internal carotid, including the superior hypophyseal

arteries, and from the posterior communicating arteries. This arterial

blood supply is regionalized. While we found no consistent differences

along the dorsal-ventral or left-right axes of the AP, there were clear

differences in sphere distribution along the rostral-caudal axis. One

interpretation of these findings is that arterial blood perfuses the rostral

AP more than the caudal regions of the gland.

Anterior pituitary PRL is also regionalized. We found both in vivo

and in vitro much greater concentrations of PRL in the caudal than in

the rostral AP. However, compared to lactotrophs in the caudal regions

those in the rostral AP may synthesize and release PRL more actively.

Thus, lactotrophs in those areas of the AP receiving a direct arterial

blood supply appear to synthesize and release or metabolize PRL more

actively than other regions of the gland. Such results are consistent with
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the hypothesis that regions of the AP receiving a direct arterial blood

supply would escape tonic dopaminergic inhibition.

In addition, the arterial blood supply to the AP is regulated, at least

in part, by a physiological factor which affects PRL regulation, namely

estradiol. Ovariectomy decreases the arterial blood supply to and PRL

concentrations within the AP of these rabbits. Estradiol treatment

reverses the effects of ovariectomy. This steroid acts rapidly to increase

the arterial blood supply and may have more long term effects on blood

flow and PRL regulation.

Taken altogether the results of this study suggest that the AP of

female NZW rabbits will provide a useful model in which to study the

etiology of PRL-secreting adenomas and may also provide new insights

into both the physiological and pathological regulation of PRL as well as

control of AP function in general.

I. Demonstration of a direct arterial blood supply to the rabbit

anterior pituitary.

The results of this study indicate that there is a direct arterial blood

supply to the AP of female NZW rabbits. In most mammals the exclusive

blood supply to the AP is via the hypophyseal portal venous system.

Thus, injection of 14 pum-diameter microspheres, a diameter greater
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than that of capillaries, results in the presence of spheres in the median

eminence and neural lobe of the pituitary, but not in the AP [40,49,85].

Microspheres are trapped in the primary capillary plexus. Elias and

Weiner [40] first showed that coincident with the abnormal formation of

a direct arterial supply to the AP of rats microspheres did reach the AP.

By combining microsphere injection with a vascular cast technique, it is

possible to trace the origins of such an arterial supply [40,85]. When 14

plm diameter microspheres were injected into the left venticle of the

heart of normal adult female NZW rabbits, they were found not only

throughout the primary capillary plexus, but also in significant numbers

within the AP. Using both microspheres and vascular casts, we traced

the arterial source of the spheres to the internal carotid and posterior

communicating arteries. Therefore, unlike most mammals the rabbit

has a direct arterial blood supply to the AP.

This confirms the work of Wislocki and King [134], Brooks and

Gersh [13] and Harris [52], all of whom observed a direct arterial supply

to the AP of rabbits more than 4 decades ago. It also appears to

contradict the more recent findings of Page et al. [97] who found no

direct arterial supply to the AP of rabbits using a vascular cast technique.

This apparent contradiction may be explained by differences in the

animals used in the various studies. The earlier workers did not report

the strain, sex, age or reproductive status of their rabbits. Page et al.
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used Dutch-Belted females, while we have used adult female NZW

rabbits. It may be of interest to explore the potential strain differences.

The presence of a direct arterial supply in one and its absence in

another strain of the same species may provide valuable information

regarding the regulation and function of the AP gland.

Wislocki and King [134] found the arterial source of AP blood to be

the superior hypophyseal arteries and Brooks and Gersh [13] later

confirmed and extended that finding to include arteries arising from

vessels in the Circle of Willis - presumably from the posterior

communicating arteries both near the point where they intersect with

the internal carotids and near their intersection with the basilar artery.

Harris [52] also determined the source of the arterial blood to be from

branches of the internal carotid which he called the anterior and

posterior hypophyseal arteries. Our observations suggest that there are a

number of sources of the arterial supply. We have found evidence that

the internal carotid sends branches directly into the gland possibly

corresponding to Harris's anterior and posterior hypophyseal arteries

and via the superior hypophyseal artery (Figures 2,10). A vessel also

branches off of the posterior communicating artery near its junction

with the internal carotid. This vessel was seen branching again within

the AP. It was also possible to trace one vessel (which branches within

the AP and which contained spheres) back to the area where the
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posterior communicating arteries branch from the basilar artery. These

vessels coming from the posterior communicating arteries seem to

correspond with the descriptions provided by Brooks and Gersh. It is

also possible that branches of the posterior communicating artery supply

the AP via the stalk. Thus, we have found examples of a number of the

arterial vessels described by these early workers. When Elias et al. [40]

induced the formation of an arterial supply to the rat AP using E2, they

also found arteries arising from the internal carotid, posterior

communicating and basilar arteries. Of course these are the major

vessels in the area of the pituitary gland, and if an arterial supply to the

AP exists it would logically come from one or a number of these arteries.

II. Regionalization of the arterial blood supply and prolactin.

The distribution of the arterial blood within the gland appears to be

regionalized. When whole AP were examined under a dissecting

microscope, microspheres were visible rostrally and laterally within the

AP but not caudally or medially beyond the rostral one-third of the gland.

Closer and systematic inspection of this regionalization, by dividing the

AP into 300 pum serial sections along the major axes and counting the

spheres in each section, supported the initial gross observations. While

we found no consistent differences in microsphere distribution along
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the dorsal-ventral axis of the AP, spheres were found in much greater

numbers in the rostral than in the caudal sections of the gland. Given

the size of the various arterial vessels (arteries greater than 50 pum in

diameter, arterioles 20-50 pum, metarterioles 10-15 pm and capillaries 5

pum) it seems likely that the 14 plm diameter microspheres would be

trapped in metarterioles or their equivalents in the AP. Therefore,

trapped spheres would be located near the cellular bed supplied by the

arterial blood. Thus, it appears that the rostral portions of the AP are

perfused by arterial blood to a greater extent than the caudal regions. It

would follow then that the caudal regions of the gland would be more

dependent upon blood from the hypophyseal portal vasculature. This

may have important implications for the regulation of endocrine function

in the AP.

Arterial systemic blood contains little if any of the hypothalamic

neurohormones that are essential to the function and regulation of the

gland. Hypophyseal portal blood, on the other hand contains these

agents in appropriate concentrations to act on AP endocrine cells. As

pointed out in the introduction, PRL synthesis and release are primarily

under the tonic inhibitory control of hypothalamic dopamine. Arterial

blood contains negligible amounts of DA (8,64,102], while the

concentration of this neurohormone in the portal blood has been shown

to be sufficient to act on APDA receptors and to inhibit lactotrophs
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effectively [8, 15,48, 102]. Therefore, it is possible that rostral regions of

the AP escape dopaminergic inhibition to some extent while caudal

regions are more tightly regulated. If this were true, one would also

expect to see regional differences in PRL regulation. We have shown

that PRL is in fact regionalized within the AP.

We measured PRL content, synthesis and release within the gland.

Initially, we measured PRL concentrations in 300 pum serial sections of

the AP as a first approximation to possible regional differences in PRL

regulation. We found a dorsal-ventral and rostral-caudal regionalization,

but no consistent differences in sagittal sections cut from the left to the

right side of the gland (Figures 13, 14, 15). Concentrations of PRL were

found to increase slightly from the dorsal to the middle sections of the

gland, then decline steadily throughout the ventral half of the AP (Figure

13). However, the most striking regionalization of the hormonal content

was observed along the rostral-caudal axis. Prolactin concentrations rose

from their lowest values at the rostral pole to their greatest levels in the

caudal sections of the AP (Figure 15). This pattern of distribution was

seen in all of the AP's examined. This distribution was also seen when

APs were cut into 4 consecutive rostral-caudal slices. PRL

concentrations were least in the rostral and greatest in the caudal slices

of the AP.

Hormonal content of AP tissue is, of course, a static measure and
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may not reflect dynamic synthetic and secretory processes. The content

at any given moment is determined by the rates of synthesis, release and

metabolism of the hormone. Therefore, in investigating the possible

relationship between the regionalized arterial blood supply to the AP and

the regionalization of PRL, we also measured PRL synthesis and release

in 4 consecutive rostral-caudal slices of the gland. In measuring PRL

synthesis two additional factors must be accounted for: The synthesized

hormone can be metabolized and it can be secreted. Both of these

processes, however, appear to occur after synthesis of the horomone is

complete [33,34,42,43, 127]. In order to avoid these complications,

then, we measured the synthesis of PRL over a 3 h period in vitro and, in

addition, measured the release of newly-synthesized PRL over the same

period. We used [3H]-leucine incorporation into the hormone and

separated the labeled PRL by PAGE for this purpose.

We found that, in contrast to the increasing rostral-caudal gradient

of radioimmunoassayable PRL concentration, the concentration of PRL

synthesized over a three-hour period in vitro was relatively homogeneous

along the rostral caudal axis of the AP from intact, OvX and

OvX-E2-treated rabbits (Figure 21). The concentration of labeled PRL

was less different from radioimmunoassayable PRL content in the intact

group. In addition, concentrations of labeled PRL were comparable in all

three groups. This is also in contrast to the concentration of
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radioimmunoassayable PRL within the AP, which was clearly lower in the

AP of OvX rabbits than in the AP of intact or OvX rabbits given E2

replacement for 14 days (Figure 15 and 22). Since the release of labeled

PRL is not greater from OvX animals (Figure 20), these results suggest

that degradation of PRL over time may be greater in the AP's of OvX

rabbits. The confirmation of this hypothesis awaits the direct

measurement of the rate of PRL degradation. These results also clearly

illustrate that hormonal content does not necessarily reflect the dynamic

processes involved in the synthesis and release of the hormone.

Release of labeled PRL tends to be greater from the rostral regions.

However, a caveat must be interjected here. We have measured PRL

synthesis and release in vitro. Therefore, the AP has been removed from

its normal regulatory milieu. While PRL synthesis is probably not

affected by the absence of dopaminergic inhibition over the 3 h

incubation period (79), PRL secretion is, presumably, immediately

increased [70, 130]. Therefore, the release data must be viewed and

interpreted with caution. Release of radioimmunassayable (labeled and

unlabeled) PRL parallels the distribution of radioimmunoassayable PRL

concentrations remaining in the tissue (Figure 17). Levels of PRL in the

medium progressively increased from the rostral to the caudal-most

slice. In all 3 groups the caudal-most slices released 3 to 5 fold more

PRL than the rostral-most slices over the 3 h incubation period.
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Hormone release from all of the slices was between 0.7 and 1.2% of the

concentration remaining in the tissue (data not shown). However,

those tissues containing more PRL also released more and, in parallel

with total PRL content, total release was lower from AP slices of OvX

than from intact or OvX-E2 rabbits (Figure 17).

The release of PRL synthesized in vitro did not follow the same

pattern as radioimmunoassayable PRL, nor did it simply follow the

concentration gradient of labeled PRL within the tissue. In

ovariectomized animals the rostral-most slice released more newly

synthesized PRL than any of the other three slices (Figure 20). The

same tendency was seen in AP's from intact and

ovariectomized-E2-treated rabbits, although the differences in these

groups were not statistically significant. Neither were there any

differences in the amount of labeled PRL released from corresponding

rostral-caudal AP slices from the 3 groups (Figure 20). Thus, a different

release pattern is observed when comparing radioimmunoassayalbe, or

total PRL and PRL synthesized over the 3 h incubation period. In

addition the percentage of labeled PRL released was much greater than

the percentage of total (labeled and unlabeled) PRL released.

It should be noted that release of both radioimmunoassayable and

labeled PRL appeared to decline over the 3 h incubation period.
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Concentrations in the medium of slices incubated for the 1st hour in

vitro and those in medium from the subsequent 2 hours were nearly

identical (Figure 18). Several factors may account for this observation.

Part of the total hormone found after the first hour as the AP was

adapting to the new in vitro conditions could be there as a result of

broken cells, granules not washed out, solubilization of hormone leaking

from damaged cells, etc.

Several questions about the distribution of PRL within the AP

remain to be addressed. Given that PRL content is regionalized while

PRL synthesis appears to be homogeneous throughout the gland, an

important question arises: Is there a distributional or functional

heterogeneity among the lactotrophs? This seems the most obvious and

most important question to answer at this stage. Our data indicate that

PRL synthesis is relatively homogeneous within the rabbit AP, at least

along the rostral-caudal axis. Therefore, if the regionalization of PRL

content within the AP is due to a functional heterogeneity, our data

would imply that it is due to more active secretion and/or more active

degradation in the rostral areas of the gland. Although we have

measured PRL release, it may be premature to draw conclusions about

the physiological significance of those results since they were obtained

in vitro, away from hypothalamic regulation. Thus, greater degradation

and/or secretion may account for the observed differences in content;
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differences due to a functional heterogeneity. If, however, the

differences observed are due to a heterogeneous distribution of the

lactotrophs, it would appear from the PRl concentration gradient that

there are fewer located rostrally than there are caudally. Since synthesis

is not different along the rostral-caudal axis, the rostrally located

lactotrophs synthesize PRL more actively than do those located caudally.

Along these lines, Lieberman, et al. [65) showed that in cultures of

Sprague-Dawley AP cells an E2-stimulated increase in PRL synthesis was

mediated predominantly, although not exclusively, through increased

gene expression and not an increase in the number of lactotrophs.

Recently Schimchowitsch et al. [114) published findings that

appear to resolve this issue of whether there is a functional or

distributional hetereogeneity of the lactotrophs in the AP of NZW rabbits.

Combining immunocytochemical and autoradiographic methods, they

observed that the location of [3H]-spiroperidol-binding (D2 DA

receptors) corresponded closely to the distribution of PRL-producing

cells revealed by immunocytochemistry and that the binding site

distribution in the AP of these rabbits was clearly regionalized. Labelling

was scattered throughout the caudal portions of the gland, while

medially it was present in the lateral and central areas. Binding sites

were completely absent in the rostral portions of the AP. Therefore, DA
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receptors and lactotrophs appear to be heterogeneously distributed

within the AP of the NZW rabbit. The immunocytochemical data

reported by Schimchowitsch et al. [114] correspond to our findings

concerning the distribution of radioimmunoassayable PRL within the AP

of female NZW rabbits.

Taken altogether, the results of the studies on the regionalization of

the arterial blood supply and PRL in the AP strongly suggest that the rate

of PRL synthesis and secretion and/or degradation are greatest in those

areas of the gland receiving a direct arterial supply. The data appear to

be consistent with the hypothesis that those regions of the AP receiving

a direct arterial blood supply may escape hypothalamic regulation.

Specifically, lactotrophs may escape tonic dopaminergic inhibition.

The greater concentrations of PRL in the caudal regions of the AP

may reflect a greater dopaminergic inhibition of PRL secretion in those

regions supplied by a greater proportion of hypophyseal portal blood. If

this is true, one might hypothesize that the rostral regions of the AP are

not as tightly regulated by hypothalamic DA and may be responsible for

basal PRL release. The caudal regions, perfused to a greater extent by

the portal blood and, therefore, under tonic dopaminergic regulation to

a greater extent, contain large stores of PRL. Under appropriate

circumstances DA inhibition may be diminished or removed, and these

areas would release high levels of PRL. As was seen in the present
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studies, when the AP was removed from hypothalamic regulation those

areas containing more total PRL also released more total PRL.

III. Regulation of the arterial blood supply and prolactin.

Estrogen is known to increase blood flow in various tissues,

including the uterus and oviduct. This steroid is also known to increase

PRL levels. Estradiol appears to have these same stimulatory effects in

the AP of female NZW rabbits. Ovariectomy greatly diminishes the

number of microspheres reaching the gland (Figures 23,25). Estradiol

treatment of ovariectomized rabbits reverses this effect on the arterial

blood supply to the AP (Figure 25, Table 1). Likewise ovariectomy

decreases PRL concentrations within the AP and E2 replacement

reverses the effect (Figure 22, Table 1). Thus, it is possible that E2 is a

physiological regulator of the direct arterial blood supply to the AP of

these rabbits. We found a direct correlation between serum levels of E2

and the number of microspheres found in the AP (Figure 24). The

higher the E2 levels, the greater the arterial blood supply.

It should also be noted that the serum E2 levels measured in these

rabbits is greater than that reported elsewhere in the literature. The E2
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levels in the serum of six normal adult multiparous NZW rabbits

weighing 4-5 Kg ranged from 83-280 pg/ml with a mean of 163.7+28.7.

Levels in OvX rabbits were below the detectability of the assay employed

(20 pg/ml) while those in 4 OvX rabbits treated for 14 days with E2

were 347.0+30.9 pg/ml. These values are roughly an order of magnitude

greater than previously reported levels. Eaton and Hilliard [36] found

plasma E2 levels in female NZW rabbits after mating to be between 6 and

24 pg/ml. Challis et al. [17] found that plasma levels of E2 in pregnancy

ranged between 30 and 83 pg/ml with a mean of about 46 pg/ml. The

reason for these discrepancies is not clear. Reasoning that it may be the

E2 assay we employed, all serum samples were run in a second assay

system using a different antiserum and a different procedure. This assay

was run in a different laboratory which had no knowledge of prior values.

Estradiol values were comparable or in some cases higher in the second

system.

Despite the discrepancies it seems apparent that an ovarian factor

is being measured. Upon ovariectomy levels decline markedly and E2

treatment restores these levels to and beyond intact values. Therefore,

although the absolute levels of E2 are in question, the relative changes

are COnSistent.
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Estradiol also clearly affects AP PRL concentrations. This has been

shown by a number of workers and by a variety of means in other

species. It is interesting to speculate on a possible correlation between

the AP blood supply and PRL regulation. After 14 days of OvX or OvX-E2

treatment blood supply and PRL levels are depressed or elevated in

parallel. It is possible in the ovariectomized rabbit, for example, that the

decreased arterial blood supply to the gland results in a greater

influence of the portal blood. This could result in a higher concentration

of dopamine in some areas of the gland, and consequently, greater

inhibition of PRL within the AP. Serum levels of PRL are lower in

ovariectomized animals compared to intact or estrogen-treated animals.

While E2 clearly affects the AP arterial blood supply and PRL

concentrations, it does not alter the regionalization of either. The same

rostral-caudal distribution of microspheres and PRL is seen in AP from

intact, ovariectomized and ovariectomized-E2-treated rabbits (Figures

15,23 and Table 1). For example, while AP from OvX-E2 rabbits have 5

to 6-fold more microspheres and 5 to 6-fold greater concentrations of

PRL than AP from OvX animals, the percentages of microspheres found

in the rostral half of the AP are 73.5 and 78.4, respectively (Table 1). A

similar phenomenon is observed in the uterus of E2-treated sheep.

Estrogen increases uterine blood flow 10-fold relative to untreated
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controls, but does not significantly alter the distribution of blood flow

within the uterus [50,55,60]. Thus E2 does not seem to change the

pattern of AP function, but appears to "magnify" processes already

occurring.

It is difficult, at least in the present studies, to distinguish effects

of E2 on discrete steps in PRL regulation. However, E2 does not appear

to have its effects via a generalized hyperplasia or hypertrophy in the AP

of these rabbits. Fourteen days after ovariectomy or ovariectomy and

E2-treatment, the total protein content of the AP was not different

between these two groups (Table 1). Nor was it different when

comparing the protein content of the AP of either of these groups to

AP's from intact groups. This observation stands in contrast to

observations in the AP of E2-treated rats. In both Sprague-Dawley and

Fischer 344 rats implanted with E2-containing silastic capsules the

weight of the AP was nearly doubled after only 10 days and continued to

increase throughout the 63 days of the experiment [40].

Although the concentrations of PRL in the AP's from ovariectomized

rabbits is less than in those of intact or OvX-E2 animals, the synthesis of

PRL in vitro over the 3 h incubation period is comparable in all three

groups (Figure 21). While there may be a tendency for less synthesis in
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the OvX AP levels are surprisingly similar. Release of newly synthesized

PRL was the same in corresponding slices from all three groups. This

has been discussed above. Since E2 does not appear to affect PRL

synthesis or release of labeled hormone under the in vitro conditions of

our experiment, but has affected total PRL concentrations measured in

the same glands, it may be argued that E2 alters the degradative rate of

PRL (see above).

Estradiol may affect the AP arterial blood supply in a number of

ways. Two of the most obvious ways would be by decreasing vascular

resistance and/or increasing the extent or number of vessels present in

the AP. Estradiol may simply act to dilate existing arterial vessels.

However, it may in addition or alternatively have angiogenic effects. If

E2 were acting to decrease vascular tone, it should be possible to see an

effect rapidly. If, however, the effect of E2 on blood flow was mediated

by angiogenesis it is reasonable to assume it would require a period of

days to have a significant, observable effect. Therefore, we compared the

number of microspheres reaching the AP of ovariectomized rabbits with

microsphere number in the AP of ovariectomized rabbits treated with E2

for 6 and 72 h. We also compared these results with data obtained in an

earlier experiment in which rabbits were treated with E2 for 14 days
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following ovariectomy. The results clearly indicate that E2 has a rapid

effect on AP arterial blood flow (Figure 25). Six hours of E2 treatment

dramatically increased blood flow. MIcrosphere number in AP from the

6 h E2-treated animals was far greater (20-fold) than that in

ovariectomized rabbits. Since it is unlikely that this effect is due to

formation of new vessels over this short time period, it seems E2 is

causing a vasodilatation of the existing arteries in the AP by decreasing

resistance in the vascular bed. However, our results indicate that E2

may also have more long term effects. After 72 h of E2 treatment,

microsphere number was increased (4-fold) compared to that in

ovariectomized animals, but was less than that seen after 6 h and less

than that seen after 14 days of E2 treatment.

There are several possible explanations for the differences seen at 6

and 72 hours. The simplest may be that the route of administration (i.p.

for 6 h E2-treated versus silastic implant for the 72 h and 14 day

E2-treated animals) may be responsible for the biphasic effect. It is

possible that there is a rapid, pharmacological increase in the animals

treated for 6 h compared to a slower more physiological increase in the

72 h and 14 d-treated animals. However, serum E2 levels were virtually
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identical at sacrifice in the 6 and 72 h E2-treated rabbits (209+17

pg/ml and 210+26 pg/ml, respectively), while those in 14 day

E2-treated animals were somewhat higher (364+36 pg/ml).

It is also possible that E2 has both rapid and long-term effects on

the AP arterial supply. Estradiol apparently causes a general

vasodilatation of the arteries. The system may then adapt to the E2 so

that blood flow and presumably AP function become relatively normal.

With chronic exposure (e.g., 3 or 14 days) to E2, new vessels may begin

to form by a process of angiogenesis. If this were true, one would expect

to see an intermediate number of spheres in the AP of 72 h E2-treated

rabbits compared to that seen in ovariectomized or 14 day E2-treated

animals. This is in fact what we saw (Figures 23,25). In a potentially

analogous system, uterine blood flow is increased during pregnancy

when estrogen levels are elevated. This effect is apparently mediated

first by a change in vascular tone and later also by induction of vascular

growth [16,76,98, 131]. Parry found that new uterine vessels had formed

by seven days post-conception and that increased uterine blood flow was

due to both growth of new vessels and vasodilatation of vessels already

present [98]. One would also expect to see an increasing blood supply to

and beyond day 14 of E2 treatment. We found greater numbers of
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microspheres in AP from 14 d E2-treated rabbits compared to 72 h

E2-treated animals. Elias et al. [40] reported increasing numbers of

microspheres by day 10 that reached a maximum at 30 days in

E2-treated rats.

In the time course studies just described we also measured PRL

concentration at the various times following onset of E2 treatment.

Estradiol increased PRL concentrations over time (Figure 25). There

were no changes in AP PRL concentrations at the six hour time point

except in one animal. (The PRL concentrations seen in this individual

rabbit may be due to a methodological artifact or to E2 hypersensitivity.)

Serum levels of PRL were somewhat elevated at this point, however,

compared to those in untreated OvX rabbits (8.7+2.3 ng/ml, (n=3) versus

3.95 ng/ml, (n=2), respectively). After 72 hours of E2 treatment AP PRL

concentrations were clearly elevated relative to those in OvX or 6 h

E2-treated rabbits. Serum PRL levels were also increased (19.4+3.9

ng/ml, n=3). Pituitary PRL concentrations were greater still after 14

days of E2 treatment.
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General conclusions and perspectives: A potential model for the

etiology of prolactin-secreting adenomas.

The results of this study are consistent overall with the hypothesis

that lactotrophs perfused by arterial blood may escape hypothalamic

dopaminergic regulation. It has further been hypothesized that, in

humans, this escape from dopaminergic inhibition may be associated

with the formation and/or growth of prolactin-secreting adenomas

[62,109]. An animal model used to test this vascular hypothesis has been

estrogen-induced "tumor" formation in the rat AP [e.g.,

40,59,86, 122, 135]. On the basis of the results presented in this thesis,

it appears that the rabbit AP may provide a more appropriate model in

which to test this hypothesis.

While it remains to be shown that vascular changes are involved in

the etiology of human adenomas, there is physiological and pathological

support for the existence of a direct arterial blood supply to AP's

containing prolactinomas [104,112, 113]. A vascular hypothesis is

particularly attractive in explaining the phenomena associated with

these tumors. Most human prolactinomas are small, focal and slow

growing [58]. These observations are consistent with the existence of an

arterial blood supply to a particular region of the AP that allows a

population of lactotrophs to escape dopaminergic inhibition. Patients

with PRL-secreting adenomas do not show an increase in PRL following



74

challenge with a DA antagonist, supporting the concept that the tumor

has escaped from hypothalamic regulation [6]. In addition, post-mortem

observations indicate that 22.5-27.8% of all pituitaries contain adenomas

and that 41% of immunostainable tumors are PRL-producing [14,22).

Tumor frequency appears to be independent of age or sex.It is possible

that these many focal non-symptomatic tumors are associated with a

direct arterial blood supply. Factors causing angiogenesis or

arteriogenesis, for example E2 in the rat, could then lead to the

development of functional tumors. As mentioned in the introduction

Schecter and Weiner have found well-formed arteries in 14 of the 17

human prolactinomas they have studied [112], while Racadot has

observed a direct arterial blood supply to the AP of many prolactinomas,

but not to other AP tumor types [104].

A number of workers [40,59,86, 121, 135] have used

estrogen-induced "tumors" in the rat AP as a model with which to study

human prolactinomas. While valuable information has been derived from

these studies, there are several drawbacks to using this model. Rather

than a focal tumor, estrogen induces a rapid and diffuse hyperplasia and

hypertrophy of the rat AP which is unlike the human tumor. The rat

model is dependent upon estrogenic stimulation of AP growth, PRL

increases and the formation of direct arterial supply [40]. However,

there is little evidence to suggest that estrogen is involved in the
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etiology of human prolactinomas. In women taking estrogen-containing

contraceptive pills there is no increase in the incidence of

prolactinomas. In addition, Ferrara et al. [45] found no effect of E2 on

PRL secretion from human prolactinoma cells in vitro. There may be

other models which more clearly approximate the conditions observed

with human prolactinomas.

The rabbit AP may provide several advantages over the rat model.

As we and others have shown, there is a normally occurring direct

arterial blood supply to the rabbit AP. This will provide valuable

information relative to the regulation of PRL in the presence of a

systemic blood supply. While arterial blood flow to the rabbit AP is

dependent upon E2, this system is not dependent upon the

administration of superphysiological doses of estrogen. In addition, E2

does not appear to cause a generalized hypertrophy-hyperplasia and

growth of the AP (Table 1) as is seen in the rat (e.g., 40]. Rather, those

areas of the rabbit AP receiving systemic blood appear to be those that

escape hypothalamic regulation. Thus, the rabbit AP may provide a more

accurate model of the human prolactinoma. However, to this point we

have presented no data on prolactin-secreting adenomas in the rabbit

AP. It will be of interest to see if there is an age-related tumor formation

associated with the direct arterial supply as Elias et al. [38] found in
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mice. To this end we looked at 60 pum vibratome sections of the AP's of

3 NZW female retired breeders in a preliminary study. In all 3 AP's we

found evidence suggesting the presence of a tumor. The glands were

abnormally shaped and had dark grayish areas, possibly the result of

hemorrhage associated with the tumor [58]. Immunocytochemical

staining revealed that the cells in these areas were predominantly

PRL-containing. We also observed the presence of muscle-lined blood

vessels in these sections. A detailed study of this model may, therefore,

provide convincing evidence for the vascular hypothesis of the etiology of

human PRL-secreting adenomas.

Clearly, the implications for regulation of AP endocrine function

under conditions in which a direct arterial blood supply is present are

not limited to PRL. All of the endocrine cells of the pituitary that are

dependent upon hypothalamic hypophysiotropic factors may be

influenced by the presence of a regionalized systemic blood supply to the

AP. Elucidation of how and to what extent awaits future work.
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Figure 1. Diagrammatic representation of the hypophyseal portal
blood supply (from Monnet et al. [85]).



Figure 2. Ventral view of a vascular cast of the internal carotids,
superior hypophyseal arteries and the long portal vessels supplying the
AP of a female NZW rabbit. The anterior pituitary is at the top of the
picture, the median eminence and superior hypophyseal arteries are in
the bottom half of the picture.

--
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Figure 3. Diagrammatic representation of the portal system with
microspheres trapped in the primary portal capillaries as would be seen
in most mammals receiving an arterial injection of 14 pum microspheres.
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Figure 4. Diagrammatic representation of the hypophyseal portal
system with microspheres trapped both in the primary portal capillaries
and the region of the AP supplied directly by an artery (from Elias and
Weiner [40]).
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Figure 5. Effect of buffer composition and pH on the efficiency
of prolactin extraction. TRIS-urea was nearly 3-fold more effective than
phosphate-buffered saline (PBS) in extracting PRL from contralateral
quarters of the rabbit AP (p <0.05).
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Figure 6. Latero-ventral view of the AP of a rabbit injected intra
ventricularly with 1 X 107 14 um diameter microspheres and then
perfused with a vascular cast material. The right internal carotid has
been cropped for viewing purposes. Numerous microspheres (black
dots) are seen trapped within the AP. Most are located rostrally (to the
left in the figure) and laterally. Casted vessels with microspheres at
their tips (arteries) are also visible in the center of the figure.
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Figure 7. Microspheres (black dots) trapped in the primary capillary
plexus of the rabbit median eminence (ventral view).
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Figure 8. Ventral view of the AP of a female NZW rabbit injected with
microspheres and vascular cast material. Microspheres are distributed
rostro-laterally (to the left in the figure) in the AP. None are seen
medially or caudally (right).
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Figure 9. Close up of the vessels visible in the bottom center of
Figure 8. Note the microspheres trapped at the tips of cast-filled vessels
(center).
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Figure 10. A cast-filled vessel branching off of the right internal
carotid and penetrating the rostro-ventral surface of the AP.



102

50

40

30

20

10

50

40

30

20

10

50

40

20

10

11 3 5 7 9 1

Section Number

Figure 11. Number of microspheres in 300 pum horizontal serial
sections cut from the dorsal (section number 1) to the ventral (section
number 11) surface of the AP from 3 female NZW rabbits. Data in this
and all subsequent microsphere distribution figures are from conscious
and undisturbed animals. Microspheres were delivered through an
indwelling left-ventricular catheter.



103

50r

40- E2 = 280 pg/ml
3OH.

20

i-Ill■ Di■ lºla-----—
50r

40H- E2=210 pg/ml
3OH.

2OH.

10. |L-IIIllllli■ ian-■ inae
50

40

30

20

E2 = 8.3 pg/ml

10

o–H–3–F–F–F–F–F–7;
Section Number

Figure 12. Number of microspheres in 300 pum frontal serial sections
cut from the rostral (section number 1) to the caudal (section number
15) pole of the AP from 3 female NZW rabbits. Serum E2 levels
immediately prior to sacrifice are indicated for each animal.
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Figure 13. Concentration of PRL in 300 pum horizontal serial sections
cut from the dorsal (section number 1) to the ventral (section number
11) surface of the AP from 5 female NZW rabbits.
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Figure 14. Concentration of PRL in 300 pum sagittal serial sections cut
from the left (section number 1) to the right (section number 15) side of
the AP of 3 female NZW rabbits.
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Figure 15. Concentration of PRL in 300 pm frontal serial sections cut
from the rostral to the caudal pole of the AP of 3 female NZW rabbits.
Data obtained from the same animals as in Figure 12.
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Figure 16. Concentrations of PRL in four consecutive frontal slices cut
from the rostral (1) to the caudal (4) pole of the AP from 4 intact, 4
ovariectomized (OvX) and 4 OvX-estradiol-treated (OvX-E2) female NZW
rabbits. Rabbits were OvX or OvX and implanted with E2 14 days prior
to sacrifice. Values from OvX rabbits were significantly less than those
from either intact or OvX-E2 rabbits (p < 0.05). Data shown in Figures
16–23 were obtained from the same experiment.
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Figure 17. Prolactin released into the medium over the 3-h incubation
period (for details see legend of Figure 16).
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Figure 18. Prolactin released into the medium during the first and
during the second and third hours of incubation of four consecutive
frontal slices from five intact female NZW rabbits.
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Figure 19. Concentration of labeled PRL remaining in AP slices after 3
h of incubation with (3H]-leucine (see Figure 16).
statistically significant differences comparing slices within groups or
treatment groups.
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Figure 20. (3H]-labeled PRL released into the medium over the 3-h
incubation period. (See Figure 16). There were no statistically
significant differences comparing slices within groups or treatment
groups.
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Figure 21. The addition of labeled PRL remaining in the tissue and
released into the medium over the 3-h incubation period.
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Figure 22. Prolactin concentration in 300 pum serial frontal sections
from the rostral (section number 1) to the caudal (section number 15)
pole of the AP's of 3 ovariectomized (OVX) and 3
ovariectomized-E2-treated (OvX-E2) NZW rabbits. Serum E2 levels just
prior to sacrifice are indicated (*Serum E2 from day 7. Day 14 values
not available).
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Figure 23. Number of microspheres in 300 pm frontal serial sections
cut from the rostral (section number 1) through the caudal (section
number 15) pole of the AP of 3 OvX and 3 OvX-E2 rabbits. (Data obtained
from the same experiment as in Figure 22).
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Figure 24. Relationship between serum E2 levels and total
microsphere number in the AP of 3 intact, 3 OvX and 4 OvX-E2 rabbits.
The correlation coefficent (r) is 0.85. The sensitivity of the E2 RIA was
20 pg/ml.
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Figure 25. Prolactin concentration and microsphere number in 300
pum frontal serial sections from the rostral (section number 1) to the
caudal (section number 16) pole of the AP from rabbits OvX and OvX plus
E2-treated for 6 (OvX-6h E2) and 72 (OvX-72h E2) hours.
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$3 Distribution
PRL Prot Rostral Half/Coudal Half

Content Content [PRL] * of [PRL]
Treatment (ug/AP) (ug/AP) (ug/mg Prot) Spheres (ug/mg Prot) Spheres

º 12743307 35314419 349+56 60+16.5 30.5/69.5 77.4/22.6n=3

■ s, 187+54 2877+265 65.6+20 33+15 37.0/63.0 78.4/21.6n=

OVX-E2 919+128 31.04+250 297336 190+14 22.3/77.7 73.5/26.5
(n=4)

Table 1. Comparison of PRL content, protein content, PRL
concentration, number of microspheres and the distribution of PRL
concentration and microsphere number. Prolactin content and
concentration in the AP of OvX animals was significantly less than in
intact and OvX-E2 groups (p < 0.05).
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