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Foreword

The pituitary and its disorders remain of perennial interest, and in a fast-

developing field we make no apology for devoting another volume in this series

to the subject, hard on the heels of Molecular Pathology of the Pituitary [vol.

32, 2004] Most intriguingly, this volume also developed from a meeting in

South America, in this case one based at Iguazu Falls in Argentina, rather than

Rio de Janeiro. Once again, a series of national and international experts con-

verged on one of the most spectacular settings in the world, and I believe we

have included in this volume many of the most scientifically exciting and clini-

cally relevant areas in contemporary neuroendocrinology. But equally, I feel it

also reveals much of the enthusiasm and dynamism of neuroendocrinology in

South America, certainly in two of the largest countries Brazil and Argentina,

but increasingly in many of the smaller South American countries. This is an

exciting time in neuroendocrinology, and the South American continent is mak-

ing salient and important contributions to its development.

Such meetings, held in surroundings of outstanding natural beauty, also

encourage the initiation and deepening of many personal interactions, and I

would like to underline my own deep thanks to the organizers and all my

South-American colleagues. My daughter Sophie and I were subject to warm

and welcoming local hospitality, and I will always fondly remember this con-

ference. I would also like to take the opportunity to emphasize the totally

unrestricted educational grant from Pfizer in supporting this meeting, demon-

strating that international pharmaceutical companies can play a vital and, when

required, disinterested role in the development of clinical science.

Ashley Grossman, North Devon
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Preface

In November 1–4, 2005, in the spectacular setting of Iguazu falls, almost

140 professionals in medicine (endocrinologists, neurosurgeons), basic rese-

arch and clinical biochemistry were hosted at the scientific meeting ‘Pituitary

Today’, where all aspects related to the pituitary gland were discussed.

Specialists from Latin America (including delegates from Argentina, Brazil,

Mexico, Peru and Venezuela) gathered together for this event, together with

expert speakers from Canada, USA, Germany, England and Australia who atte-

nded the event as invited guests.

Different aspects of pituitary physiopathology were covered in several

symposia. Many of these lectures are now included in this book, including:

Tumorigenesis (Melmed, Seilicovich, Arzt), Prolactinomas (Sarkar, Becu-

Villalobos, Clapp), Hormone regulation and action (Drouin, Ghigo), GH/

acromegaly (Ho, Bronstein, Goya), and HPA axis and Cushing (Grossman, De

Nicola, Stalla). In addition, two consensus meetings on the diagnosis and treat-

ment of pituitary disease (on acromegaly and prolactinomas) were discussed

during the meeting, the one on prolactinomas being reported by Guitelman.

The meeting took place in a special environment where a scientific, cul-

tural, and social exchange was predominant. In addition, we would like to

emphasize that a group of young basic science and clinical fellows were also

invited, presenting their results and thereby enriching the debates.

As coordinators of this event, we would like to express our thanks and

recognition to Pfizer Laboratories who made ‘Pituitary Today’ possible in Latin

IX



America; we also would like to mention the excellence of their staff whose

working capacity allowed this meeting to attain an outstanding international

level. We, as volume editors, thank all the contributors to this book of the series

Frontiers in Hormone Research from Karger Publishers, Basel.

Mirtha Guitelman, Buenos Aires

Marcello D. Bronstein, Sao Paulo 

Eduardo Arzt, Buenos Aires
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Arzt E, Bronstein M, Guitelman M (eds): Pituitary Today: Molecular, Physiological

and Clinical Aspects. Front Horm Res. Basel, Karger, 2006, vol 35, pp 1–8

Implication of Pituitary Tropic 
Status on Tumor Development

Ines Donangelo, Shlomo Melmed

Cedars-Sinai Research Institute, UCLA School of Medicine, 

Los Angeles, Calif., USA 

Abstract
Pituitary tumor initiation and progression are associated with a plethora of genetic

imbalances. Several genetic abnormalities have been described in pituitary tumors, from

mutations in intracellular signaling (constitutive activation adenylyl cyclase) and growth fac-

tor pathways (epidermal growth factor receptor [EGFR]) to imbalance in cell cycle regula-

tors (p16, p27, pRb). Unfortunately, most of these observations do not provide validated

predictors of clinical behavior or of recurrence. The pituitary gland is notably plastic, and

intrinsic and extrinsic stimuli result in profound growth changes ranging from hypoplasia to

hyperplasia. The impact of pituitary tropic status on influencing neoplastic potential is diffi-

cult to test in human samples because the gland is not readily accessible for ongoing

morphological observation. Animal models represent a functional approach to testing this

hypothesis, and transgenic mouse models of pituitary tumor transforming gene (PTTG) inac-

tivation or overexpression support the notion that pituitary tropic status directly correlates

with likelihood for pituitary tumor formation. Understanding the mechanisms underlying

changes in pituitary plasticity and their relationship to tumor development may contribute to

the ability of regulating the development and progression of pituitary tumors.

Copyright © 2006 S. Karger AG, Basel

Despite advances in understanding the pathogenesis of pituitary tumors,

the primary etiology of pituitary tumorigenesis remains enigmatic. A wide

range of genetic abnormalities has been found in pituitary tumors, from muta-

tions in intracellular signaling pathways and expression of growth factors to

imbalance in cell cycle regulators. However most of these observations do not

provide validated predictors of clinical behavior or of recurrence. 

The pituitary gland is notably plastic, and intrinsic and extrinsic stimuli result

in profound growth changes ranging from hypoplasia to hyperplasia. Pituitary

tropic status may directly correlate with the likelihood of tumor development;
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however, this relationship has been shown to be difficult to prove in human speci-

mens. This review will focus on discussing evidence for the relationship between

pituitary cell tropic status and tumorigenesis.

Candidate Genes Involved in Pituitary Tumorigenesis

Pituitary adenomas are generally monoclonal in origin [1], suggesting that

intrinsic molecular defects in a pituitary cell are likely the origin of a tumor. In

addition to ‘classical’ hormone-secreting cells (somatotrope, lactotrope, mammo-

somatotrope, corticotrope, thyrotrope and gonadotrope), the pituitary also contains

folliculostellate cells that secrete cytokines and growth factors [1, 2]. There is also

increasing evidence for the existence of multifunctional [3] and progenitor cells in

the adult pituitary gland [4, 5]. Abnormalities in several genes have been found in

pituitary tumors (table 1); nevertheless, each genetic imbalance is noted only in a

fraction of analyzed tumors. Moreover, pituitary tumors may arise from any of the

pituitary cell subtypes, but in general specific genetic markers for different pitu-

itary adenoma subtypes cannot be identified. An exception is the Gs� mutation

found almost exclusively in GH-secreting adenomas [6–9]. The resulting onco-

gene gsp caused constitutively activates adenylyl cyclase with resulting cell

growth stimulation. Despite being a specific marker for somatotropinomas, the

gsp oncogene is present in only 30–50% of the cases [10–12], mostly in smaller

tumors [7] that are more responsive to somatostatin analogs [13].

Pituitary Tropic Status as a Modulator of Tumor Formation

Under physiological conditions, hypothalamic and peripheral hormones

are the major contributing factor for pituitary tropic activity. The effects of age

(puberty) and pregnancy/lactation on increasing pituitary volume are widely

known, and prolonged hypothyroidism and estrogen excess are recognized

causes of pituitary hyperplasia [14]. However, there is no direct evidence that

pituitary hyperplasia is a sufficient major cause of pituitary tumor develop-

ment. Hyperplasic proliferation of prolactin-secreting cells during pregnancy

and lactation does not increase the frequency of prolactinomas [15], and

untreated primary hypothyroidism and exogenous estrogen administration are

infrequently associated with the development of adenomas [16, 17]. Moreover,

although GH-secreting adenomas develop in patients with ectopic tumors

secreting growth hormone-releasing hormone (GHRH), most of these patients

usually develop acromegaly solely due to somatotrope hyperplasia. These

observational reports in humans contrast with findings in animal models for
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pituitary hyperplasia. Pituitary hyperplasia in GHRH transgenic mice [18] or

due to the exogenous administration of estrogen [19] ultimately results in tumor

formation. The reason for the species differences is not clear, but prolonged

sustained hyperplasia maybe is required for tumor development. 

Although pituitary tropic stimuli do not frequently originate tumors in

humans, they may influence the intrapituitary milieu to either enhance or atten-

uate the expansion of a monoclonal tumor cell population. In mouse models

with combined hypoplasic and tumorigenic genetic abnormalities, tumor inci-

dence is lower than in mice harboring the tumorigenic genetic change alone.

This pattern is observed in both compound Pttg�/�Rb�/� mice (inactivation

of pttg leads to pituitary hypoplasia, and Rb disruption causes pituitary tumor)

and in double-mutant p18Ink4c�/�cdk4�/� mice (p18 inactivation causes

pituitary hyperplasia that progresses to tumor, and loss of cdk4 results in

pituitary hypoplasia) [20, 21]. Understanding the mechanisms that regulate

Table 1. Selected genes involved in pituitary tumor development

Gene Mechanism of activation Defect References

or inactivation

Activating

gsp point mutation activation of cAMP pathway [8–12]

CREB Increased Ser-phosphorylated CREB dimerizes with cAMP response

promoted by gsp overexpression elements [29, 30]

Cyclin D1 allelic imbalance cell cycle progression [31]

HMGA2 amplification rearrangement of chromatin structure? [32]

EGFR unknown EGF pathway activates cell growth [33, 34]

PTTG unknown disrupted cell cycle, chromosomal [35–37]

instability, transactivation activity

Inactivating

RB1 gene silencing through methylation loss of pRb → unrestrained cell [38, 39]

cycle progression

CDKN2A Gene silencing through methylation loss of p16→ unrestrained cell [40, 41]

cycle progression

CIP1/KIP1 Unknown in humans (methylation loss of p27→ unrestrained cell [42–44]

in rodent cells lines) cycle progression

CREB encodes cAMP-responsive element binding protein. HMGA2 � High Mobility Group A2 gene;

EGFR � epidermal growth factor receptor; RB1 � retinoblastoma tumor suppressor gene; CIP1/KIP

encodes p27; CDKN2A encodes p16.

Adapted with modifications from Melmed S, Kleineberg D: Anterior pituitary; in Larsen PR,

Kronenberg HM, Melmed S, Polonsky KS (eds): Williams Textbook of Endocrinology, ed 10. Saunders,

Philadelphia, 2003, pp 177–280.



Donangelo/Melmed 4

pituitary plasticity therefore provides insights for disrupting the development

and progression of pituitary tumors. 

PTTG Transgenic Mice: Models for the Pituitary 

Tropic Status and Tumorigenesis Correlation

Pituitary tumor transforming gene (PTTG) was isolated from a pituitary

tumor cell line and its overexpression results in cellular transformation in vitro

and tumor formation in nude mice [22]. PTTG was identified as the index mam-

malian securin, regulating sister chromatid separation during mitosis [23], and

excessive or suppressed PTTG levels result in aneuploidy [24, 25]. PTTG abund-

ance correlates with pituitary gland tropic status. Transgenic mouse models of

Fig. 1. Evidence of pituitary enlargement on magnetic resonance images (MRI) in

PTTG transgenic mice.  Sagittal (a) and coronal (b) MRI images of one wild-type (WT) and

two transgenic (�-GSU.PTTG) mice. c Scattergram depicting pituitary size in total pixels

obtained by adding the pituitary area obtained from consecutive sagittal images. Reproduced

from Abbud et al. [26], with permission. 
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PTTG�/�

PTTG�/� Rb�/�

WT

�-GSU.PTTG

�-GSU.PTTG Rb�/� �Hyperplasia  

Tumor 

potentialPituitary tropic status

�Hypoplasia 

Normal 

Hypoplasia 

Hyperplasia  

Fig. 2. Pituitary PTTG content correlates with gland tropic status and tumor formation

potential. On the left side of the inverted triangle mouse models with descending pituitary

PTTG content, with or without the combination with tumorigenic Rb�/�, are listed. The

right side of the inverted triangle lists the observed effects of the different genotypes on pitu-

itary tropic status and correlation with pituitary tumorigenic potential (arrow).

both PTTG overexpression and inactivation support an enabling role for changes

in PTTG levels on development of pituitary hyperplasia and hypoplasia, and on

conferring tumor growth advantage or tumor growth protection, respectively.

Mice with transgenic human PTTG1 expression driven by the �-subunit glyco-

protein (�-GSU) promoter express PTTG in LH-, FSH-, TSH- and GH-secreting

cells [26]. �-GSU.PTTG mice also develop frequent plurihormonal hyperplasia

(fig. 1). Increased serum LH, testosterone, GH and IGF-I levels result in marked

seminal vesicle and prostate enlargement in male �-GSU.PTTG mice. In con-

trast, Pttg inactivation results in tissue-specific opposing tropic effects, i.e. pitu-

itary, pancreatic �-cell, splenic and testicular hypoplasia [25]. 

As PTTG abundance correlates with pituitary gland tropic status, PTTG

transgenic mouse models may subserve the study of pituitary plasticity and

tumorigenesis association. Mice with heterozygous inactivation of retinoblas-

toma gene (Rb�/–) represent a well established model for pituitary tumors [27,

28]. Pttg inactivation in Rb��� mice results in relative protection from tumor

development [20]. While Rb��� mice have a cumulative pituitary tumor inci-

dence of 86% by 13 months, only 30% of compound Pttg�/�Rb��� mice

develop pituitary tumors by the same age (p � 0.01) [20]. In contrast, combined

Rb��� and targeted pituitary PTTG over-expression enhances pituitary hyper-

plasia and tumor prevalence. Compound �-GSU.PTTGxRb��� mice have
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enlarged pituitary glands, and 3.5-fold increase in the frequency of tumors

originating from �-subunit expressing cells [submitted]. A proposed depiction

of effects resulting from in vivo changes in pituitary PTTG content is shown in

figure 2. 

Conclusion

The molecular pathogenesis of pituitary tumors involves diverse mecha-

nisms, and progress in the search for primary causal abnormalities has been

modest. More likely, pituitary tumors develop as a result of a cascade of per-

missive abnormal events, in which the tropic status may represent either an

obstacle or a permissive growth milieu. Understanding the mechanisms for

controlling pituitary plasticity may therefore result in the ability to regulate

development and progression of pituitary tumorigenesis.
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Abstract
The anterior pituitary gland undergoes a process of cell renewal during the estrous cycle.

Although the occurrence of proliferation and death of anterior pituitary cells at specific stages

of the estrous cycle is well known, the underlying mechanisms that regulate these processes are

still being uncovered. In spite of the recognized proliferative effects of estrogens on lactotropes,

recent evidence shows that estrogens can also trigger antiproliferative and apoptotic responses

in anterior pituitary cells. In the present review we analyze the actions of gonadal steroids on

proliferation and death of anterior pituitary cells during the estrous cycle and the mediators

involved in these actions. Estradiol sensitizes anterior pituitary cells not only to mitogenic stim-

uli but also to apoptotic signals and upregulates local synthesis of tropic growth factors as well

as proapoptotic cytokines. Several growth factors and cytokines have been shown to induce

estrogen-dependent lactotrope proliferation and death, whereas progesterone antagonizes estrogen-

induced effects. These locally synthesized factors may mediate the effects of gonadal steroids

in the process of anterior pituitary cell renewal during the estrous cycle.

Copyright © 2006 S. Karger AG, Basel

Anterior pituitary functions, including hormone secretion and maint-

enance of tissue homeostasis, depend on hormones and neurotransmitters

released from the hypothalamus and the neural lobe, and on systemic hormones

secreted in the periphery, mainly from target glands. Also, hormones, growth

factors and cytokines synthesized locally in the pituitary gland regulate its func-

tion in an autocrine, juxtacrine and/or paracrine manner.

Although the anterior pituitary gland was classically considered a quies-

cent organ, in recent years this concept was reviewed and the plasticity of this

gland is now well recognized [1, 2]. Appropriate stimuli induce mitosis, apoptosis
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and cell differentiation during physiological conditions such as pregnancy, lac-

tation and the estrous cycle. At the end of pregnancy and during lactation, the

lactotrope subpopulation undergoes proliferation induced by high estrogen lev-

els and neuroendocrine responses triggered by suckling [3]. The bidirectional

interconversion between lactotropes and somatotropes has also been implicated

in the expansion of the lactotrope subpopulation during lactation and the reduc-

tion in the number of lactotropes at the end of this period [4]. However, strong

evidence supports the idea that cell death is an important mechanism to reduce

the size of the lactotrope subpopulation to values similar to those observed

before pregnancy [5]. In fact, cell proliferation and death at specific stages of

the estrous cycle have been implicated in cell renewal of the anterior pituitary

gland during each estrous cycle, though the underlying mechanisms are in the

process of being discovered.

Anterior Pituitary Cell Renewal

In the anterior pituitary gland, about 1.5% of the cells are renewed daily [6].

Lactotropes are the cell type with the highest rate of proliferation in this gland,

followed by somatotropes, corticotropes and gonadotropes [7]. Anterior pituitary

cells show a circadian rhythm in proliferation in both males and females [7, 8].

However, lactotrope proliferation rates, higher in females than in males [7], are

reduced by ovariectomy [1, 9], indicating that gonadal steroids are involved in

anterior pituitary cell turnover. In fact, the anterior pituitary gland undergoes

a process of cell renewal during the estrous cycle in the female rat that seems to

be dependent on cyclic changes in circulating sex hormone levels [7, 10, 11].

Plasma levels of estradiol begin to rise at diestrus, reach peak values at mid-

proestrus and then rapidly fall to basal levels on the morning of estrus, while sys-

temic levels of progesterone show a peak on the first day of diestrus and a higher

one in the evening of proestrus [12]. This hormonal profile has been suggested

to modulate both cell proliferation and death in the anterior pituitary gland during

the estrous cycle [13]. Pituitary cell proliferation takes place at estrus whereas

apoptosis occurs at proestrus, the lactotropes being the anterior pituitary cell

subpopulation with the highest turnover [8, 10, 14].

Anterior Pituitary Cell Proliferation

In estrogen-responsive tissues such as mammary gland, uterus and anterior

pituitary gland, mainly in the lactotrope subpopulation, estrogens act as potent

mitogens [1, 2]. However, increasing evidence suggests that the mitogenic
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action of estrogens on lactotropes is not a direct effect but depends on the secre-

tion of both hypothalamic and local factors. In fact, the delay between uterine

endometrial cell [15] and lactotrope proliferation after the proestrus peak of

estrogens supports an indirect effect of estrogens on the pituitary gland. The

estrogenic action on lactotropes may be partially exerted through its inhibitory

effect on the hypothalamic release of dopamine, a potent inhibitor of lactotrope

proliferation. Dopamine, through its D2 receptor short isoform reduces lac-

totrope proliferation by inducing the expression of an autocrine antiprolifera-

tive growth factor, transforming growth factor-�1 (TGF-�1), and its receptor

TGF-�1 type II [16]. The hypothalamic release of LHRH triggered by estradiol

in the afternoon of proestrus may also be involved in lactotrope proliferation at

estrus, this action of LHRH probably being mediated through angiotensin II

released from gonadotropes [17]. However, a body of evidence shows that

mitogenic actions of estradiol in the anterior pituitary gland are mainly exerted

by increasing the production of local growth factors, which in turn promote

proliferation and differentiation of lactotropes [1, 2]. Also, estradiol may

expand the lactotrope subpopulation by restraining the local synthesis of

antiproliferative autocrine and/or paracrine factors [1, 2].

Several growth factors, in particular, epidermal growth factor (EGF), TGF-�,

TGF-�, basic fibroblast growth factor (bFGF), insulin-like growth factor-I

(IGF-I) and IGF-II, among others, have shown to be involved in lactotrope cell

growth [1, 2, 18]. TGF-�, a recognized local mediator of the mitogenic effect of

estrogens, is produced in lactotropes and corticotropes, and shows mitogenic

activity in both cell types. Estradiol increases the expression of TGF-� and its

homolog EGF as well as EGF receptors in the anterior pituitary. The synthesis

of TGF-�3 from lactotropes is also stimulated by estradiol and mediates, in

part, the mitogenic effect of estradiol. TGF-�3 may not act in an autocrine man-

ner on lactotrope proliferation, but rather through the paracrine action of bFGF

synthesized by folliculostellate cells [1, 2]. Chronic administration of estradiol

also increases the anterior pituitary expression of IGF-I [19]. It has been pro-

posed that estradiol and growth hormone (GH) increase IGF-I release, which in

turn may stimulate lactotrope proliferation through vasoactive intestinal peptide

(VIP) [20]. VIP increases nerve growth factor (NGF) synthesis, which besides

stimulating lactotrope proliferation would act as an autocrine mediator of the

transdifferentiation of somatolactotropes to lactotropes [1]. Galanin, a neuro-

peptide produced by lactotropes in female rats and whose synthesis is stimu-

lated by estradiol, appears to be involved in the stimulatory effect of estrogens

on lactotrope proliferation [2]. On the contrary, estradiol decreases the expres-

sion of TGF-�1, an inhibitor of lactotrope proliferation [1, 2].

Although it is recognized that estrogens exert mitogenic actions on the lac-

totrope subpopulation, the effect of estrogens in the generation of prolactinomas
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is a subject of controversy [21]. In fact, the induction of prolactinomas in

rodents after estrogen administration is dependent on the strain: while Fischer

344 rats are extremely sensitive to estradiol or diethylbestrol treatment, other

strains, such as Sprague-Dawley, are resistant to generate pituitary adenomas

[22, 23]. Although the molecular basis of these differences have not been com-

pletely elucidated, the expression of estrogen receptors is similar in Fischer 344

and Sprague-Dawley strains [24], which suggests that downstream pathways

underlie the differences in sensitivity to tumor promotion between strains. In

fact, the expression of some tumor suppressor proteins is decreased or absent in

the pituitary of Fischer 344 rats. Loss of pRb, a tumor suppressor protein that

regulates G1 to S transition of the cell cycle, has been related to tumor suscep-

tibility in Fischer 344 rats to diethylstilbestrol [25]. Moreover, p53, another

tumor suppressor protein, remains undetectable in the pituitary of Fischer 344

rats after estrogen treatment whereas in Sprague-Dawley rats p53 and pRb are

even enhanced by this steroid [26]. Although p53 does not appear to undergo

mutations in human pituitary adenomas [21], since p53 is a key factor in the

surveillance of DNA stability, and induces apoptosis when DNA cannot be

repaired, the inhibition of p53-induced apoptosis could promote tumor progres-

sion. Also, a gene within the chromosomal interval of the estrogen-dependent

pituitary mass on chromosome 5 (Edpm5) has been reported to regulate the

switch to an angiogenic phenotype in Fischer 344 rat tumors [26]. On the other

hand, folliculostellate cells from Fischer 344 rats but not from Sprague Dawley

rats increase the mitogenic response of lactotropes to estradiol and produce

higher levels of estrogen-induced bFGF suggesting that the interactions

between folliculostellate cells and lactotropes may also be involved in the dif-

ferential susceptibility in the transition of hyperplasia to prolactinoma between

rat strains [27].

Estrogens can also exert antiproliferative effects on anterior pituitary cells.

It has been reported that chronic estrogen treatment inhibits the growth of the

MtT/W15 tumor, reducing the number of lactotropes [28]. Also, estradiol

inhibits in a dose-dependent manner the proliferation of the somatolactotrope

cell line GH3 [29]. Although a dominant negative estrogen receptor-� (ER�)

induces apoptosis in GH4 lactotrope cells, overexpression of wild-type ER�

inhibits estrogen-induced proliferation in this cell line [30]. Moreover, since

short-term estradiol treatment reduces the mitogenic effect of insulin and IGF-I

in primary cultures of pituitary cells, it was suggested that the net effect of

estradiol on lactotrope proliferation reflects two opposite actions: a short latency

antimitogenic action occurring in the presence of growth factors, and a long-

term mitogenic action that requires the synthesis of local mediators [31, 32].

Furthermore, estradiol stimulates the local release of tumor necrosis factor-�

(TNF-�) and sensitizes anterior pituitary cells to the antiproliferative effect of
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this cytokine [33, 34]. Estradiol also stimulates the release of interleukin 6 

(IL-6), a member of the gp130 cytokine family, from lactotrope and somatolac-

totrope tumoral cells [35]. IL-6 has paradoxical effects on anterior pituitary cell

proliferation. This cytokine is produced by folliculostellate cells in the normal

anterior pituitary, whereas in the majority of pituitary adenomas, in which fol-

liculostellate cells are rare or absent, tumor cells are the source of IL-6. IL-6

inhibits the growth of normal pituitary cells but stimulates pituitary tumor cell

proliferation [18]. Although the underlying mechanism for these opposing

growth effects of IL-6 on normal and adenomatous pituitary cells has not been

elucidated yet, it has been suggested that differences in the signaling pathways

may be responsible for these different mitogenic effects [35].

Apoptosis in the Anterior Pituitary Gland

During the estrous cycle, the apoptotic rate of the pituitary gland peaks in

the afternoon of proestrus [14]. In basal conditions, apoptosis has been observed

in gonadotropes, corticotropes, lactotropes and somatotropes in the anterior

pituitary gland [6, 11].

One of the cytokine receptor families expressed in the anterior pituitary

gland is the TNF superfamily whose members have been reported to initiate

signaling cascades leading to cell death. TNF receptors (TNFR) and Fas that

belong to this cytokine receptor family are critical regulators of the balance

between two opposing processes: binding to their cognate receptors can lead to

either cell survival or death. Death receptors TNFR1 and Fas are type I mem-

brane proteins with a conserved domain called death domain. Ligation of

TNFR1 by TNF-� or Fas by Fas ligand (FasL) induces trimerization of the

receptors resulting in the formation of a death-inducing signaling complex,

which through activation of caspases 8 and 10, leads to apoptosis. The initiator

caspases can either directly activate executioner caspase 3 or cleave Bid, a

proapoptotic member of the Bcl-2 family. The truncated Bid translocates to the

mitochondria stimulating cytochrome c release. Cytochrome c, together with

Apaf-1, form the apoptosome, activating caspase 9, which in turn activates cas-

pase 3. Then, caspase 3 and other effector caspases cleave substrates involved in

cell disassembling [36].

TNF-� is synthesized in somatotropes and its receptors are expressed in

the anterior pituitary gland [1, 37]. TNF-� release from anterior pituitary cells

is higher at proestrus than at diestrus. Also, the inhibitory effect of TNF-� on

anterior pituitary cell proliferation is predominant at proestrus and is estrogen-

dependent [34]. TNF-� exerts an estrogen-dependent proapototic action on lac-

totropes and somatotropes [11, 13].
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Fas and FasL are expressed in several pituitary cell types, mainly in lac-

totropes and somatotropes [38]. The expression of both Fas and FasL is higher

in the anterior pituitary cells of rats at proestrus. Similarly to other estrogen-

responsive tissues, the expression of the Fas/FasL system in anterior pituitary

cells is upregulated by estradiol [38].

The apoptotic response of anterior pituitary cells to death receptor activa-

tion varies over the estrous cycle. Apoptosis induced by TNF-� is observed in

lactotropes and somatotropes of rats at proestrus, whereas cells of rats at diestrus

do not respond to this cytokine (fig. 1). Also, Fas activation induces apoptosis

only in anterior pituitary cells of rats at proestrus but not at diestrus (fig. 1). In

addition, the increase in the apoptotic index induced by lipopolysaccharide
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Fig. 1. Apoptosis in anterior pituitary cells from rats killed at selected stages of the

estrous cycle. a Effect of TNF-� (50 ng/ml) on the percentage of apoptotic lactotropes and

somatotropes. Each column represents the percentage � CL of TUNEL-positive cells. b Effect

of Fas activation on the percentage of apoptosis in anterior pituitary cells. Cells were incubated

with an agonistic anti-Fas antibody (1 �g/ml, Mab-Fas). **p � 0.01, ***p � 0.001 vs. respec-

tive controls (�2 test). Modified with permission from Endocrinology [11, 13, 38].
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(LPS) administration in the anterior pituitary gland is higher at proestrus than at

other stages of the estrous cycle [39]. The highest apoptotic rate in the anterior

pituitary gland at proestrus coincides with the highest expression of Bax, a

proapoptotic member of the Bcl-2 family [14]. Therefore, anterior pituitary cells

show cyclic changes in sensitivity to proapoptotic factors depending on the

cyclic pattern of circulating gonadal hormones during the estrous cycle.

Lactotropes show high sensitivity to proapoptotic stimuli at proestrus [11, 38],

when circulating levels of estrogens are the highest [12].

Control of apoptosis in anterior pituitary cells by gonadal steroids could be

exerted either directly or through regulation of the release of hypothalamic fac-

tors. It has been suggested that LHRH is involved in the inhibition of apoptosis at

estrus [14]. Since dopamine receptor expression is highest at proestrus and

dopamine is known to induce apoptosis of somatolactotrope GH3 cells, it could

also be participating in the apoptosis of anterior pituitary cells at this stage of the

estrous cycle [16, 40]. Nevertheless, gonadal steroids may modulate the processes

of cell death in the anterior pituitary mainly by direct action. In fact, in primary

cultures of anterior pituitary cells, TNFR and Fas activation induces apoptosis of

lactotropes only when cells are incubated with 17�-estradiol (fig. 2). Interestingly,

chronic estrogen treatment induces apoptosis in the anterior pituitary gland [39].

Also, in vitro studies showed that estradiol induces per se apoptosis of soma-

totropes (fig. 2). Although the mechanisms involved in the apoptotic action of

estrogens in the anterior pituitary have yet to be elucidated, it was shown that

chronic estrogenization increases the expression of tumor suppressor genes such

as p53 [25]. Another mechanism that could be involved in the proapoptotic effect

of estradiol is the modulation of the mitochondrial death regulation pathway. The

expression of Bax is higher at proestrus, when estrogen levels are high [14]. Also,

estradiol increases the expression of Bad, another proapoptotic member of this

family, in the anterior pituitary gland [41].

Estradiol-induced apoptosis of somatotropes and the permissive action of

estradiol on TNF-�-induced apoptosis on both lactotropes and somatotropes are

antagonized by progesterone (fig. 2). Progesterone also inhibits some other

actions of estrogens in the anterior pituitary, such as stimulation of cell prolifer-

ation and prolactin release [42]. Since the expression of progesterone receptors

is confined to gonadotropes, these progesterone effects as well as their cytopro-

tective effect on lactotropes and somatotropes may be indirect and mediated by

the paracrine action of growth factors and cytokines. Also, the antiapoptotic

action of progesterone may involve changes in the distribution of estrogen

receptors [42] and in the ratio of proapoptotic to antiapoptotic proteins of the

Bcl-2 family [43].

Estradiol stimulates TNF-� release from anterior pituitary cells and

enhances the stimulatory effect of LPS on TNF-� release suggesting that both
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Fig. 2. Effect of gonadal steroids on TNF-�- and Fas-induced apoptosis of lactotropes

and somatotropes of OVX rats. a Lactotropes and somatotropes of OVX rats cultured with

vehicle (ethanol 1 �l/l, VEH), 17�-estradiol (10�9 M, E) or 17�-estradiol plus progesterone

(10�6 M, E�P) were incubated in the presence of TNF-� (50 ng/ml). **p � 0.01,

***p � 0.001 vs. respective controls without TNF-�, ^^p � 0.01, ^^^p � 0.001 vs. respec-

tive controls without 17�-estradiol (�2 test). b Lactotropes from OVX rats cultured with

vehicle or 17�-estradiol (10�9 M, E) were incubated in the presence of anti-Fas antibody

(1 �g/ml, Mab-Fas). ***p � 0.001 vs. respective controls without Mab-Fas, ^^^p � 0.001

vs. respective controls without 17�-estradiol (�2 test). Modified with permission from

Endocrinology [11, 13, 38].
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basal and LPS induced TNF-� release from anterior pituitary cells is estrogen-

dependent. Therefore, this gonadal steroid may be responsible for the higher

levels of TNF-� release at proestrus [33]. Since estradiol induces apoptosis in

the anterior pituitary gland and enables the proapoptotic action of LPS [39],

estrogens may be involved in anterior pituitary cell renewal during the estrous

cycle, sensitizing lactotropes, and probably other cell types, to proapoptotic

factors.

Concluding Remarks

Estradiol stimulates cell proliferation and prevents apoptosis in many tis-

sues but, in specific conditions, cells respond paradoxically to this gonadal

steroid and undergo apoptosis [44]. Estrogens have classically been recognized

as potent mitogens in the anterior pituitary gland. The majority of in vitro

studies investigating direct actions of estradiol on cell proliferation, and also

apoptosis, have used estrogen-responsive cell lines, so that the proliferative

response in these cell lines may not represent the normal physiological respon-

se of anterior pituitary cells. Estrogens can trigger antiproliferative and apop-

totic responses in lactotropes. Therefore, estradiol may participate in anterior

pituitary cell renewal by sensitizing the cells not only to mitogenic stimuli but

also to apoptotic signals. Cyclic expression of many hormones, growth factors

and cytokines induced by estradiol during the estrous cycle may account for

the rapid cyclical proliferative and apoptotic activity in anterior pituitary cells.

The steroid milieu on the morning of proestrus could increase local production

of auto-/paracrine proapoptotic factors and/or their receptors, which, in turn,

would lead to apoptosis of anterior pituitary cells (fig. 3). Considering that the

expression of TNF-� and the Fas/FasL system in anterior pituitary cells is

higher at proestrus and stimulated by estradiol, it is possible that these media-

tors could participate in the process of anterior pituitary cell renewal during

the estrous cycle, triggering apoptosis at proestrus. Also, the proapoptotic

action of estradiol seems to be mediated by modifying phenotypic features

that enhance the responsiveness of anterior pituitary cells to proapoptotic fac-

tors [44].

Progesterone may act as a survival factor in the anterior pituitary gland.

On the morning of proestrus, when circulating levels of progesterone are still

low, estrogen levels peak. This steroid profile may sensitize the anterior pitu-

itary gland to proapoptotic signals at this stage of the estrous cycle. On the

contrary, low circulating levels of estrogens and/or high progesterone levels

may impair apoptosis of anterior pituitary cells at other stages of the estrous

cycle (fig. 3).
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Even though the percentage of anterior pituitary cells renewed in each sex-

ual cycle is low, dysregulation of this process during reproductive life in

females may have consequences such as the generation of pituitary hyperplasia

or tumors. Tumoral cells, such us GH3 and AtT20 undergo apoptotic cell death

after overexpression of TNF-� and FasL [unpubl. results] suggesting that death

signaling cascades triggered by TNFR1 and Fas are also present in tumoral pitu-

itary cells. Considering that regulation of tissue homeostasis results from a bal-

ance between cell proliferation and death, and that cells with genetic alterations

are physiologically eliminated by apoptosis, defects in cell death processes play

an important role in tumor genesis and progression. Since apoptosis is a key

event in the regulation of anterior pituitary cell renewal, death receptors could

be considered as a target for the treatment of pituitary adenomas.
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Fig. 3. Model for gonadal steroid regulation of proliferation and apoptosis of lac-

totropes (PRL) and somatotropes (GH). Estrogens stimulate lactotrope proliferation and the

differentiation of somatotropes into lactotropes. They also enhance the expression of TNF-�

and the Fas/FasL system and sensitize lactotropes to proapoptotic stimuli. Estradiol not only

sensitizes somatotropes to the proapoptotic effect of TNF-� but also induces apoptosis in this

cell type. Progesterone antagonizes both the mitogenic and proapoptotic action of estrogens.

High circulating levels of estrogens and low levels of progesterone may trigger apoptosis of

lactotropes at proestrus.
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Abstract
Bone morphogenetic protein-4 (BMP-4), a member of the transforming growth factor-�

(TGF-�) family, is overexpressed in different prolactinoma models and induces the develop-

ment of these lineage adenomas. SMAD proteins activated by growth factors of the TGF-�

and BMP family interact with estrogen receptors to stimulate the proliferation of prolactin

and growth hormone-secreting cells. Furthermore, BMP-4 presents differential expression in

normal and adenomatous corticotropes and inhibitory action on corticotropinoma cell prolif-

eration. Moreover, BMP-4 mediates the antiproliferative action of retinoic acid in these cells.

The present review highlights not only the crucial and opposite role of BMP-4 in the pro-

gression of pituitary adenomas but also that BMP-4 and retinoic acid interaction might serve

as a potential new mechanism target for therapeutic approaches for Cushing disease.

Copyright © 2006 S. Karger AG, Basel

The BMPs Family/TGF-� Superfamily

The bone morphogenetic proteins (BMPs) are members of the transform-

ing growth factor-� (TGF-�) superfamily. TGF-� is a still growing superfamily

of cytokines with widespread distribution and diverse biological functions.

They fall into several subfamilies including the TGF-�1, 2 and 3, the BMPs, the

*Members of the IFYBINE, Argentine National Research Council (CONICET). 
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growth/differentiation factors (GDFs), the nodals, the activins and inhibins, the

anti-müllerian hormone and members of the glial cell line-derived neurotrophic

factor family [1, 2]. These factors regulate many different cellular events,

including cell differentiation during embryonic development, cell adhesion,

migration, proliferation, death and transformation throughout the life span of

the organism [1, 2]. For this reason the TGF-� superfamily signaling pathway is

under intense investigation, including the pituitary where it exert an important

regulatory role.

The signal transduction pathway of the superfamily begins with the ligand

binding to its specific receptor. There are two different transmembrane protein

serine/threonine kinases known as receptor types I and II, and upon ligand bind-

ing to receptor type II these two receptors are brought together. In this ligand-

induced complex the receptor II phosphorylates receptor type I kinase,

resulting in its activation. Thus, this is the initial step during intracellular sig-

naling. Receptor type I activation allows the signal propagation through recog-

nition and phosphorylation of the Smad subgroup known as receptor-activated

Smads (R-Smads). This subgroup includes Smad2 and Smad3 which are specif-

ically recognized by TGF-� and activin receptors and Smad1, Smad5 and

Smad8 activated by BMP receptors. Upon phosphorylation the R-Smads

undergo homotrimerization and formation of heteromeric complexes with the

Co-Smad, Smad4 that is the only Smad protein common to all R-Smad [3]. The

activated Smad complexes then translocated into the nucleus and in association

with other nuclear cofactors bind to target sequences to regulate gene trans-

cription. Another subgroup of Smad proteins are the I-Smads, Smad6 and

Smad7, which compete with R-Smads for receptor or Co-Smad interaction or

by inducing receptor degradation, thus the I-Smads negatively regulate TGF-�

signaling [3].

Other mechanisms to inhibit or downregulate TGF-� signaling also exist.

Receptor activation is regulated by a group of soluble proteins, which have the

ability to bind TGF-� family factors and prevent the binding to their receptors

thus controlling the extracellular phase of the TGF-� pathway. This group

includes the latency-associated protein (LAP), the small proteoglycan decorin

and the circulating protein �2-macroglobulin, which all bind free TGF-�; follis-

tatin which binds to activins and BMPs; and noggin, chordin and the related

factors caronte, cerberus and gremlin that specifically bind BMP members [4].

Receptor activation is also inhibit by the decoy receptor BAMBI, this protein

competes with the type I receptor for ligand-induced receptor dimerization. The

intracellular protein FKBP12 also binds to the unphosphorylated type I receptor

preventing its activation. Furthermore, dephosphorylation in addition to ubiqui-

tination and proteasome-mediated degradation of the activated R-Smads and

TGF-� receptors (mediated by Smurf1 and Smurf2) are two known mechanisms
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to shut down TGF-� signaling. As mentioned above, the inhibitory Smads,

Smad6 and Smad7, play an important role in this signaling inactivation process.

Smad7 directly binds to the activated type I TGF-� receptor upon TGF-� and

BMP stimulation and inhibits phosphorylation of R-Smads. On the other hand,

Smad6 specifically inhibit BMP signaling by competing with the activated

Smad1 for Smad4 binding, it serves as a Smad4 decoy [reviewed in 3].

BMP family members have been originally studied by their ability to induce

ectopic cartilage and bone formation when injected in experimental animals

models [5]. Today, it is well known that that they not only promote differentiation

of bone lineage cells [6, 7] but also regulate cellular division, apoptosis, cellular

determination, differentiation and morphogenesis [reviewed in 8].

Because of its participation in several embryonic events, BMP-4 is one of

the most studied members of the BMP family. BMP-4 is known to be involved

in mesoderm development and cellular commitment during and after the gas-

trulation process [9, 10]. This important role during development has been

shown by studying BMP-4 spatial and temporal expression in mouse embryos,

and it has been observed that BMP-4 expression is indeed induced in future

mesodermic structures [11]. Moreover, the BMP-4 knock-out mouse supported

this result as this mutation is lethal before or during the gastrulation process and

there is a lack of embryonic mesoderm differentiation in these mice [10].

At the organogenesis level BMP-4 (among with other BMPs) is involved in

epidermis differentiation and inhibits the induction of neuronal ectodermic tis-

sue. Experiments in Xenopus embryos have demonstrated that during neuronal

development BMP-4 expression is lost in the presumptive neuronal tissue and is

only detected in the epidermis [12, 13]. Moreover, a dominant negative form for

BMP-4 or for the BMP-4 receptor promotes the differentiation of neuronal tis-

sue in the ectoderm during Xenopus development [12, 14], supporting the neg-

ative role of BMP-4 during neuronal organogenesis. Noggin, cordina and

folistatina are known factors that play an important role in neuronal differentia-

tion by the inhibitory action of BMP-4 [15, 16]. BMP-4 is also involved during

other tissue organogenesis, e.g. BMP-4 promotes tissue development in lungs,

liver, kidney, the urinary system and teeth [8, 17–19].

Expression of  TGF-� Superfamily Factors/Receptors 

during Pituitary Development

Several members of the TGF-� family are expressed in the pituitary gland

at different stages of differentiation where they have crucial roles. During pitu-

itary organogenesis BMP-2 and BMP-4 have been shown to play a role in the

initial steps of the development of the anterior pituitary [20]. For instance in a
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first stage, BMP-4 is required for the proliferation of the Rathke pouch placode,

which gives rise to prolactin-secreting cells, among others. The overexpression

of noggin or a dominant negative BMP receptor (BMPR1A) in the anterior pitu-

itary leads to an arrest in the development of prolactin-secreting cells [20].

During the second pituitary organogenesis stage, an inhibition of BMP-2 ven-

trodorsal gradient by an FGF8 dorsoventral gradient leads to corticotrope dif-

ferentiation [21–24]. Overexpression of FGF8 in the developmental pituitary

results in the absence of Pit-1 lineage cells and enhanced corticotrope differen-

tiation, suggesting that it is necessary to inhibit BMP signaling for normal cor-

ticotrope development [24, 25]. Thus, regulation of BMP signaling is an

important event for the proper organogenesis of pituitary lineage cells.

BMP-4 Expression and Action in Adult Pituitary Cells

As a first step in order to elucidate the mechanisms leading to pituitary

pathogenesis we compared, by mRNA differential display PCR, the gene

expression pattern of normal anterior pituitaries versus prolactinomas [26]. We

observed that the BMP extracellular inhibitor noggin was downregulated in

spontaneously developed prolactinomas taken from dopamine D2-receptor-

deficient (D2R�/�) female mice, as compared to the normal pituitary of wild-

type mice. On the other hand, BMP-4 was overexpressed in prolactinomas not

only from the D2R�/� mice but also in other prolactinoma models, including

estradiol-induced rat prolactinomas and human prolactinomas, as compared to

normal tissue and other pituitary adenoma types. Also, we found that BMP-4

stimulated cell proliferation in vitro and promoted expression of the oncogene

c-Myc in human prolactinomas, while it had no action in other human pituitary

tumors. Given that Smads proteins mediate BMP-4 signaling and to further

study the role of BMP-4 in tumor formation in nude mice, GH3 clones stably

transfected with a Smad-4 dominant-negative (GH3-Smad-4dn) protein were

produced and injected into nude mice. GH3-Smad-4dn cells formed small

slow-growing tumors that did not express c-Myc as compared to control cells.

Tumor growth and c-Myc expression were recovered when the Smad-4dn

expression was lost, proving direct evidence that BMP-4/Smad-4 are involved

in tumor development in vivo. These results also showed that BMP-4-positive

growth signaling in the control of PRL-secreting cells overrides the negative

effect of TGF-�, since GH3 Smad-4dn cells (which do not respond to either

BMP-4 or TGF-�) have a blunted growth in nude mice. Furthermore, cell pro-

liferation was upregulated by an overlapping intracellular signaling mechanism

between BMP-4 and estrogens, and that their action was partially inhibited by

blocking either pathway with the reciprocal antagonist, showing that BMP-4
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effects are partially mediated by the estrogen receptor and that conversely, estradiol

effects are partially mediated by Smad-4. Futhermore, by co-immunoprecipitation

studies it was demonstrated that Smad-4 physically interacts with the ER [26].

The fact that the reciprocal antagonists only have a partial effect suggests that

their cross-talk is not the exclusive pathway and that both BMP-4 and estradiol

stimulate cell proliferation by other parallel mechanisms. But the fact that

antiestrogens partially inhibit the effects of BMP-4 in prolactinoma cells sug-

gests that the cross-talk between BMP-4 and estrogens could be a new target for

specific antiestrogenic drugs. Moreover, the physical interaction between

Smad-4 and ER may be present not only in prolactinoma cells but also in other

cells such as breast tumors and bone, in which both estrogens and the TGF-�

family play important roles [27, 28]. A physical interaction between ER and

TGF-�-induced Smad-3 has also been recently shown in a reconstituted TGF-�

and ER signaling system in the 293T cell line [29]. On the basis of these results,

we propose that prolactinomas, in which BMP-4 stimulates cell proliferation,

may be an interesting model to investigate the mechanisms that regulates the

escape from the inhibition of cell proliferation by TGF-� family members in

tumor cells.

Taking the crucial role of BMP-4 during pituitary organogenesis and pro-

lactinoma tumorigenesis into consideration, we recently decided to study its

potential action in the growth of corticotropinomas. Using AtT-20 corti-

cotropinoma cells as a model, we demonstrated that BMP-4 inhibited both

endogenous ACTH production and forskolin-induced ACTH stimulation in a

dose-dependent manner and this inhibitory effect was blocked by noggin [30].

These results are in agreement with recently published data showing that 

BMP-4 has an inhibitory effect on the transcriptional activity of the POMC

promoter [31]. To further establish the actions of BMP-4 on the physiology of

corticotrope cells, we studied cell proliferation. BMP-4 inhibited not only 

AtT-20 cell proliferation but also c-myc promoter transcriptional activity. Based

not only on these results and our previous ones but also on the fact that different

studies that place the TGF-� family as important regulating factors in pituitary

tumor development exist [32, 33], we studied a possible role for BMP-4 in the

tumorigenicity of corticotrope cells in vivo. Considering the BMP-4 inhibitory

action in vitro, we hypothesized that blocking BMP-4 inhibitory growth control

would result in enhanced tumor growth. Thus, in order to observe differences in

tumor growth, nude mice were injected with a suboptimal concentration of AtT-

20 cells stably transfected with an empty vector, Smad-4dn or with noggin. At

low cell concentration doses AtT-20 cells present no tumorigenic capacity when

injected into nude mice. In contrast, AtT-20 Smad-4dn and AtT-20 noggin

clones, in which the BMP-4 signaling pathway is blocked, developed visible

tumors starting at 1 week after injection as well as symptoms of Cushing disease.
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Therefore, inhibition of the BMP-4 signaling results in an increase of the

AtT-20 cells tumorigenic potential demonstrating an inhibitory role of BMP-4

in the development of corticotrope tumors in vivo [30].

In agreement with BMP-4 inhibitory function during the development of

corticotropinomas, BMP-4 expression was detected in 40% of endocrine cells

in the normal adenohypophysis and most of the BMP-4 immunopositive cells

were somatotropes and corticotropes but not lactotropes. On the other hand,

there was a reduction of BMP-4 expression in corticotropinomas. Thus, BMP-

4, a corticotrope growth inhibitor was expressed in the normal pituitary but was

reduce in corticotrope tumors. This imbalance may allow growth promotion in

corticotrope tumors.

Role of BMP-4 in Mediating Retinoic Acid Effects 

on Corticotropes

Recently, we have demonstrated that retinoic acid treatment reduced proo-

piomelanocortin (POMC) gene transcription and ACTH production by inhibiting

the AP-1 and Nur77/Nurr1 transcriptional activities in pituitary ACTH-secreting

tumor cells [34]. Also, in vivo experiments have shown that retinoic acid admi-

nistration completely blocks the growth of corticotrope tumors and reverses the

endocrine alterations and symptoms of Cushing disease [34]. In AtT-20 corti-

cotrope cells retinoic acid treatment induces not only BMP-4 transcriptional

activity but also BMP-4 expression and expression of COUP-TFI, an inhibitor

of retinoic acid response pathways [35–38], blocks the stimulatory effect of

retinoic acid. In cell proliferation assays both BMP-4 and retinoic acid inhibit

AtT-20 cell proliferation, but there was no further inhibition in the presence of

both factors even at low doses suggesting that they may share an overlapping

(saturated at low doses) mechanism. As mentioned above, a cross-talk mecha-

nism between BMP-4 and estrogens that regulates cell proliferation and a phys-

ical interaction between steroid receptors and Smads proteins actually exists

[26, 29, 39] so an interaction between Smad proteins and the retinoic acid

receptor could not be excluded. Also several studies have also established a dif-

ferent interaction between retinoic acid and BMPs [40–42] and considering that

retinoic acid induces BMP-4 transcriptional activity and protein levels, the

inhibitory effect of retinoic acid may be through BMP-4 induction. In AtT-20

noggin and AtT-20 Smad4-dn, the inhibitory effect of retinoic acid is abolished

so we can conclude that retinoic acid, besides the possibility of a further

crosstalk with BMP-4 signaling pathway, is acting through the induction of

BMP-4 expression, which in turn has a central role in preventing corticotrope

cell proliferation and tumoral cell growth [30].
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Conclusions

The pathogenic mechanisms leading to prolactinomas and development of

Cushing disease still remains an open question. We have demonstrated that

BMP-4, which is crucial during pituitary organogenesis, has an opposite role in

the different pituitary lineage adenomas (fig. 1). BMP-4 promotes the pathogen-

esis of pituitary prolactinomas through a Smad/estrogen receptor crosstalk but

inhibits the pathogenesis of corticotrope cell proliferation and Cushing disease.
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Fig. 1. BMP-4 promotes pituitary prolactinoma pathogenesis through a Smad/estrogen

receptor crosstalk but inhibits ACTH production, corticotrope pathogenesis and Cushing dis-

ease, highlighting the important role of BMP-4 in the development of pituitary tumors in

vivo. Retinoic acid also inhibits corticotrope cell physiology and induces BMP-4 transcrip-

tion and expression so that its antiproliferative effect is mediated in part through BMP-4

induction.
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At this stage, it remains to be established which is the trigger for BMP-4 action

(enhancement of proliferation in prolactinomas and loss of inhibition control in

Cushing disease corticotrope proliferation) in adult pituitary tumor cells. Thus,

BMP-4 acts as a regulator not only of pituitary cells undergoing differentiation

of organogenesis, but also of transformed, not normal, adult pituitary cells, and it

has a pituitary linage cell specificity during the tumorigenic process.
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Abstract
Prolactin-secreting adenomas (prolactinomas) are the most prevalent form of pituitary

tumors in humans. Our knowledge of the formation of these tumors is limited. Experimental

work in animal has uncovered that estradiol exposure leads to prolactinoma formation via

orchestrated events involving dopamine D2 receptors, transforming growth factor-� (TGF-�)

isoforms and their receptors, as well as factors secondary to TGF-� action. Additionally,

these studies determined that TGF-� and b-FGF interact to facilitate the communication

between lactotropes and folliculo-stellate cells that is necessary for the mitogenic action of

estradiol. The downstream signaling that governs lactotropic cell proliferation involves acti-

vation of the MAP kinase p44/42-dependent pathway.

Copyright © 2006 S. Karger AG, Basel

Pituitary tumors are primarily adenomas; they account for approximately

10–15% of intracranial tumors. They cause significant morbidity due to local

invasion, hypopituitarism or hormone hypersecretion [1, 2]. Pituitary tumors

are classified as either functioning and secreting excessive amounts of active

hormones, or as endocrinologically inactive and secreting no hormones or inac-

tive hormones. Pituitary tumors are also classified by virtue of their size into

the arbitrary division of those less than 1 cm as microadenomas and those more

than 1 cm as macroadenomas. Pituitary tumors secreting excess prolactin are

characterized as prolactinomas. Prolactinomas are the most frequently occur-

ring neoplasm in the human pituitary [3, 4]. In the general population, 1:2,800

men and 1:1,050 women are considered to have prolactinomas [5]. In human

subjects, prolactinomas occur as both macroadenomas and microadenomas. In

addition, mixed growth hormone and prolactin-secreting adenomas are docu-

mented to exist in a substantial number of acromegaly patients.
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Hyperprolactinoma is a condition in which plasma prolactin (PRL) levels are

elevated above normal levels. Hyperprolactinemia, with elevation of serum pro-

lactin of more than 200 ng/ml, is characteristically associated with prolactinomas

[6]. Hyperprolactinemia causes reproductive dysfunction such as amenorrhea,

galactorrhea, and infertility in women [7]. Amenorrhea and galactorrhea may

occur alone or together [8]. Up to 25% of patients with secondary amenorrhea

have been diagnosed with hyperprolactinemia. Many of these patients showed

micro-prolactin adenomas or macro-prolactin adenomas in the pituitary. Although

treatments that alter central dopaminergic neuronal functions cause an elevated

serum PRL level, in most cases hyperprolactinemia is due to a pituitary tumor. In

women, prolactinomas are mainly microadenomas. These microadenomas are

rarely associated with hypopituitarism or central nervous system dysfunction.

Idiopathic hyperprolactinemia, without demonstrable pituitary or hypothalamic

disease, has also been identified. In men, prolactinomas are mainly macroadeno-

mas [9]. These patients often exhibit gynecomastia, impotence, decreased libido,

and reduced reproductive hormone levels [10].

The genesis of prolactinoma in lactotropes of the pituitary gland or other pitu-

itary tumors remains for the most part a subject of speculation and debate because

cells involved in the formation of adenoma may be derived from monoclonal or

polyclonal expansion and may have phenotypes that change during tumor develop-

ment and therefore are very hard to discern. However, information of genetic mod-

ifications that increase the risk factors for lactotropic tumors has begun to decipher

from animal studies in which prolactinoma is induced by estrogen.

Animal Model for Studying the Genesis of Prolactinomas

Aging Rats and Mice

Prolactinomas are not only the most frequently occurring neoplasm in the

human pituitary, but these tumors also commonly occur in laboratory animals. A

10–86% incidence of spontaneous pituitary adenomas was reported in male and

old female rats of different strains, especially during aging [reviewed in 11]. The

incidences of pituitary adenomas in aging Wistar male and female rats, Charles

River COBS male rats, and Long-Evans female rats are 56%, 10–51% and 56%,

respectively. Most of these adenomas in laboratory rats are prolactinomas.

Evidence for aging-induced prolactinomas in humans is currently lacking.

Estrogen-Treated Rats

Pituitary tumors in experimental animals can be induced by estrogen. Most

of these estrogen-induced pituitary tumors are PRL- or GH-secreting tumors [12].

In both sexes of rats, long-term elevation of serum estrogen causes hyperplasia
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and/or adenomas [13, 14]. In Fischer-344 female rats, maintenance of constant

elevated systemic estradiol level within the range of 100–300 pg/ml by subcuta-

neously implanting a 17�-estradiol-containing capsule induces prolactinomas

very rapidly; within 2 weeks of estrogen implantation, significant hyperplasic

response of lactotropes is evident [11, 13, 15, 17]. Estradiol administration also

induces prolactinomas both in ovary intact or ovariectomized ACI rats [16].

Synthetic estrogen diethylstilbestrol also causes pituitary hyperplasia and neo-

plasm in Fischer 344 rats [17].

Estrogen also appears to increase the risk factors for prolactinomas in

humans. There are reports of the development of prolactinemia in a male to

female transsexual receiving massive doses of estrogen [19]. There is evidence

of growth of microprolactinoma to a macroprolactinoma during estrogen ther-

apy [20]. Women taking oral estrogen contraceptive showed higher PRL levels

[21]. Women using oral contraceptive due to menstrual irregularities showed a

7- to 8-fold higher incidence of prolactinomas [22]. Data suggest that some

women are more sensitive to the lactogenic effects of exogenous estrogen and,

therefore, may be at greater risk for developing prolactinomas [23]. During

pregnancy, estrogen levels elevate and the number of prolactin-secreting cells

and serum PRL content increases. These elevated levels of estrogen are associ-

ated with symptomatic pituitary tumor enlargement in up to 30% of women

with macroadenomas and may result in persistent hyperprolactinemia and post-

partum amenorrhea or galactorrhea [24]. However, the risk for development of

significant clinical symptoms related to tumor expansion is less than 2% in

pregnant women with microadenomas [9]. There appears to be a close associa-

tion between the use of oral estrogenic contraceptives and the onset of amenor-

rhea, often accompanied by galactorrhea [25–27]. Certain subsets of humans

and animals are more sensitive to estrogen’s mitogenic properties than the

general population [28, 29]. Hence, estrogen can be considered a risk factor for

the development of prolactinomas in some laboratory animals and in a certain

population of humans. At present, there is no answer as to why some humans

and animals are more responsive to estrogen’s actions. However, it is interesting

to note that there are slight structural differences in the pituitaries of estrogen-

sensitive Fischer-344 and estrogen-insensitive Sprague-Dawley rats, including

a difference in the number of supporting folliculo-stellate cells [30]. The differ-

ences in folliculo-stellate cell numbers between these two strains could be

significant in tumorigenesis because these cells are a major source of bFGF,

which regulates lactotropic cell proliferation [31].

Alcohol-Treated Rats

Several reports show evidence for the existence of high levels of PRL in

chronic alcoholic men and women. In a study conducted by European scientists,
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include organochlorine pollutants such as PCBs and DDT, which are known to

persist in the environment. Experimental studies have confirmed that DDT

mimics estrogen in MCF-7 cells [45]. Bisphenol A (BPA) is the monomeric

component of polycarbonate plastics used in many consumer products and has

estrogenic activity in MCF-7 cells in vitro [46]. BPA has been shown to induce

hyperprolactinemia in estrogen-sensitive Fisher 344 rats by increasing PRL

gene expression in the pituitary gland. Furthermore, BPA exerts its influence at

the PRL gene transcription level by activating the estrogen response element

(ERE) in pituitary cells [47]. Although there is a body of evidence to support

xenoestrogens as a possible public health hazard, the carcinogenic potency of

these compounds is much lower than that of estradiol [48].

Cell Cycle, Genomic Instability, and Tumorigenesis in 

Lactotropes in Estrogen-Treated Rats

Factors Regulating Estrogen Mitogenic Action

A number of factors are both estrogen-dependent and affect lactotropic

proliferation, differentiation, and/or transformation. However, the relatedness

of these factors in the mediation of estrogen action on cell functions is not well

understood. Some such estrogen-regulated factors include epidermal growth

factor (EGF), platelet-derived growth factor (PDGF), insulin-like growth factor

(IGF)-1, transforming growth factor-� (TGF-�), basic fibroblast growth factor

(bFGF), fibroblast growth factor-4 (FGF-4), interleukin-2 (IL-2) and IL-6,

nerve growth factor (NGF), and transforming growth factor-� (TGF-�). A

stimulatory action for EGF, TGF-�, PDGF, IGF-1, and IGF-2 is shown on mes-

enchymal cell growth. EGF, TGF-�, IGF-1 and IGF-2 also stimulate epithelial

cell growth [49]. During the developmental period, estrogen can stimulate the

growth of all cell types; however, in the adult, estrogen action is restricted pri-

marily to epithelial cells [50]. It is not known why such a dichotomy exists in

the adult. It could be due to expression or lack of expression of inhibitory or

stimulatory factors that interact with estrogen. Estrogen’s action on epithelial

cells often depends on the presence of mesenchymal cells [51]. This is yet

another way in which estrogen-varied actions could occur through common

receptors. The response to estrogen would depend not only on the cell that dis-

plays proliferation or differentiation but also on neighboring cells. This is sup-

ported by the fact that estrogen actions in some cases can be displayed only in

vivo or in specific culture conditions. Although the actions of many of these

estrogen-responsive growth regulatory factors have been tested in tumor lac-

totropes (e.g. GH3 cells) or in mixed pituitary cell populations [52–58], the

actions of most of these factors in primary lactotropes have not been tested or
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persistent hyperprolactinemia was observed in 16 alcoholic women during a 

6-week treatment trial [32]. These patients reported daily alcohol intake of 170 g

for a period between 2 and 16 years period but had no clinical evidence of alco-

holic liver cirrhosis. In a study reported by Japanese scientists, 22 of 23 women

admitted for alcoholism treatment had PRL levels above normal that ranged

between 27 and 184 ng/ml. These women reported drinking an average of 84.1 g

of alcohol each day for at least 7 years. None of these patients showed liver cir-

rhosis, but 10 had hepatitis and the rest had fatty liver [33]. Studies conducted in

a Massachusetts general hospital in the US reported hyperprolactinemia

(22–87 ng/ml) in 6 of 12 alcohol-dependent women who had a history of drink-

ing 75–247 g of alcohol per day for a minimum period of 7 years [34]. Alcohol-

induced hyperprolactinemia is also reported in healthy, well-nourished women

during residence on a clinical research ward for 35 days [35]. Sixty percent of

women in the heavy drinker category (blood alcohol level 109–199 mg/dl) and

50% of moderate drinkers (blood alcohol levels 48–87 mg/dl) showed elevated

PRL levels, and many of these drinkers had elevated PRL several days after ces-

sation of drinking. Alcohol-induced hyperprolactinemia was also evident in 66

postmenopausal women [36]. The increase in PRL in these patients, however,

was associated with increased androgen conversion to estradiol, possibly due

to liver cirrhosis. Alcoholic men also showed elevated plasma levels of PRL

[37–39]. Male alcoholic patients frequently show evidence of feminization that

is manifested by gynecomastia, spider angiomata, palmar erythema and changes

in body hair patterns [10]: a potential role for PRL and estradiol in the pathogen-

esis for the observed feminization. Thus, it appears that chronic alcohol adminis-

tration in humans causes increased estrogen production and PRL elevation.

Alcohol-induced hyperprolactinemia has also been demonstrated in nonhu-

man primates [40]. Studies conducted in macaque female monkeys showed that

in some, but not all, of the monkeys, the PRL levels were elevated after chronic

self-administration of high doses of alcohol (3.4 g/kg/day). Interestingly, in one of

these monkeys, immunocytochemical examination of the pituitary gland showed

apparent pituitary hyperplasia. In laboratory rats, chronic ethanol administration

increases plasma PRL levels and pituitary weight in cyclic female rats and

ovariectomized rats as well as potentiating estrogen mitogenic effects in ovariec-

tomized female rats [42, 43]. Therefore, clinical as well as animal data suggest

that ethanol consumption is a positive risk factor for prolactinomas and hyper-

prolactinemia, possibly due to ethanol’s ability to increase endogenous estro-

genic activity.

Xenoestrogen-Treated Rats

Xenoestrogens are environmentally occurring chemicals that mimic the action

of estrogen by binding to estrogen receptors [44]. Examples of xenoestrogens
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confirmed. Also, their actions on the lactotropes in the presence of pituitary

mesenchymal variant folliculo-stellate cells have not been tested. Additionally,

overexpression of many of these factors using a transgenic approach have

resulted only in hyperplasia, and they resulted in adenoma formation only in old

age and/or only in females, suggesting that endogenous estrogens are a require-

ment [59–61]. Therefore, the role of these growth factors in the mechanisms

leading to tumorigenesis could not be critically evaluated. However, substantial

evidence is now available to show that a disruption of the TGF-�-regulated cell

growth balance is critical in the development of prolactinoma in the pituitary.

Cell Growth Balance by TGF-b Isoforms

The TGF-� family of peptides includes many related factors that exert

numerous actions. In mammals, TGF-� is found in three highly homologous

isoforms that exert their actions via heteromeric complexes of type I and type II

receptors. TGF-�1 is the most well characterized of the three TGF-�s (TGF-�1,

TGF-�2 and TGF-�3) [62]. These peptide growth factors function in cell pro-

liferation, differentiation, embryogenesis, tissue repair, and cell adhesion. In

most epithelial cell types, TGF-�1 acts as a negative growth regulator [63]. In

mesenchymal cells, TGF-�1 has been shown to either increase or decrease cell

proliferation. TGF-�1 can block the mitogenic actions of PDGF, FGF and EGF

in certain cell types [63, 64]. Given the important regulatory role of TGF-�1 in

controlling cell proliferation, it follows that a reduction in TGF-�1 could have

implications on cell transformation.

TGF-�1 is produced in and secreted by pituitary lactotropes [65]. TGF-�1

is a potent inhibitor of estrogen-induced lactotropic proliferation and PRL

secretion [65, 66]. Intrapituitary administration of TGF-�1 resulted in inhibited

PRL release, decreased pituitary weight, and reduced DNA synthesis in estrogen-

treated Fischer 344 rats. The inhibitory response to TGF-�1 is reduced in ante-

rior pituitary cell lines, including the prolactin-secreting PR1 cell line and the

GH and prolactin-secreting GH3 cell line. Both of these cell lines show low

levels of TGF-�1 and its type II receptor (T�R-II) mRNA [67]. Lactotropes

exposed to estrogen express reduced levels of T�R-II and TGF-�1 [68, 69].

TGF-�1 has been shown to interfere with the mitogenic actions of several

growth-promoting agents including FGF, EGF and IL-1 [64]. This leads to the

possibility that the mitogenic action of estrogen could involve its ability to

decrease TGF-�1 levels, thereby allowing an increase in the levels of positive

growth regulators.

Differential Expression of TGF-� Isoforms

In addition to TGF-�1, lactotropes also produce and secrete TGF-�3 [70].

Interestingly, however, TGF-�1 expression is reduced in lactotropes after estradiol
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exposure, while TGF-�3 expression is increased after the steroid treatment.

Though the finding that a stimulus causes differential expression of two TGF-�

isoforms in a single cell type is extremely novel, it is not unexplainable. Each of

the TGF-� isoforms is the product of a separate gene, each with distinct regula-

tory regions. Furthermore, it has been shown that the TGF-�1 promoter has no

TATAA box and is regulated principally by AP-1 sites, whereas both the TGF-�2

and TGF-�3 promoters have TATAA boxes as well as AP-2 sites and cAMP-

responsive elements [71]. The AP-1 sites were previously thought to be specific

for fos/jun transcription factors; however, it is now known that AP-1 sites can

serve as nonclassical estrogen responsive elements [72]. Recently, Yang et al.

[74] have demonstrated that estradiol selectively stimulates transcription of

TGF-�3 in bone cells. This effect of estradiol does not occur via a classical

estrogen-responsive element (ERE), but rather via an alternative estrogen-

sensitive sequence. This raises the possibility that the pituitary may be a site

where this alternative response element on the TGF-�3 gene is activated.

Opposing Actions of Two TGF-� Isoforms

In the lactotropes, the production of TGF-�1 and TGF-�3 not only differ

under estrogenic condition, but these two peptides also act differently in the

presence of estrogen. Unlike TGF-�1, TGF-�3 stimulates lactotropic cell pro-

liferation in the presence of estrogen. In the absence of estrogen, TGF-�3 has a

minimal effect on lactotropic cell proliferation [31]. Another interesting obser-

vation is that while TGF-�1 neutralizing antibody failed to prevent estradiol’s

mitogenic action, it potentiated the cell-proliferating action of TGF-�3 [70]. On

the other hand, TGF-�3-neutralizing antibody inhibited lactotropic cell prolifer-

ation by estradiol. These data indicated that, unlike many other tissues, TGF-�1

and TGF-�3 have opposite actions on lactotropic cell proliferation. Furthermore,

simultaneous suppression of the growth inhibitory TGF-�1 and activation of

the growth stimulatory TGF-�3 may be a mechanism that estradiol uses to

induce lactotropic cell proliferation.

Role of TGF-� Receptors in Mediation of TGF-� Isoform Actions

The literature suggests that the different isoforms of TGF-� act using sim-

ilar receptor complexes (TGF-� type I and TGF-� type II receptors) to control

growth response [62, 74]. However, the affinity for each ligand may vary [75].

The opposing actions of TGF-�1 and TGF-�3 on estrogen-induced lactotropic

proliferation raise the questions of how the two isoforms could act differentially

at the same receptor site, and of why the TGF-�3 that lactotropes produce

would not be self-inhibitory. One explanation for TGF-�3’s inability to be self-

inhibitory is that the TGF-� receptors on lactotropes have a low affinity for

TGF-�3 [76]. Another possibility is that estrogen suppresses TGF-� type II
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receptor that prevents the effect of TGF-� on lactotropes [67]. It has been

shown that TGF-�1 inhibits lactotropic cell proliferation and that this response

is mediated largely via the TGF-� type II receptors [67]. The TGF-� type I

receptor in the pituitary has been implicated to be more involved in transcrip-

tion responses evoked by TGF-� [76]. Recently, it has been demonstrated that

TGF-� type II heterozygous ‘knock-out’ mice rapidly develop prolactinomas in

response to estradiol exposure, unlike control mice [77]. A rat pituitary derived

PR1 cell line, which has reduced levels of type II receptors [68, 76], displays

very little or no growth-inhibitory response to TGF-�1 [67]. However, in the

presence of TGF-� type I receptors and very low expression of TGF-� type II

receptors, TGF-�1 inhibits PRL secretion in PR1 cells [76]. A similar scenario

may exist in the case of FS cells, where the action of TGF-�3 on gene tran-

scription (production of b-FGF) predominates because of the normal expres-

sion of the type I receptor even though there is a low expression of the TGF-�

type II receptor under estrogenic conditions.

Communication between Folliculo-Stellate Cells 

and Lactotropes

In several tissues, it appears that the growth of cells depends not only on

the mitogenic stimulus but also on cell-to-cell communication. For example, in

uterine, ovarian, and mammary tissues, communication with mesenchymal

cells facilitates the growth of epithelial cells [56]. Recently, it has been shown

that FS cells regulate estradiol’s cell-proliferating action on lactotropes [70]. FS

cells are characterized by their stellate shape and long cytoplasmic processes,

and they are largely devoid of secretory granules. S-100 immunoreactivity has

proven to be a reliable marker of FS cells [78]. It has been suggested that FS

cells perform several supportive functions, including regulation of phagocyto-

sis [79], secretion of angiogenic factors [80], growth factors [31] and cytokines

[81], as well as tropic and stem cell functions [82]. FS cells seem to be targeted

by estrogen because they rapidly increase c-fos expression [83] in response to

estrogen.

FS cells have been shown to participate in estrogen’s mitogenic action on

lactotropes [31]. Estradiol induces TGF-�3 release from lactotropes. TGF-�3

then acts on FS cells to release bFGF, which acts on lactotropes to increase cell

proliferation. Thus, FS cells mediate estradiol’s mitogenic action on lactotropes

by releasing bFGF. FS cells also appear to determine the susceptibility of lac-

totropes to estradiol [84]. When co-transplanted with Fischer-344 pituitaries

under the kidney capsule or co-cultured with Fischer-344-derived lactotropes

in vitro, FS cells derived from Fischer-344 rats increased estradiol’s mito-

genic action. They also increased estradiol’s growth-promoting action on

Sprague-Dawley-derived lactotropes (which are normally minimally responsive
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to estrogen) in primary cultures. However, Sprague-Dawley-derived FS cells

failed to increase estrogen’s action on Fischer-344- or on Sprague Dawley-

derived lactotropes. The levels of bFGF production and secretion by TGF-�3

and estradiol were much higher in Fischer-344-derived FS cells than in

Sprague-Dawley-derived FS cells. However, the growth response of lactotropes

to bFGF was similar in both strains. These data suggest that cell-cell interaction

between FS cells and lactotropes is important in the regulation of estradiol’s

mitogenic action on lactotropes and on the lactotropes’ susceptibility to the

steroid.

Gap-Junctional Communication

In the rat pituitary, formation of gap junctions between FS cells has been

demonstrated using electron microscopic methods [85, 86]. It has also been

shown that FS cells communicate with other FS cells and with endocrine cells,

including prolactin-secreting lactotropes [87]. The gap-junctional number in the

anterior pituitary varied during the estrous cycle; it was highest in proestrous

and in estrous and increased during middle to late pregnancy in rats [85]. This

suggests that gonadal factors such as estradiol may regulate the rate of occur-

rence of gap junction in the anterior pituitary gland. Gap junctions connect the

cytoplasmic domains of contacting cells to allow metabolic and ionic exchange

between them [87]. Gap junctions consist of channel proteins called connexins,

a family of proteins which, upon phosphorylation, increase permeabilization of

the cells to molecules that are permeable through gap junctions [87]. Among

the various types of connexins, connexin 43 (Cx43) is known to express in

astrocytes and the pituitary [88]. It has recently been shown that there were no

changes in dye transfer or Cx43 in the FS cells following estradiol [89], indi-

cating that the steroid had no direct effect on the molecular transfer across gap

junctions in the FS cells. Since FS cells were shown to be activated by the TGF-�3

secreted by the lactotropes [31], increased gap-junctional communication after

TGF-�3 may also underlie the modulatory role of FS cells in pituitary function

and pathology. For instance, increased gap-junctional communication could

lead to more FS cells being activated by lactotropes that could then lead to more

bFGF release by the FS cells that, in turn, could further increase lactotropic cell

growth.

Mitogen-Activated Protein Kinase Signaling

The MAP kinase p44/42 has also been shown to be regulated by estrogen

[90]. The genomic effects of estrogen occur primarily through interaction with

estrogen receptors [91]. The nongenomic actions of estrogen include activation

of Ras [92], which in turn activates MAP kinase p44/42, Raf-1 [93], protein
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kinase C [94], protein kinase A [95], and Maxi-K channels [96]. These actions

of estrogen may be mediated by a plasma membrane-associated estrogen recep-

tor or by nonclassical estrogen receptors [97]. Studies of GH3 cells revealed that

anti-estrogen receptor antibodies, directed against the hinge region of the estrogen

receptor, blocked rapid activation of MAP kinase p44/42 and estradiol-induced

PRL secretion [98]. In some cell systems, estradiol has been shown to activate a

rapid MAP kinase p44/42 response within 3–5 min of treatment, as well as a

delayed sustained response [91]. For rapid effects of estrogen, the receptors

must be located in the plasma membrane. Delayed effects could be attributed to

classical nuclear receptor and genomic action, as well to the paracrine action of

estradiol through the secretion of growth factors [90]. Increasing evidence in

recent years supports the existence of an alternative receptor that is both genet-

ically and pharmacologically different from a classical estrogen receptor [97]

and insensitive to the estrogen receptor blocker ICI 182, 780 [99]. A slow but

persistent activation of MAP kinase p44/42 was observed after treatment with

estradiol and TGF-�3 to induce bFGF production from FS cells [100]. The

estrogen receptor blocker ICI 182,780 did not block bFGF levels in FS cells

induced by estradiol or by TGF-�3 and estradiol, suggesting the possibility of a

classical estrogen receptor-independent mechanism to increase bFGF produc-

tion. Recent studies also provide evidence that TGF-� and estradiol interact to

increase bFGF production and release from FS cells via the estradiol receptor-

independent PKC-Ras-MEK-MAP kinase p44/42 signaling pathway [100].

Involvement of PKC-Independent MAP Kinase p44/42 Signaling in Medi-

ation of bFGF Action on Proliferation of Lactotropes. bFGF has been shown to

cause proliferation of pituitary lactotropic cells [31, 101]. bFGF is a member of a

large group of FGF peptides that control multiple cellular processes, including

cell migration, survival, proliferation and differentiation [102]. FGF peptides

mediate their biological responses by binding to and activating a family of recep-

tor tyrosine kinases (RTKs) designated as fibroblast growth factor receptors

(FGFRs) [103]. The peptide bFGF possesses a dual receptor system consisting of

tyrosine kinase FGFRs and heparin sulphate proteoglycans. It has been found

that, in most cases, both of these components must be present in order for bFGF

to trigger proliferation [104]. Binding of bFGF to the receptor is known to cause

receptor dimerization and activation of the cytoplasmic domain. These RTKs

subsequently activate multiple signaling pathways, including protein kinase C

(PKC), Src kinases, Ras, and MAP kinase p44/42 [105, 106]. bFGF induces

proliferation of lactotropic cells by activating MAP kinase p44/42 phosphoryla-

tion. Compelling evidence has recently been provided to show that bFGF

increases lactotropic cell proliferation via PKC-independent Src-Ras-MEK-MAP

kinase p44/42 signaling [107].
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Dopamine D2 Receptors and TGF-b Type II Receptor Interaction

Dopamine plays a key role in maintaining the normal function of lacto-

tropes in the pituitary gland. Abnormalities in dopamine receptors and dopa-

mine transporter function lead to hyperplasia of lactotropes [28, 108–110]. It is

well known that estradiol inhibits dopamine release from the hypothalamus and

downregulates dopamine D2 receptor activity in lactotropes [15, 84, 111]. The

steroid decreases the potency of dopamine to inhibit PRL release by uncoupling

the D2 receptors with G�i/�o. The uncoupling of the D2 receptor might be the

result of the phosphorylation of G�i/�o [112] and downregulation of G�i/�o

protein synthesis [113]. Estrogen also regulates the expression of a splicing

factor thus favoring the production of the D2L [114]. The D2 receptor is a 

7-transmembrane segment protein with a long third intracellular loop and a

short intracellular C-terminus. The sixth exon of the D2 receptor gene is often

excluded in the mature transcript, resulting in a short (29 amino acids shorter)

isoform (D2S). Estradiol strongly favors the expression of the long isoform

(D2L) mRNA over the short isoform D2S [114], thus causing uncoupling to the

G protein [115, 116]. It is interesting to note that ethanol, which increases

lactotropic cell proliferation, also favors production of the D2L over the D2S

isoform [84].

Treatment with dopamine agonists in some patients reverses the hyperpro-

lactinemia [8]. This reversal supports the notion developed from experimental

models that prolactinoma formation results from a disruption in dopamine

function [15, 117]. Our laboratory has recently identified a novel signaling cas-

cade for lactotrope growth control involving the D2S, TGF-�1 and its type II

receptor [118]. It has recently been shown that transgenic mice, overexpressing

D2S but not D2L, show pituitary hypoplasia; the D2S overexpressing mice also

showed increased phosphorylated MAPK [28]. The MAPK system has also

been shown to be involved in TGF-�1-activated signaling in various cell types

[100, 119]. Hence, the possibility that the MAPK pathway is involved in

dopamine-TGF-�1 interaction mechanisms needs to be investigated.

Estrogen is known to reduce both the levels of dopamine and of dopamine

D2 receptor activity in lactotropes [15, 84, 120]. By inhibiting dopamine, estro-

gen could inhibit TGF-�1 and its receptor expression. Indeed, this association has

been observed following long-term estrogen treatment [68]. In addition, we have

observed that GH3 cells that have reduced functional dopamine D2 receptors

have a low TGF-�1 response and low TGF-�1 production and reduced T�RII lev-

els [68]. We have also shown that PR1 cells, which did not respond to TGF-�1

and did not express detectable TGF-�1 or T�RII, showed a lack of dopamine

response and dopamine receptor binding. Hence, we have proposed that during

sustained exposure, estrogen cancels the inhibitory effect of dopamine and

thereby downregulates the inhibitory effect of TGF-�1 on cell proliferation. This
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may cause an alteration in the balance between positive and negative regulators of

cell growth, resulting in abnormal lactotropic cell proliferation.

Conclusion

Lactotrope sensitivity to the mitogenic action of estradiol has important

implications in normal physiology. During pregnancy, estrogen levels are ele-

vated, which causes an increased number of lactotropes and increased plasma

PRL, which is necessary for the initiation of milk production. When the level of

estrogen returns to basal levels, the mitogenesis of lactotropes ceases. If estra-

diol levels remain elevated for prolonged periods, tumor formation can result.

Although prolactinomas are quite common in the human population and are

readily induced in animal models, our knowledge of the formation of these tumors

is limited. The data presented in this review indicate that estradiol exposure may

lead to prolactinoma formation via orchestrated events involving dopamine D2

receptors, TGF-� isoforms and their receptors, as well as factors secondary to

TGF-� action. These data demonstrate that estradiol suppresses the dopamine

D2 receptor’s splice variant D2S to reduce TGF-�1-T�RII inhibitory signaling

in lactotropic cell proliferation. An estradiol inhibitory action on TGF-�1 and

or T�RII expression leads to loss of growth-inhibitory control of TGF-�1 in the

lactotropes. The steroid also increases TGF-�3 production and secretion from

lactotropes. The secreted TGF-�3 is transported to the neighboring FS cells,

LactotropeLactotrope

FS cell

MAP kinase

p44/42

Cx43

bFGF bFGF

Estradiol

TGF-�3

Lactotrope

Proliferation

MAP kinase

p44/42

D2S

TGF-�1

T�RII

LactotropeLactotrope

Estradiol

TGF-�3

Fig. 1. Diagram summarizing the proposed roles of the FS cell in mediation of estra-

diol’s actions on lactotropic cell proliferation. ➡ � Stimulation; → � inhibition.
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where it acts to induce the release of bFGF. The FS cell-derived b-FGF stimu-

lates lactotropic cell proliferation as lactotropes escape from TGF-�1 growth

inhibition and are activated by estradiol to express FGF receptors. We presented

data to show that MAP kinase p44/42 phosphorylation via the activation of Src

kinases is required for cell growth. We postulate that the loss of TGF-�1

growth-inhibitory control may be a contributing factor for lactotropic cell trans-

formation. Taken together, these studies further our understanding not only of

TGF-� action in the anterior pituitary but also of the etiology of estradiol-

induced prolactinomas (fig. 1). The identification of TGF-�1 mediation of

dopamine action also provides a novel possibility to consider the TGF-�1-

T�RII signaling as a molecular target for treating prolactinomas.
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Abstract
Dopamine receptor type 2 (D2R) knockout mice (KO) have chronic hyperprolactinemia,

pituitary hyperplasia, and a moderate decrease in MSH content. They are also growth retarded

evidencing an alteration in the GH-IGF-I axis. In D2R KO, lactotropes do not show dense

secretory granules but degranulated cells and fewer somatotropes, gonadotropes and thy-

rotropes. Prolactin levels are always higher in female than in male knockouts, and in accor-

dance, pituitary hyperplasia is observed at 8 months only in females. After 16 months of age,

highly vascularized adenomas develop, especially in females. Prominent vascular channels in

the hyperplastic and adenomatous pituitaries, as well as extravasated red blood cells not con-

tained in capillaries is also a common finding. Prolactin is not the factor that enhances the

hyperplastic phenotype in females while estrogen is a permissive factor. VEGF-A expression is

increased in pituitaries from D2R KO. VEGF-A is expressed in follicle stellate cells. Because

D2R receptors are found in lactotropes and not in follicle stellate cells, it may be inferred that a

paracrine-derived factor from lactotropes is acting on follicle stellate cells to increase VEGF-A

expression. VEGF-A does not induce pituitary cell proliferation, even though it enhances pro-

lactin secretion. But it may act on adjacent endothelial cells and participate in the angiogenic

process that increases the availability of different growth factors and mitogens. The D2R

knockout mouse represents a unique animal model to study dopamine-resistant prolactinomas,

and VEGF-A may be an alternative therapeutic target in this pathology. 

Copyright © 2006 S. Karger AG, Basel

Animal Models of Prolactinomas

Although mouse models may differ from their human counterparts, their

study provides important insights into human pituitary tumor pathogenesis. There
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are several rat and mice models to study the genesis and regulation of prolacti-

nomas, for example:

• The traditional estrogen-induced rat pituitary tumor.

• Transgenic mice with overexpression of a truncated fibroblast growth

factor receptor 4 (FGFR4) isoform (driven by the prolactin promoter)

[1].

• Targeted overexpression of transforming growth factor-� (TGF-�) under

the control of the prolactin promoter [2].

• Transgenic nerve growth factor (NGF) overexpression under the control of

the prolactin promoter [3].

• Overexpression of the high mobility group A (HMGA2) gene [4].

• Overexpression of galanin (driven by the GH or the prolactin promoter) 

[5, 6].

• Targeted disruption of TGFR type II (in heterozygotes) [7].

• The prolactin receptor knockout mouse [8].

• The dopamine (DA) receptor type 2 (D2R) knockout mouse [9, 10].

Each model presents variable characteristics: for example, the first three

develop adenomas, while in NGF overexpression there is lactotrope hyperplasia

with no adenoma formation. The overexpression of the truncated FGFR4 iso-

form is linked to diminished cell adhesion.

Dopaminergic Receptor Type 2 Knockout Mouse

We will focus on our results found in the D2R knockout mouse. DA is the

most abundant catecholamine in the brain. The involvement and importance of

DA as a neurotransmitter and neuromodulator in the regulation of different phys-

iological functions in the central nervous system is well known. Deregulation of

the dopaminergic system has been linked with Parkinson disease, Tourette syn-

drome, schizophrenia, attention-deficit hyperactive disorder and generation of

pituitary tumors.

DA exerts its action by binding to specific membrane receptors, which

belong to the family of seven transmembrane domain G-protein-coupled recep-

tors. Five distinct DA receptors have been isolated, characterized and subdivided

into two subfamilies, D1- and D2-like, on the basis of their biochemical and

pharmacological properties. The D1-like subfamily comprises D1- and D5-R,

while the D2-like includes the D2-, D3- and D4-Rs. In brain tissues the D2R is

expressed predominantly in the caudate putamen, olfactory tubercle and nucleus

accumbens. It is also expressed in the substantia nigra pars compacta and in the

ventral tegmental area. These are the anatomical regions that give rise to long

dopaminergic fibers (A10 y A9), indicating that the D2Rs have a presynaptic
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Fig. 1. Confocal microscopy of pituitaries from a D2R female knockout (left) and a

wildtype mouse (right), using anti-PRL coupled to FITC.
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location. Outside the brain D2R is localized in the retina, kidney, vascular sys-

tem and in the pituitary gland, both in melanotropes and lactotropes.

The D2R gene is composed of eight exons, seven of which are coding. It

encodes two splice variants, a short and a long D2R. The signal transduction

pathways activated by D2Rs are numerous. They are coupled to pertussis toxin-

sensitive Gi/Go proteins, and the best-described effects mediated by DA are the

inhibition of the cAMP pathway and modulation of Ca2� signaling.

Drs. Malcolm Low and Marcelo Rubinstein generated a D2R knockout

mouse by targeted mutagenesis [10]. The study of locomotor behavior of D2R

knockout mice revealed a motor impairment in mutant mice, even though mice

did not show a compelling parkinsonian locomotor phenotype. Results predicted

that locomotor activity is a polygenic trait that varies widely among inbred

strains of mice [11]. On the other hand, this knockout mouse model yielded

important results on the participation of the D2R in pituitary function. It has

been well settled that the D2R is the principal receptor involved in prolactin inhi-

bition at the pituitary level, and in MSH regulation at the intermediate pituitary.

Therefore, as expected D2R knockout mice had chronic hyperprolactinemia,

pituitary hyperplasia, and a moderate decrease in MSH content [10]. They were

also growth retarded evidencing an alteration in the GH-IGF-I axis [12].

In D2R knockout mice, lactotropes did not show the dense secretory gran-

ules characteristically found in wild types but degranulated cells, indicating

constitutive secretion (fig. 1). Furthermore, we observed a decrease in soma-

totropes, gonadotropes and thyrotropes (fig. 2).

In knockout animals prolactin levels increased on the third month of life, and

a chronic hyperprolactinemic state ensued throughout life [12]. Prolactin levels

were always higher in female than in male knockout mice, and in accordance,
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Fig. 2. Confocal microscopy of pituitaries from a D2R female knockout (upper panels:

KO) and a wild-type mouse (lower panels: WT), using anti-GH, LH or TSH coupled to FITC.

pituitary hyperplasia was observed at 8 months of age only in females [10].

After 16 months of age highly vascularized adenomas developed, especially in

females [9]. Prominent vascular channels in the hyperplastic and adenomatous

knockout pituitaries, as well as extravasated red blood cells not contained in

capillaries or peliosis were also common findings (fig. 3).

Fig. 3. Images of areas of peliosis in pituitaries from D2R knockout mice.
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Sex-Dependent Pituitary Hyperplasia in D2R 

Knockout Mice

Marked sexual differences in pituitary enlargement were important. As

prolactin was chronically higher in females, it was possible that prolactin could

perpetuate the hyperplastic phenotype by a positive feedback loop. To this regard,

prolactin has been documented to be a proliferative growth factor in epithelial

cells, kidney, the immune system and some tumors. A prolactin receptor (PRLR)

knockout mouse was generated, and crossed with the D2R knockout. If pro-

lactin was the proliferative factor acting at the pituitary, in the double knockout

mouse hyperplasia would be reduced. But, contrary to the hypothesis PRLR

knockout mice had enlarged pituitaries, and when combined with the D2R

knockout pituitary hyperplasia was not decreased, and in males it was increased

[8]. This clearly indicated that prolactin was not the factor involved in the sex-

ual differences found in pituitary enlargement, and that at the pituitary level the

prolactin receptor had an antiproliferative role.

A second candidate was estrogen, and indeed when female mice were

ovariectomized, pituitary hyperplasia decreased. Nevertheless, estrogen repla-

cement could not reproduce pituitary enlargement, indicating that estrogen

was a permissive factor, but other factors were involved [13]. Furthermore,

estrogen levels were not very different between male and female knockout

mice [10].

We started to search for a factor which would participate in the generation

of the hyperplasia in knockout females. Vascular endothelial growth factor-A

(VEGF-A) seemed to be an interesting candidate as some reports have docu-

mented that it is regulated by DA and by estrogen [14–17], and besides, it is a

potent angiogenic factor.

Neovascularization is essential for pituitary tumor formation, and is the

result of a delicate balance between factors that stimulate or inhibit endothelial

proliferation. A number of cytokines and growth factors have been demonstrated

to modulate angiogenesis with a paracrine mode of action. Among these factors

VEGF is one of the most potent angiogenesis inducers.

VEGF-A

VEGF-A is the founding member of a family of closely related cytokines

that exert critical functions in vasculogenesis and in both pathologic and physi-

ologic angiogenesis and lymphangiogenesis [18]. The VEGF-A gene is located

on the short arm of chromosome 6 and is differentially spliced to yield several

different isoforms, the three most prominent of which encode polypeptides of
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189, 165 and 121 amino acids in human cells. The protein has a hydrophobic

leader sequence, typical of secreted proteins. It was discovered in the late 1970s

as a tumor-secreted protein that potently increased microvascular permeability

to plasma proteins. VEGF-A is a potent mitogen for micro- and macrovascular

endothelial cells derived from arteries, veins and lymphatics but not for other

cell types [18]. Thus, in addition to rendering microvessels hyperpermeable,

VEGF-A stimulates endothelial cells to migrate and divide.

We can summarize its unique properties [19]:

(1) It is essential for normal developmental vasculogenesis and angiogenesis,

as both null (VEGF-A�/�) and heterozygote (VEGF-A�) animals are

embryonic lethals.

(2) It increases vascular permeability to plasma and plasma proteins, a charac-

teristic property of the tumor microvasculature and a critical early step in

tumor stroma generation.

(3) It is selective for vascular endothelium because its major tyrosine kinase

receptors are selectively (though not exclusively) expressed on vascular

endothelium.

(4) It is overexpressed in a variety of human cancer cells. Enhanced VEGF-A

expression has been associated with several human vascular tumors

including brain, colon, gastrointestinal tract, ovary, breast and others.

(5) It has a potential for evaluating prognosis in individual patients and as a

therapeutic target.

Recently, it was found, quite unexpectedly, that DA and other related cate-

cholamine neurotransmitters that interact with the D2R selectively inhibit

VEGF-A-induced angiogenesis and inhibit the growth of tumors that express

VEGF-A. At nontoxic doses, DA inhibited all VEGF-A activities tested includ-

ing stimulation of microvascular permeability and endothelial cell proliferation

and migration [14, 20]. Besides, in two outbred lines of Wistar rats, which pre-

sent high and low dopaminergic reactivity, respectively, VEGF expression was

reduced in the first group, which was more resistant to tumor implantation, and

developed significantly fewer lung metastases [20]. These data point to a rela-

tion of VEGF-A and DA receptors.

Interesting to our experimental model was also the fact that the VEGF-A

gene promoter has AP-1 and AP-2 sites. This means that forskolin which acti-

vates adenylate cyclase and increase cAMP induce VEGF mRNA expression

[19]. In the pituitary of the D2R knockout mice, the lack of action of DA on its

receptor prevents physiological adenylate cyclase inhibition, probably leading

to increased cAMP levels.

Therefore, because VEGF is thought to be the most important angiogenic

cytokine in cancer and other types of pathological angiogenesis and because it

has been related to the D2R in endothelial cells [14, 15] we investigated VEGF
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expression, localization, and function in pre-adenomatous pituitary tumors of

D2R knockout female mice.

VEGF-A in Pituitaries from D2R Knockout Female Mice

We found that VEGF expression was increased in pituitaries from D2R

knockout female mice when compared to age-matched, wild-type female mice

[21]. VEGF production had been demonstrated to be stimulated by estrogen in

rat pituitaries [16] and the somatolactotrope cell line GH3 [22]. Nevertheless,

estrogen levels are not increased in D2R knockout female mice, indicating that

increased pituitary VEGF expression is mainly dependent on the lack of

dopaminergic control. In experiments with wild-type female mice we found

that prolonged treatment with the D2R antagonist, haloperidol, enhanced

pituitary VEGF protein content and prolactin release [21], and that there was a

significant correlation between pituitary VEGF levels and serum prolactin

after haloperidol treatment (fig. 4). This further supports that DA acting at

the D2R inhibits pituitary VEGF expression. VEGF was also increased in cul-

tured pituitary cells from knockout mice, and in the conditioned media from

these cells.

Pituitary VEGF-A Localization

In the normal human pituitary, VEGF-A has been localized mainly in

ACTH, GH and follicle stellate cells, with lower levels detected in other cell

types [23]. In rats, VEGF-A has been described in follicle stellate cells [24],

in a part of the total TSH cells [25], as well as in the lactosomatotrope GH3

pituitary tumor cell line [22]. Interestingly, we found that the main source of

VEGF-A in the hyperplastic pituitary were follicle stellate cells and not lac-

totropes [21].

Follicle stellate cells represent 5–10% of pituitary cells and are an impor-

tant component of paracrine communication within the pituitary. The expres-

sion of gap-junction channels in follicle stellate cells supports the hypothesis

that they operate as a network of functionally interconnected cells [26]. They

were originally described as non hormone secreting cells, and they are believed

to function as (1) support; (2) fagocytes; (3) trophic cells; (4) stem cells; (5)

transport cells, and (6) paracrine modulators. They are detected by their content

of the glial protein S100, they form follicles, are star shaped and have long

processes in between the secretory cells of the pituitary. They also contain FGF-2,

follistatin and interleukin-6.
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Because D2R receptors have been described in lactotropes and not in folli-

cle stellate cells, it may be inferred that a paracrine-derived factor from lac-

totropes is acting on follicle stellate cells to increase VEGF-A expression. To

this regard, it has been described that agents that increase cAMP levels increase

VEGF-A in a follicle stellate cell line [27]. As mentioned, in D2R knockout lac-

totropes, DA-mediated inhibition of adenylate cyclase is chronically lacking, so

we presume that increased production of cAMP in this cell type may modulate

VEGF-A synthesis in neighboring follicle stellate cells.

VEGF-A and Peliosis

Another interesting association found was that of VEGF-A and peliosis

(extravasated erythrocytes not contained in capillaries). As mentioned, in hyper-

plastic and in adenomatous pituitaries of female D2R knockout mice we

described the occurrence of peliosis. Peliosis has been found in different tumors

that secrete VEGF-A. This may be linked to the permeabilizing function of this

growth factor, and to the increased fenestration induced in blood vessels stimu-

lated by VEGF-A overexpression. Peliosis occurrence has been related to high
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Fig. 4. Correlation between serum prolactin levels (measured by RIA), and pituitary

VEGF-A content (Western blot, normalized to actin content, AU � arbitrary units), after i.p.

administration of haloperidol decanote (5 mg/kg s.c. for 3 weeks, one injection per week, or

1.2 mg/kg i.p. for 7 days, one injection per day).
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VEGF-A expression in hepatocarcinogenesis, spleen damage and in a lethal

hepatic syndrome in mice [28–30].

VEGF-A Action at the Pituitary Level

We also determined whether VEGF-A had any action on pituitary cell pro-

liferation or prolactin release. VEGF-A mediates its mitogenic and vasoperme-

abilizing effects principally through two tyrosine kinase receptors, VEGF-R1

(or Flt 1) and VEGF-R2 (KDR, or Flk-1). Both VEGF-R1 and VEGF-R2 have

seven immunoglobulin (Ig)-like domains in the extracellular domain. VEGF

receptor-2 has the highest binding affinity for VEGF-A [19].

Expression of these two VEGF receptors exclusively on endothelial cells indi-

cates that this factor should have no direct influence on endocrine cells. VEGF-A

might act on the intrapituitary endothelium, maintaining vascular integrity, stimu-

lating vascular permeability and endothelial cell proliferation. Nevertheless, there

is one report of VEGF-R2 expression in pituitary endocrine cells [31].

We found that VEGF-A did not induce pituitary cellular proliferation; this

result is consistent with several reports that claim that VEGF-A is a potent

mitogen for vascular endothelial cells but that it is devoid of consistent and

appreciable mitogenic activity for other cell types [32]. In fact, the denomi-

nation of VEGF was proposed to emphasize such narrow target cell specificity.

On the other hand, a prolactin-releasing effect could be evidenced [21].

The prolactin-releasing effect of VEGF-A could be related to VEGF-R desc-

ribed in the pituitary cells. This effect was evidenced only under an estrogenic

environment. To this respect, it has been conclusively described that estradiol

modifies lactotrope sensitivity to physiological stimulators and inhibitors of

prolactin secretion.

VEGF-A and Angiogenesis

Therefore, increased pituitary VEGF-A expression may not be important

for cellular proliferation of endocrine cells per se, even though it may enhance

the prolactin secretory capacity of the gland. On the other hand, increased

VEGF-A may act in adjacent endothelial cells and participate in the angiogenic

process that increases the availability of different growth factors and mitogens.

To support this idea, we found that conditioned medium from the hyper-

plastic pituitaries (D2R�/�) was able to induce proliferative changes in

human umbilical vein endothelial cells (HUVECs) [21]. The proliferating effect

was in part evoked by secreted VEGF-A, as shown by immunoneutralization
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experiments. This probably indicates that pituitary-secreted VEGF-A accumu-

lates in the target endothelial cells in which it may act in a paracrine manner

enhancing vessel proliferation.

Role of Cell Adhesion in Pituitary Tumorigenesis

Cell adhesion is an important determinant of organized growth and the

maintenance of architectural integrity within the pituitary. Reduced adhesiveness

between cells and, between cells and the extracellular matrix (ECM) is a hallmark

of neoplastic growth. The ECM is a three-dimensional network of proteins, gly-

cosaminoglycans and other macromolecules which has a structural support func-

tion as well as a role in cell adhesion, migration, proliferation, differentiation, and

survival. The ECM conveys signals through membrane receptors called integrins

and plays an important role in pituitary physiology and tumorigenesis.

To this regard, the pituitary contains some components within the base-

ment membrane, such as laminin and FGF-2, which decrease in the tumorigenic

process in the D2R knockout mouse [33, 34]. These reductions could reflect a

more general reduction of the basement membrane by action of matrix metallo-

proteinases. Matrix metalloproteinase activity is very high in all types of human

pituitary adenomas. These metalloproteinases secreted by pituitary cells could

release growth factors from the ECM that, in turn, may control pituitary cell

proliferation and hormone secretion. Therefore, we must bear in mind that

FGF2 and laminin might be released in the process of ECM remodeling and

participate in proliferation and angiogenesis in an early step of tumor forma-

tion. Remodeling of the existing ECM and diminished cell adhesiveness has

been linked to pituitary tumorigenesis in transgenic mice with overexpression

of a truncated FGFR4 isoform [35].

D2R Knockout Mouse as an Experimental Model for 

Dopamine-Resistant Prolactinomas

We have described that pituitary VEGF-A and not FGF2 expression is

increased in female mice lacking DA D2Rs. Even though VEGF-A does not pro-

mote pituitary cellular proliferation in vitro, as it does in endothelial cells, it may

be critical for effective tumor angiogenesis, which is important for pituitary

hyperplasia, and, furthermore, it may participate in increased prolactin secretion.

Prolactin adenomas are common monoclonal neoplasms accounting for

approximately 30% of intracranial tumors. They are usually benign, and can be

effectively treated with dopaminergic agents. But 15% of these may become
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resistant to classical pharmacological therapy, are invasive and aggressive, and

require extirpation. An alternative target, such as VEGF-A, would be desired in

these circumstances.

It has been shown that tumor characteristics and environment promote

VEGF-A expression. For example, oncogene expression (kRAS, HRAS and

HER2), EGF, TGF-�, or keratinocyte growth factor and hypoxia have been

related to VEGF-A regulation. The description of dopaminergic control of

VEGF-A expression in the pituitary may be important in the clinical action of

dopaminergic agents. Furthermore, we believe that VEGF-A and its receptor

may become important therapeutic tools in DA-resistant prolactinomas.

To this regard, in recent years, antiangiogenesis has been publicized as a

novel alternative or supplement to conventional cancer therapy, and a variety

of regimens that prevent tumor angiogenesis and/or that attack tumor blood

vessels have met with remarkable success in treating mouse cancers.

Overexpression of VEGF-A by tumor cells can be targeted by:

• antibodies against VEGF (Bevacizumab);

• antibodies against VEGF receptors;

• soluble VEGF receptors (VEGF-TRAP) that bind circulating VEGF;

• catalytic RNA molecules (ribozymes), which cleave VEGF receptor

mRNA;

• orally available molecules that selectively block or prevent activation of

VEGF-A’s receptor tyrosine kinases.

Despite the spectacular successes reported in the treatment of mouse tumors,

the first clinical trials were discouragingly negative. This could be related to the

fact that most of the patients treated in the beginning had advanced disease and

had already failed conventional treatments. Also, antiangiogenesis therapy differs

fundamentally from chemotherapy, and optimal implementation was needed.

Several agents targeting the VEGF ligand are now being developed in dif-

ferent clinical trials around the world to treat colon, rectal, breast, lung and

other cancers [36]. Bevacizumab (Avastin™), an anti-VEGF monoclonal anti-

body that inhibits formation of neovasculature and tumor growth in many

human cancer cell lines, has a proven survival benefit in metastatic colon rectal

cancer and has now been approved by the FDA in combination with intravenous

5-FU-based chemotherapy as a treatment for patients with first-line metastatic

cancer of the colon or rectum [37].

Angiogenesis and Pituitary Hyperplasia

It is important to consider that normal pituitaries are usually highly vascu-

larized; therefore, the changes that occur during tumor development may be
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somewhat different from some other tissues which require active angiogenesis.

To this regard, slow angiogenesis in prolactinomas and even lower vascular den-

sities have been described in human adenomas compared to normal pituitary

tissue [38, 39]. Only carcinomas exhibit a clear-cut increase in microvascular

density, and there is no information about the angiogenic process in DA-resistant

prolactinomas.

Conclusions

In conclusion, we describe that mice lacking DA D2Rs present an

enhanced pituitary VEGF-A expression in correlation with pituitary hyperpla-

sia and peliosis of the gland. FGF2, on the other hand, is decreased and such a

decrease may be related to the low angiogenesis in prolactinomas and may have

a role in the slow pace of pituitary tumor growth, the rarity of metastases [38],

and the benign nature of the tumors.

Lack of the D2R likely encourages or permits the development of tumors

by increasing the population of proliferating cells that are susceptible to onco-

genic factors, or mutation. Increased VEGF-A expression may participate in

enhancing permeability and maintaining angiogenesis. This would be in accor-

dance with the multistep theory of carcinogenesis, which reconciles the two

proposed theories of pituitary tumorigenesis (hormonal or clonal expansion). It

is likely that the majority of pituitary adenomas develop from transformed cells

that are, to some extent, dependent on hormonal and/or growth factor stimula-

tion for tumor progression. Proliferating cells would be at increased risk of

genetic alteration during mitosis and manifestation of genetic alterations would

be precipitated by the growth stimulus.
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Abstract
Antiangiogenic molecules derived from prolactin (PRL) are not a single entity, but

rather a family of peptides with different molecular masses, all containing the N-terminal

region of PRL. Cleavage of PRL by cathepsin-D or by matrix metalloproteases generates 

N-terminal fragments that act on endothelial cells to suppress vasodilation and angiogenesis

and promote vascular regression. N-terminal PRL fragments have been identified in cartilage

and retina, where angiogenesis is highly restricted. In vivo experiments demonstrate that these

PRL fragments exert a tonic and essential suppression of retinal blood vessel growth and dila-

tion. Similar PRL fragments have been detected in the pituitary gland, a highly vascularized

organ where the control of vascular growth may differ from that in tissues where angiogenesis

is highly restricted. We have previously proposed the name vasoinhibins to describe the

collection of N-terminal PRL fragments having blood vessel-blocking activity, and here we

discuss their promise as factors to control vascular function in health and disease.

Copyright © 2006 S. Karger AG, Basel

Angiogenesis, the formation of new blood vessels from the existing vascu-

lature, is essential for tissue growth during development, but is almost non-

existent in the adult except in wound repair and female reproductive events. The

quiescence of vasculature is dependent upon a local balance between pro- and

antiangiogenic factors that, when disrupted, leads to pathological angiogenesis

in diseases such as vasoproliferative retinopathies, rheumatoid arthritis, and
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the growth and spread of tumors. Therefore, the ability to inhibit angiogenesis

offers a unique opportunity to regulate a wide variety of physiological and

pathological states.

Among the many known antiangiogenic factors, at least half belong to a

family of peptides that become active only after they are released by proteolytic

cleavage of large precursor proteins [1]. These proteolytic fragments can inter-

fere with various phases of the angiogenesis process by inhibiting endothelial

cell migration, proliferation, differentiation, and survival, and include angio-

statin, endostatin, cleaved-antithrombin, tumstatin, canstatin, vasostatin, restin,

arrestin and N-terminal fragments of PRL [1, 2]. While these pluripotent fac-

tors may provide new therapeutic agents for combating vascular disease, knowl-

edge of their basic biology and mechanism of action is a prerequisite for

developing decisive targeting strategies.

Vasoinhibins

Mature PRL is a 23-kDa molecule of 199 (human) or 197 (rat) amino

acids. The antiangiogenic properties of N-terminal PRL fragments were discov-

ered nearly 15 years ago in association with the 16-kDa fragment comprising

residues 1–145 that results from cleavage of rat prolactin by cathepsin-D [3, 4].

Subsequently, several N-terminal fragments of human PRL produced by recom-

binant technology were shown in various bioassays to display antiangio-

genic properties similar to those reported for the 16 kDa rat protein [5–7].

More recently, 17 kDa fragments of both human and rat PRL generated by

cleavage with matrix metalloproteases (MMP) were found to exert antiangio-

genic effects [8].

Fragments generated by cleavage of PRL at different sites require the 

N-terminal end of the molecule to actively inhibit angiogenesis, since a 16-kDa

C-terminal fragment of PRL (residues 54–199) produced by thrombin is devoid

of antiangiogenic properties [9]. Known N-terminal PRL fragments with anti-

angiogenic activity range in length from 124 to 155 amino acids with calculated

masses between 14.1 and 17.3 kDa (fig. 1), all lacking the fourth alpha-helix of

mature PRL [10]. Because the initial study characterizing antiangiogenic

effects was carried out with a 16-kDa N-terminal fragment of rat PRL [3], 16K-

PRL was chosen as a single name, and subsequent studies continued to identify

the active molecules as 16K-PRL, even though they involved PRL fragments of

different masses [5–8]. However, it is clearly inaccurate to consider antiangio-

genic PRL as a single, homogenous protein fragment. We have thus proposed

the name vasoinhibins to define the collection of N-terminal fragments of PRL

having inhibitory actions on vascular endothelial cells [8].
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Fig. 1. Endogenous and recombinant fragments of human and rat prolactin known to

inhibit angiogenesis. The parent molecules are included for comparison. Predicted molecular

weights are calculated from amino acid sequences.

Generation of  Vasoinhibins

Several proteases appear to mediate the generation of vasoinhibins, as is

also the case for the other cryptic antiangiogenic factors [1]. Cathepsin-D was

the first protease claimed to be responsible for cleaving PRL to a vasoinhibin of

16 kDa [4]. However, the relevance of this enzyme is debatable since human

PRL, unlike rat PRL, is highly resistant to cleavage by cathepsin-D [9, 11].

Likewise, the neutral pH of physiological fluids contrasts with the acidic condi-

tions normally required for the proteolytic activity of this enzyme. More

recently, MMP secreted by chondrocytes and various purified MMP (MMP-1, -

2, -3, -8, -9 and -13) that are active at neutral pH were shown to be equally

effective at cleaving PRL from various species into vasoinhibins [8]. While lit-

tle is known about the specific proteases responsible for generating vasoinhib-

ins, the existence of the endogenous peptides [8, 12–15] suggests that such

enzymes are active in vivo.

Endogenous Vasoinhibins

Evidence indicates that PRL fragments with apparent molecular masses

of 14, 16 and/or 17 kDa occur naturally in the anterior and posterior pituitary

gland [12, 14, 15], the hypothalamus [16], the retina [13], vascular endothelial
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cells [17], pulmonary fibroblasts [18], chondrocytes [8], and PRL-secreting

adenomas [11]. These fragments correspond to the N-terminal part of the PRL

molecule, as they are recognized in Western blots by vasoinhibin-directed poly-

clonal antibodies and by monoclonal antibodies against the N-terminal end of

PRL but not by those directed against the C-terminus of the hormone. Likewise,

immunoreactive 12-, 14- and/or 16-kDa PRL fragments have been detected in

serum [14, 19], amniotic fluid [20], and subretinal fluid [21] from humans or

rats. However, the N- or C-terminal nature of PRL fragments in biological flu-

ids has not yet been carefully examined.

Vascular Properties of  Vasoinhibins

Angiogenesis initiates with vasodilation and increased vessel permeability,

allowing extravasation of plasma proteins that lay down a temporary scaffold

for migrating endothelial cells. Subsequently, endothelial cells proliferate and

assemble into tubes that become stabilized by interaction with periendothelial

cells (pericytes and smooth muscle cells). Once formed, the new vessels

become quiescent and survive for years, except when vascular regression is

required. For example, endothelial cell apoptosis causes regression of blood

vessels in order to remodel the vascular network during development and after

birth in the retina and ovary [22, 23]. Also, vascular regression can occur during

pathological angiogenesis, limiting the progression of angiogenesis-dependent

diseases [22, 24].

Like most antiangiogenic factors, vasoinhibins interfere with various steps of

the angiogenic process. They inhibit angiogenesis in vivo and in vitro, suppressing

growth factor-induced vasodilation [25] and endothelial cell proliferation [5, 26],

and stimulating the expression of the type 1 plasminogen activator inhibitor [27].

Furthermore, vasoinhibins stimulate endothelial cell apoptosis [28], causing the

regression of blood vessels [21]. The molecular mechanisms underlying these

inhibitory actions include blocking the MAPK pathway [29], inhibiting the activa-

tion of endothelial (eNOS) and inducible (iNOS) nitric oxide synthases [25, 30],

and activating the caspase pathway via NF�B [7, 31]. However, as for many other

anti-angiogenic proteolytic fragments, the receptor for vasoinhibins has not been

identified [32], and the signaling molecules that mediate the antiangiogenic activ-

ity of vasoinhibins remain poorly characterized [12].

The fact that vasoinhibins inhibit nitric oxide (NO) production by

endothelial cells [25, 30] suggests that, besides angiogenesis, other vascular

events may be downregulated by these peptides. NO produced by eNOS acti-

vation is physiologically important for maintaining vascular homeostasis; it

keeps the vessels dilated, protects the intima from adhesion of platelet
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aggregates and leukocytes, and prevents proliferation and migration of smooth

muscle cells [33]. In this regard, vasoinhibins prevent vessel dilation [25],

whereas the uncleaved PRL molecule stimulates adhesion of leukocytes to

vascular endothelial cells [34].

In vivo Activity of  Vasoinhibins

The facts that in vitro proteolytic cleavage produces vasoinhibins and that

vasoinhibins occur naturally are consistent with a role of this family of peptides

in angiogenesis. However, this role could not be confirmed unless endogenous

vasoinhibins were demonstrated to be active in vivo. Targeted disruption of

either PRL [35] or the PRL receptor [36] has not been particularly useful for dis-

secting the in vivo role of vasoinhibins. The PRL gene was mutated by a targeted

insertion that truncated the protein at residue 117, leaving an intact N-terminal

PRL fragment of 11 kDa [35] that may retain antiangiogenic properties and

therefore no change of the vasoinhibin phenotype. Also, vasoinhibins appear to

signal through a cell surface receptor in endothelial cells that is distinct from the

PRL receptor [32], so targeted deletion of the PRL receptor was not expected to

interfere with its activity.

We have used the eye as a model to investigate the in vivo role of endoge-

nous vasoinhibins. In the eye, vessels are normally excluded from the cornea, the

vitreous, the lens, and the outer half of the retina. Failure to exclude blood ves-

sels can result in reduced visual acuity, opacification, and abnormal healing,

whereas excessive retinal neovascularization underlies premature retinopathy,

diabetic retinopathy, and age-related macular degeneration, the leading causes of

blindness throughout the world [37]. Evidence indicates that vasoinhibins are

present in ocular tissues. PRL is found in the aqueous humor of the human eye

[21, 38], and both PRL and vasoinhibins are detected in rat retina [13]. Some

ocular PRL may originate from systemic PRL entering the eye, as iodinated PRL

injected intracardially can be incorporated into the retina, choroid, and ciliary

body [39]. However, PRL and vasoinhibins can also be synthesized intraocularly.

PRL mRNA is expressed in rat retina [13], where vascular endothelium is its

likely source. Cultures of rat retinal capillary endothelial cells synthesize and

secrete PRL [40], and blood vessels from retrolental fibrovascular membranes of

patients with retinopathy of prematurity express PRL mRNA [21]. In addition,

ocular fluids contain the cleaving enzymes able to generate vasoinhibins from

PRL [21].

Within the eye, vasoinhibins block the stimulatory action of various induc-

ers of angiogenesis. Gene transfer of vasoinhibins via an adenoviral vector sig-

nificantly inhibits retinal angiogenesis in murine ischemia-induced retinopathy
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[41], and local administration of vasoinhibins reduces the stimulation of corneal

angiogenesis by basic fibroblast growth factor [42]. Moreover, the endogenous

peptide suppresses angiogenesis in healthy ocular tissue. Intracorneal implantation

of a pellet releasing antibodies able to inactivate endogenous vasoinhibin resulted

in vessel growth into the normally avascular cornea [42]. Furthermore, intravit-

real injection of antibodies against vasoinhibins stimulated vessel growth in the

retina, and intraocular transfection of siRNA to block PRL expression resulted in

stimulation of retinal angiogenesis and vasodilation [13]. Finally, intravitreal

administration of anti-PRL antibodies in neonatal rats caused a significant reduc-

tion in the number of vascular cells undergoing apoptosis in hyaloid vessels, a

finding consistent with vasoinhibins promoting vascular regression during reti-

nal development [21]. The potential importance of intraocular vasoinhibins is

underscored by their presence in the eye of patients with advanced retinopathy of

prematurity, where they are claimed to stimulate apoptosis-mediated vascular

regression of newly formed intraocular blood vessels [21].

It is clear that vasoinhibins play a key role in preventing angiogenesis in

the eye, and they may also maintain avascularity in cartilage. Chondrocytes

express PRL mRNA and cleave the protein to vasoinhibins [8]. Also, chon-

drocytes are enriched with MMP that generate vasoinhibins [8]. Our current

studies are addressing the role of vasoinhibins in the control of cartilage avas-

cularity and their alteration in rheumatoid arthritis, an angiogenesis-dependent

disease.

Vasoinhibins in the Pituitary Gland

In contrast to the above tissues, endocrine glands are highly vascular, and

their blood supply is required to obtain the oxygen, nutrients and precursors

necessary to synthesize large amounts of hormones. Furthermore, high perme-

ability of local microvessels is essential for hormonal release into the blood-

stream. Interest in the control of angiogenesis in the pituitary gland was raised

by the observation that pituitary adenomas are less vascularized than normal

tissue [43]. Because an adequate blood supply enables tumor cells to proliferate

further or metastasize to another organ, the reduced vascularization of pituitary

adenomas suggested that inhibition of angiogenesis in these tumors played a

role in their characteristically slow growth and failure to reach the carcinoma

state. Therefore, inhibitors of angiogenesis might influence the phenotype and

behavior of these tumors.

Vasoinhibins have been detected in the normal [14] and tumorous [11]

pituitary gland, but their role in pituitary angiogenesis remains to be elucidated.

Of interest is the fact that hypoxia, a common feature of solid tumors and a
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main trigger of angiogenesis, decreases PRL synthesis and suppresses its cathep-

sin D-mediated conversion to vasoinhibins in the rat GH4C1 pituitary adenoma

cell line [44]. Downregulation of vasoinhibins by hypoxia in pituitary tumor cells

is consistent with the proposal that the angiogenic switch in highly vascular

endocrine organs is achieved by reducing inhibitor production rather than by

upregulating angiogenesis stimulators [43].

Conclusions and Perspectives

Vasoinhibins are natural inhibitors of blood vessel growth and dilation and

promoters of vascular regression in the eye. The wide-spread expression of

vasoinhibins and of the proteases (cathepsin-D and MMP) involved in their

generation suggests that they are physiologically active at other sites as well.

Because vasoinhibins need to be generated via proteolysis of PRL, regulation of

the specific proteases is likely to play a key role in determining their actions

under health and disease. The ability of vasoinhibins to influence both early and

late events in the angiogenic cascade supports their being strong regulators of

angiogenesis, and thus better targets to limit growth. However, further studies

are needed to evaluate the underlying mechanisms of vasoinhibin actions, their

receptors, and signaling pathways. Likewise, these peptides need to be fully

characterized chemically in order to search for a structural homolog with per-

haps more potent vasoinhibitory activity. This information is important for

determining their role in normal and pathological processes and to determine if

and how they could be applied therapeutically.
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Abstract
During the last century, the questions posed by scientists and clinicians on pituitary

function have led to new concepts about the mechanisms of hormone action and cell differen-

tiation. In particular, the advent of molecular genetics and the cloning of pituitary hormone

coding genes followed by discovery of their regulators during the last 20 years has provided

tremendous insight into the pathophysiological bases of hormone deficit and excess, as well as

offering novel therapeutic opportunities. Most insight was gained through the identification of

transcription factors that control the program of pituitary organogenesis and cell differentia-

tion; it is indeed the normal developmental program controlled by these transcriptional regu-

lators that is perturbed in inherited forms of hormone deficiency. This review will summarize

our current understanding of these processes and their implications for hormone deficiency

and hormone resistance syndromes from a developmental perspective.

Copyright © 2006 S. Karger AG, Basel

Formation of Rathke’s Pouch and Pituitary

Rathke’s pouch, the pituitary anlage, is formed as the developing neuroepi-

thelium is separated from the surface ectoderm by invasion of prechordal

mesoderm and neural crest derivatives. During craniofacial development, the

separation of these two epithelia (neuroepithelium that will become the brain

and surface ectoderm that will become the oral epithelium or stomodeum)

occurs everywhere except in the midline region that will become the back of the

oral cavity. Maintenance of a tight contact between neuroepithelium and surface
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ectoderm thus forms Rathke’s pouch: this invagination is not the consequence

of an active process but rather formed passively through separation of two

epithelial layers. Rathke’s pouch will then separate for the oral epithelium and

form the original glandular structure that is constituted of an epithelium sur-

rounding a lumen. Cells then leave this epithelium on its ventral side and pro-

liferate to form the nascent anterior lobe where cell differentiation is initiated.

Although the developmental origins of the pituitary have been most clearly

defined in the chick/quail system [1, 2], molecular genetic determinants of this

process have been identified and studied in the mouse. The earliest factors that

impact on pituitary development and mark its developmental origins are the

Pitx1 (Ptx1) and Pitx2 transcription factors. Both factors are expressed in the

stomodeum and their expression is maintained in the developing pituitary and

in the adult gland [3–6]. The founding member of this family, Pitx1, was origi-

nally cloned because of its implication in cell-specific transcription of the

POMC gene [7], hence the name of this subfamily of homeodomain transcrip-

tion factors that otherwise play significant roles in early development, Pitx1

being the major determinant for hindlimb identity [8] and Pitx2 being an effec-

tor of left-right asymmetry during development of internal organs [9–12]. In

agreement with the idea that Pitx1 and Pitx2 are molecular signatures of the

embryological origin of the pituitary (fig. 1), their inactivation causes craniofa-

cial malformations and leads to interruption of pituitary development. While

the knockout of Pitx1 has the least severe phenotype with less gonadotropic and

thyrotropic cells [8, 13] in agreement with the higher levels of Pitx1 protein in

these cells [4], the knockout of Pitx2 leads to arrested pituitary development at

the late Rathke’s pouch stage [10, 11, 14]. However, it is the double mutant for

Pitx1 and Pitx2 that clearly reveals the importance of Pitx factors in early pitu-

itary development as the double knockout leads to arrest at the early Rathke’s

pouch stage; this also prevents expression of the downstream Lhx3 gene [15].

These gene mutations have clearly indicated that the Pitx genes are required for

pituitary organogenesis, in particular for the transition from Rathke’s pouch to

glandular structure, for the initiation of cell proliferation and for the onset of the

cell differentiation program (fig. 1).

The related Lhx3 and Lhx4 genes are also expressed at the midline in the

oral ectoderm but their onset of expression is later than the Pitx factors. As indi-

cated above, the Pitx1�/�; Pitx2�/� embryos fail to switch-on Lhx3 expres-

sion, clearly suggesting that the later is downstream of the Pitx factors in the

regulatory cascade controlling early pituitary organogenesis [15, 16]. In fact,

this interpretation is consistent with the phenotype of knockout mice as

Lhx3�/� embryos have arrested pituitary development at the late Rathke’s

pouch stage, a phenotype that is quite similar to that of Pitx2�/� mice [11, 17].

Whereas the Lhx4�/� mice have a hypoplasic anterior pituitary [18], mice that
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are deficient in both Lhx3 and Lhx4 have arrested development at the early

pouch stage and in that sense, they appear to be a phenocopy of the Pitx1�/�;

Pitx2�/� phenotype [15, 18].

Epithelium-Mesenchyme Transition

When Rathke’s pouch separates from the oral ectoderm, it initially forms a

closed epithelial structure with a lumen. Soon after, cells come out of the ven-

tral side of this epithelium and take a mesenchymal appearance as they prolifer-

ate: this is closely associated with the initiation of the cell differentiation

program (fig. 1). The homeodomain transcription factor Prop1 (for Prophet-of-

Pit1) [19] appears to be important for the transition between epithelium to mes-

enchyme as Prop1�/� mice exhibit an expanded epithelium that first appears

to proliferate and later regresses through apoptosis to yield a hypoplasic pitu-

itary [20]. This leads to a complex phenotype in terms of hormone secreting

cells with the most notable being the deficiency in GH, PRL and TSH that

results from absence of Pit1 as indicated in the name Prop1. It was later found

that Prop1 deficiency may also lead to complete or partial deficiencies of

LH/FSH in agreement with inappropriate SF1 expression; this is a likely cause

of delayed puberty and hypogonadism associated with this mutation. In addition,

Prop1-deficient mice have altered POMC expression [21]. The action of Prop1

may be balanced by another homeodomain transcription factor, Hesx1 (Rpx)

that is expressed in Rathke’s pouch and in the adjoining ventral diencephalon [22].

Lhx3�/�; Lhx4�/�

Pitx2�/�

Development 

arrested in

Development 

arrested in

Pitx1�/�; Pitx2�/�

Oral ectoderm Rathke’s pouch 

Rudiment

Rathke’s pouch 

Definitive 

Pituitary

Less 

LH, FSH,TSH cells

Pitx1�/�

Lhx3�/�; Lhx4�/�

Pitx1/2 Lhx3/4 Prop1

Epithelium Mesenchyme

Cell proliferation 

Cell differentiation

Fig. 1. Formation of Rathke’s pouch and early pituitary development.
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Hesx1 (Rpx) was shown to be a repressor of Prop1 activity [19] and Prop1 con-

tributes to extinction of Hesx expression [23, 24].

Collectively, these genes play critical roles in the early steps of pituitary

organogenesis and it is thus not surprising that some of them are involved in

multiple hormone deficiencies.

Combined Pituitary Hormone Deficiencies

Given their role in pituitary organogenesis as revealed in mouse studies, it

is not surprising that human mutations in genes LHX3, LHX4, HESX1 and

PROP1 have been associated with combined pituitary hormone deficiencies

(CPHD; table 1). Actually, HESX1 mutations have been associated with rare

cases of septo-optic-dysplasia (SOD) that include cranio-malformations in

addition to pituitary hypoplasia and disruption of the pituitary stalk [25, 26].

Mutations of either Lhx3 or Lhx4 have also been associated with CPHD but this

is quite rare as only a few families have been identified [27, 28]. While muta-

tions of PITX1 have not yet been identified in humans, haploinsufficiency for

PITX2 causes Rieger syndrome and this is occasionally associated with GH

deficiency [5].

The most frequent cause of CPHD is, however, due to PROP1 mutations.

Most of these mutations affect the homeodomain coding region of PROP1 [29].

PROP1-dependent CPHD is recessive and it usually involves complete defi-

ciency of GH, TSH and LH/FSH with variable progression of the disease and

about half the patients eventually developing ACTH deficiency [30, 31].

Interestingly, PROP1-deficient CPHD patients have been variably found to

have at MRI either hyper- or hypoplasia of the pituitary in agreement with the

sequential expansion of the pituitary epithelium and subsequent tissue loss

observed in Prop1-deficient mice [20].

Table 1. Combined pituitary hormone deficiency 

Deficiency Affected gene Phenotype

GH or many HESX1 (RPX) septo-optic dysplasia  (SOD)

GH, PRL, TSH, LH/FSH LHX3 hypopituitarism

GH, TSH, ACTH LHX4 hypopituitarism

GH, TSH, LH/FSH, ACTH PROP-1 hypopituitarism

GH, PRL, TSH PIT-1 hypopituitarism
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It thus appears that human CPHD is quite similar to the mouse models of

this condition and that further investigation of the mouse models may enlighten

us on disease progression and identification of other causative genes.

Sequential Pituitary Cell Differentiation: A Binary Model

All cells of the anterior and intermediate pituitary lobes derive from

Rathke’s pouch and although it is quite possible that commitment occurs early

in various regions of the pouch, the first visible markers of cell differentiation

appear at e12-e12.5 in the mouse at the same time as the onset of transition

from epithelium to mesenchyme. The first terminally differentiated cells to be

detected are corticotropes marked by Tpit expression and these first cells

appear in the epithelial part of the early gland [32]. This is followed closely by

the first thyrotropes and by another Pit1-dependent lineage, the somatotropes.

At around e14.5, the first evidence of terminal differentiation of melanotropes

is detected in the intermediate lobe and the gonadotropes are the last to reach

terminal differentiation around e16.5 [33].

The relationships between various lineages were defined by the investigation

of mutations in the genes encoding cell-restricted transcription factors that control

not only transcription of hormone-coding genes but also differentiation of the

corresponding lineage (fig. 2). Thus, analysis of Pit1 mutant mice defined the

relationships between somatotropic, lactotropic and thyrotropic cells [34] whereas

it is essentially the analysis of Tpit�/� mice that reveal the close relationship

GATA-2

NeuroD1

SF1
Tpit

TSH

PRL

ACTH

�-MSH

LH 

FSH

GH

e10 e12 e14 e16 e18

GATA-2

Prop1

Pitx1
Pitx1
Lhx3
Lhx4

Pit1

Mouse embryonic development (days)

Fig. 2. Pituitary cell differentiation: a binary model.
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between corticotropes/melanotropes and gonadotropes [35]. This work indicated

that Tpit is a positive regulator for corticotropes/melanotropes and that it is a nega-

tive regulator of the gonadotropic cell fate, thus clearly suggesting that these lin-

eages have a common precursor. This precursor and the lineages that derive from it

are clearly separate from the Pit1-dependent lineages that constitute the other half

of a differentiation sequence that can be accounted for by a series of a binary cell

fate choices starting with a putative pituitary precursor [35, 36]. Although Tpit and

Pit1 constitute critical regulators of cell fate, it appears that lineage commitment is

likely to occur upstream of these factors by yet unknown mechanisms and factors.

Pit1-Dependent Lineages

Pit1 (GHF1) is a POU homeodomain transcription factor that was origi-

nally cloned for its role in GH transcription [37, 38]. It is expressed from about

e13.5 in GH, PRL and TSH cells, and when it is mutated, it causes deficiencies

in the corresponding hormones and pituitary hypoplasia [34]. The Snell and

Jackson dwarf mice harbor mutations in this gene. Pit1 expression is dependent

on Prop1 that was itself found to be the causative gene for dwarfism in Ames

mice [19, 20].

It is noteworthy that Pitx1 is critical for expression of the three Pit-dependent

hormone genes and that this occurs through interactions with Pit1 [39, 40]. The

dependence on Pit1 is taken to indicate that the three Pit-dependent lineages

have a common precursor. However, the mechanisms/regulators that define

each of those lineages remain unknown: GATA-2 may play a role in the differ-

entiation of thyrotropes [41] and the estrogen receptor is likely to play an

important role in postnatal PRL expression [42].

Gonadotropes

Gonadotropins are heterodimers between a common �-glycoprotein sub-

unit (�-GSU) and a hormone-specific � subunit. As for all pituitary hormone-

coding genes, Pitx1 plays a role in transcription of the aGSU, bLH and bFSH

genes [16, 43–47]. This action is exerted in cooperation with the orphan nuclear

SF1 that is expressed in steroidogenic tissues, adrenals and gonads, in hypotha-

lamic GnRH neurons and in pituitary gonadotropes. SF1�/� mice do not express

gonadotropins and have adrenal and gonadal agenesis together with deficient

development of hypothalamic GnRH neurons [48]. Treatment of SF1�/� mice

with GnRH leads to activation of gonadotropin gene expression suggesting that

SF1 is a relatively late regulator of gonadotrope differentiation [49]. GnRH
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signaling in gonadotropes also requires Egr1 that acts synergistically with Pitx1

for transcription of the �LH gene [44].

Finally, GATA-2 appears to be important as a positive regulator of

gonadotrope differentiation as suggested in gain-of-function experiments [41].

The exact role of GATA-2 is puzzling as this factor is expressed much earlier

than differentiation of gonadotropes and thus its effect on gonadotrope differen-

tiation may not be direct.

Corticotropes and Melanotropes: Two POMC-Expressing 

Lineages

One transcription factor is critical for differentiation of the two POMC lin-

eages, the Tbox factor Tpit. Tpit is highly restricted in its expression to those two

lineages where it is detected about 12 h before POMC [32]. Knockout of the Tpit

gene causes almost complete depletion of POMC-expressing corticotropes and

melanotropes although a few positive cells remain in both anterior and interme-

diate lobes [34]. The Tpit loss-of-function mice clearly supported the role of Tpit

in transcription of the POMC gene and showed that it is essential for either

expansion or maintenance of corticotropes and melanotropes; however, it also

suggested that the initial commitment to these lineages is independent of Tpit

and presumably triggered by other upstream mechanisms and factors [34].

On the POMC promoter, Tpit exerts it action by close cooperative physical

interactions with Pitx1 [32] and the Tpit/Pitx factors exhibit physical and tran-

scriptional synergism with bHLH heterodimers containing the neurogenic

bHLH NeuroD1 [50, 51]. NeuroD1 is expressed in corticotropes and clearly

excluded from intermediate lobe melanotropes: it is thus one candidate factor to

differentiate the two POMC-expressing lineages. The NeuroD1 knockout only

has a minimal effect on differentiation of corticotropes as it appears to delay the

appearance of POMC in corticotropes by about 2–3 days [51].

Expression of POMC is stimulated by the hypothalamic hormone CRH

and this action appears to be mediated through the PKA and MAP kinase path-

ways [52, 53] and to ultimately stimulate the activity of NGFI-B and the related

orphan nuclear receptors [54, 55] as well as through Tpit and the recruitment of

the SRC2 coactivator [56]. LIF also stimulates POMC transcription in syner-

gism with CRH and this action is mediated by STAT3 [57, 58].

An important aspect of the hypothalamo-pituitary-adrenal (HPA) axis

homeostasis is the negative feedback regulation exerted by glucocorticoids on

corticotrope POMC expression. This negative feedback is mediated by the glu-

cocorticoid receptor on both secretion of pre-stored ACTH and on transcription

of the POMC gene [59]. Repression of POMC transcription by the glucocorticoid
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receptor may be exerted in part through binding of the negative glucocorticoid

response element (nGRE) present at �63 bp of the mouse POMC promoter [60]

but it also involves trans-repression of NGFI-B-dependent transcription [61, 62].

Trans-repression is the mutual antagonism exerted between two transcription

factors such as GR and NGFI-B, and it results from direct protein:protein inter-

actions between these transcriptional activators; it is a reciprocal mechanism

such that the DNA-bound factor behaves as transcriptional activator whereas the

factor recruited through protein:protein interaction acts as repressor. In the case

of POMC, NGFI-B is bound to the POMC promoter NurRE and this recruitment

is enhanced by CRH signaling [61] and GR recruited to promoter-bound NGFI-B

antagonizes its transcriptional activity [62]. Recent work has identified proteins

that stabilize these interactions in corticotropes and that may be so important as

to prevent trans-repression of NGFI-B activity by GR in their absence. Loss of

expression of this cofactor causes glucocorticoid resistance and may account

for this resistance in corticotropic adenomas found in patients with Cushing

disease.

Isolated Pituitary Hormone Deficiencies

Most cases of isolated pituitary hormone deficiencies have been associated

with mutations in the hormone-coding genes themselves (e.g. in GR, TSH-�,

FSH-�, LH-� and POMC) or in the genes encoding receptors for hypothalamic

hormones (such as GHRH-R, TRH-R and GnRH-R). A few cases have been

associated with mutations in transcription factors, such as SF1 and DAX-1 that

are associated with hypogonadotropic hypogonadism as well as with adrenal

malformations (table 2).

Isolated ACTH Deficiency

Isolated ACTH deficiency (IAD) was thought like other isolated hormone

deficiencies to be very rare. Indeed, only 4 case reports suggested that this con-

dition may exist [63–66]. Human POMC gene mutations cause pituitary ACTH

deficiency but also obesity and hypopigmentation (red hair) in agreement with

expression of the POMC in the pituitary, hypothalamic neurons and skin [67].

Since Tpit expression is restricted to pituitary corticotropes, we postulated that

mutations in this gene could cause IAD and this hypothesis was confirmed in

IAD patients [32, 68, 69]. After we initially found a Tpit mutation in one of the

early case reports of IAD [32, 63], we investigated and found other Tpit muta-

tions in many similar cases of this condition that now appears to be clinically

very homogeneous [69]. Tpit-dependent IAD typically has an early neonatal

onset and can be fatal if the severe hypoglycemic episodes that always lead to
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diagnosis are not treated rapidly. We have now identified a variety of loss-

of-function mutations in the Tpit gene that cause IAD (fig. 3): these include

insertion of premature stop codons that lead to mRNA degradation by 

non-sense-mediated mRNA decay, amino acid replacements that impair the

DNA binding ability of Tpit and splicing mutations.

Perspectives

The genetic analysis of pituitary development has increased dramatically

our understanding of the complex mechanisms controlling organogenesis, cell

differentiation and hormone action. However, this sense of accomplishment

Table 2. Isolated pituitary hormone deficiencies

Deficiency Affected gene Phenotype

GH GH dwarfism

GHRH-R

TSH TSH-� central hypothyroidism

TRH-R

LH/FSH FSH-�, LH-� hypogonadotropic hypogonadism

GnRH-R hypogonadotropic hypogonadism

KAL-1 � anosmia (Kallmann syndrome)

SF1 � sex reversal and adrenal failure

DAX-1 � congenital adrenal hypoplasia

Leptin, leptin-R � obesity

ACTH POMC adrenal insufficiency, obesity, red hair

TPIT adrenal insufficiency

T58A

Q28X

S128F

R179X

I171T

del ex 3�4

nt782delA R286X

M86R

T195A

IVS4�1G�A

nt247del37bp

81 2 3 4 6 75

Fig. 3. TPIT mutations identified in neonatal onset isolated ACTH deficiency (IAD).
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must be balanced by the realization that we are still ignorant of many regulators

for early lineage commitment, terminal differentiation of several lineages and

for integration of the multiple hormonal signaling pathways that fine tune the

production of each pituitary hormone. The successes of the last decade indicate

that the discovery of those unknown regulators and their mechanisms of action

will have a direct impact not only for understanding, but also for treatment of

pituitary disorders: it is therefore our challenge to uncover those regulatory

mechanisms/factors and their implications in the pathophysiology of pituitary

diseases.
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Abstract
Dopamine agonists (DA) are the treatment of choice for both micro- and macroadeno-

mas. However, the only limitation of this treatment is the low rate of cure, as well as the

long-term therapy usually seen in most patients. In our data, 16% of patients with prolactin-

omas remained normoprolactinemic after DA withdrawal. The duration of treatment before

DA discontinuation was the only statistically significant factor in the cured versus the

remission groups. Taking into account all the data from the published series, the rate of cure

after DA withdrawal ranged from 5 to 37.5%, and only 1% of tumor regrowth was observed

in spite of the high recurrence rate. The board of experts provided recommendations based

on the revision of all the data presented at this consensus meeting: dopamine agonists can

be routinely withdrawn in patients receiving DA. The length of treatment recommended is

1–3 years, during which DA may be tapered off, and serum PRL levels should be moni-

tored. Tumor disappearance on MRI and the levels of PRL under the lower dose of DA will

be determinant for DA withdrawal. Factors influencing prolactinomas outcome are analyzed

in the discussion.

Copyright © 2006 S. Karger AG, Basel

The management of prolactinomas with dopamine agonists (DA) was

introduced more than 30 years ago [1]. This extremely effective treatment in the

control of the hyperprolactinemic syndrome has widely replaced pituitary

surgery, and it is nowadays considered the treatment of choice for macro- and

microadenomas [2].

Clinical and neuroradiological improvement is often seen in 80% of

patients [3].
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Long-term medical treatment of prolactinomas may often result in permanent

remission and should not be invariably regarded as a life-long treatment [4].

Although therapeutic withdrawal is recommended, there is no consensus

regarding the duration and discontinuation of therapy for treated prolactinomas.

We will first show our own data (Endocrinology Division, Durand Hospital,

Buenos Aires, Argentina), comparing it with all the data published to date. Then

we will provide a discussion about the factors that may be indicators of remis-

sion in treated prolactinomas. Finally, we will offer some recommendations

together with an algorithm for treated prolactinomas. For this purpose, remark-

able neuroendocrinologists (Irene Halperin, MD, Spain; Ruth Mangupli MD,

Venezuela; Prof. Ashley Grossman, MD, UK; Marcello D. Bronstein MD,

Brazil; Prof. Armando Basso, MD, PhD, Argentina; Prof. Dr. med. Günter K.

Stalla, MD, Germany; Marcello Vitale, MD, Argentina) from around the world

with an extensive experience in prolactinomas met at ‘Pituitary Today’ to dis-

cuss and reach a consensus on long-term dopamine agonist treatment for

prolactinomas.

Hyper PRL 

Micro/Macroadenoma

Dopamine Agonist DA

1–3 years treatmentDecrease dose and 

frequency of DA

Tumor remnats

on  MRI

No tumor on MRI 

Withdraw DA

Continue treatment

Normal PRL

Asymptomatic

DA

MRI monitor 

Control

PRL PRL

Symptomatic

Fig. 1. Algorithm for treated prolactinomas.
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Data

Our cohort of patients was randomly selected, and records were analyzed retrospec-

tively. We included patients with microadenomas and macroadenomas, some of them oper-

ated either prior or after indication of dopamine agonists.

We based the diagnosis of prolactinomas on symptomatic monomeric hyperprolactine-

mia associated with microadenomas (less than 1 cm on MRI) or macroadenomas (more than

1 cm on MRI).

Serum prolactin (PRL) levels were measured by commercial kits: RIA from 1983 to

1987, immunoradiometric assay (IRMA) from 1987 to 1993, chemiluminiscent (ACS 180

Bayer) assay from 1993 to present date.

Bromocriptine has been used in our country since 1970, and cabergoline was intro-

duced in 1997. Nowadays, 98% of our patients with prolactinomas are being treated with

cabergoline as the medical therapy of choice.

Patients with macroprolactinemia and microadenomas were excluded, as screening for

macroprolactinemia through the polyethylene glycol method was introduced in our center in

1999.

103 of 157 patients were found to have microadenomas, and 54, macroadenomas. Only

22 patients from this cohort were operated, and 6 of them achieved normal PRL after surgery

(27%). The remainder were treated with DA.

100 of 151 (62%) patients withdrew the DA during follow-up – 68 micro- and 32

macroadenomas. Subjects received either bromocriptine BEC (n � 33), cabergoline CAB

(n � 19) or both (n � 48). Seven patients were excluded from the analysis because they

failed to return to our center, which made a proper follow-up difficult.

Statistical Analysis

Data are presented as means � SD. Nonparametric statistical methods and Fisher’s

exact test were applied. Among patients, the analysis was performed with the paired t test.

p � 0.05 was considered statistically significant.

Results

Considering only microadenomas, 14 patients (n � 62) (22%) remained

normo-PRL after DA withdrawal (cured group) and 48 patients showed a rise in

PRL levels during follow-up (recurrence group) (table 1).

Age, basal PRL, nadir PRL under treatment, dose of DA, and type of DA

showed no significant differences between the two groups. Length of treatment

before DA discontinuation was significantly higher in the cured patients com-

pared to patients with recurrence (p � 0.0019). No patients in the normo-PRL

group had tumor remnants on MRI; however, in the recurrence group 38% of

patients also had a normal MRI. Serum PRL levels during the off-treatment

period were significantly lower than basal prolactin (PRL) in the recurrence

group.
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The length of follow-up without treatment was between 2 and 5 years in

the cured group. Time to relapse of hyperprolactinemia was between 3 months

and 4 years, with a mean of 9 months, in the recurrence group.

Even though a higher incidence of menopause was observed in the cured

group, no significant differences were found.

There was a similar incidence of pregnancy in both groups.

As regards the group of macroadenomas, only 1 (3%) of 30 patients

remained normo-PRL after DA withdrawal (table 2). Therefore, comparing dif-

ferent variables and obtaining comparative data between the cured and recur-

rence groups were not possible.

The cured patient was a male who had been first operated and, due to the

finding of tumor remnants and high PRL levels after surgery, he had received

BEC for 2 years. During that period, the dose was decreased according to the

decreasing levels of PRL (�3 ng/ml). The tumor showed features of bleeding

and necrosis, and finally disappeared. Serum PRL levels were maintained in

low values during a follow-up of 6 years.

In the recurrence group of macroadenomas, significant tumor reduction

was observed in 60.7% of cases, 29% developed an empty sella syndrome, and

10.7% had no change.

Table 1. Variables in patients with microadenomas who remained normoprolactinemic

or recurred after DA withdrawal

Cured Recurrence p value

n � 62 14 (20%) 48 –

Age/sex 14/F 46/F, 2/M NS

mean age: 33.5 mean age: 30.5

Basal PRL range, ng/ml 123 (70–210) 150 (50–469) NS

Nadir PRL on DA, ng/ml 14.9 (4.2–30) 18.3 (0.6–71) NS

Tumor reduction, % disappearance 100% no change: 43% �0.0001

reduction: 19%

disappearance: 38%

Length of treatment years mean: 9 years mean: 4 years 0.0019

Maximum dose of DA (6–300 months) (6–240 months)

BEC: 7 mg/day BEC: 5.6 mg/day NS

CAB: 0.5 mg/week CAB: 0.8 mg/week

Off-DA PRL mean: 18.9 ng/ml mean: 107 ng/ml �0.0001

Period of follow-up, years 2–5 1 –

Time to recurrence, months – 3–12 –

Pregnancy, % 35.7 33 NS

Menopause, % 21.4 6.2 NS

Surgery none 3 –
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No significant differences were observed comparing off-treatment PRL lev-

els to basal ones in the relapsing patients with macroadenoma. Time to relapse

was between 2 months and 3 years. Interestingly, 1 patient’s PRL relapse occurred

only after the third year of follow-up. During the period of normoprolactinemia,

she was asymptomatic, and no tumor regrowth was observed. An algorithm for

the treatment and diagnosis of prolactiomas is shown in figure 1.

Conclusions

In our cohort of patients with prolactinomas, recurrence after DA with-

drawal was observed in 84% of the patients. Normo-PRL after long-term DA

treatment was 20% for micro- and 3% for macroadenomas (16% both).

Age, basal PRL levels, nadir PRL under DA, tumor size, dose of DA, type

of DA, pregnancy during follow-up, and previous surgery were not good pre-

dicting factors of remission.

In patients with microadenomas, the duration of treatment before DA dis-

continuation was the only statistically significant factor between the cured and

the remission groups.

Table 2. Variables in patients with macroadenomas who remained

normoprolactinemic or recurred after DA withdrawal

Cured Recurrence

n � 31 1 (3%) 30

Age/sex male 5/M, 25/F

mean age: 32

Basal PRL range, ng/ml 220 Mean PRL: 1,040

Nadir PRL on DA, ng/ml �3 mean: 31

Tumor reduction, % tumor disappearance no change: 10.7%

reduction: 60.7%

Empty Sella: 29%

Length of treatment, years 2 mean: 4.2 years

Maximum dose of DA BEC: 5 mg/day BEC: 10.8 mg/day

CAB: 1.1 mg/week

Off-DA PRL �3 ng/ml mean: 545 ng/ml

Length of follow-up 6 years 2 months–3 years

Time to recurrence – 2 months–3 years

Pregnancy, n – 11

Menopause, n – 2

Surgery, n yes 9
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Menopause was more frequent in the group of persistent normo-PRL, but

it was not significant enough. No cured patient had tumor remnants, so disap-

pearance of the tumor was a requirement for this group. However, the absence

of tumor on MRI does not rule out the chance of recurrence during the period of

DA withdrawal.

No tumor reexpansion in spite of the high rate of PRL recurrence was

noticed. This could be related to the previous long course of treatment, or it may

reflect the low growth rate of prolactinomas and the short length of follow-up

without medical therapy.

Published Series on Dopamine Agonist Withdrawal

Table 3 shows the most important data on this topic since 1983 [5–18].

Taking into account all the data from the published series (except for the paper

by Colao et al. [17]), the rate of cure after DA withdrawal ranged from 5 to

37.5%, with a mean of 19.4%; the number of patients analyzed was 632;

there were 5 series with CAB and 11 with BEC; tumor regrowth was seen in

only 2 series, the mean regrowth rate being 1.1%; the mean duration of treat-

ment before withdrawal was 3 years, and the mean period of withdrawal was 1.7

years.

Colao et al. [17] found the highest cure rate: 67% for microadenomas and

57% for macroadenomas in a cohort of 200 hyperprolactinemic patients treated

with cabergoline for a mean period of 2 years and a follow-up without treatment

of between 2 and 5 years. In this study protocol described by Colao et al. [17],

withdrawal of long-term cabergoline therapy for prolactinomas had higher rates

of normo-PRL than those reported in the literature. They justified these differ-

ences by the lack of criteria for timing withdrawal, the systematic evaluation of

discontinuation outcome by prolactin suppression and tumor shrinkage, and the

effective antitumoral effect of cabergoline. However, they excluded pregn-

ant, previously surgically treated and radiation therapy receiving patients,

conditions which may influence the course of prolactinomas. Patients with

macroprolactinemia were not excluded, however, and it is a common condition

observed in patients with hyperprolactinemia.

In the study of Colao et al. [17], the initial population of patients analyzed

was 354, and the final number was 200, due to the exclusion of patients which

became pregnant, those whose prolactin failed to reach normal levels, and those

without significant shrinkage of the tumor.

The high rate of cured cases is true for a selected group of patients with

prolactinomas, that is, those with normal PRL levels and MRI during treatment

with cabergoline. This rate would have been lower if they had included all the

population analyzed since the beginning, in which case the rate of cure would

have been 36% for macro and microadenomas.



G
u
itelm

an
9
4

Table 3. Published series on DA withdrawal

Reference n Normo-PRL Regrowth Length of Withdrawal Type of tumor Agent

% % treatment

Zarate et al. [5], 1983 16 37.5 0 2 years 4 years macro/micro BEC

Johnston et al. [6], 1984 15 7 7 3.7 years 1 year macro/micro BEC

Ho et al. [7], 1985 15 26 0 5 years ¿ micro BEC

Moriondo et al. [8], 1985 36 11 0 1 year 14–30 months micro BEC

18 22 2 years 8–28 months

Wang et al. [9], 1987 24 24 0 2 years 1–4 years micro/macro BEC

Rasmussen et al. [10], 1987 75 5 0 24–65 months �6 months micro/macro BEC

� 24 months

van’t Veerlat [11], 1991 12 25 7 3.5–7 years 1 year macro BEC

8 �1 year

Ferrari et al. [12], 1992 32 31 0 � 14 months 1 year micro/macro CAB

(3–52 months)

Muratori et al. [13], 1997 26 10 0 1–2 years 38–60 months micro CAB

Canavo et al. [14], 1999 27 18 0 2 years 1 year macro/micro CAB

Karunakaran et al. [15], 2001 116 15 0 7.5 years �3 months micro BEC

Passos et al. [16], 2002 131 20 0 4 years 3.6 years macro/micro BEC

Colao et al. [17], 2003 175 57 macro  0 � 48 months 2–5 years macro CAB

67 micro micro

Biswas et al. [18], 2005 89 31 0 � 37 months �12 months micro BEC 22 

CAB 67

Macro � Macroadenoma; micro � microadenoma.
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Discussion

Studies of DA therapy suggested that normoprolactinemic remission was pos-

sible following discontinuation of therapy in prolactinomas (7–37.5%). Therefore,

the controversy as to whether DA therapy should be life-long remained.

According to a survey on DA withdrawal policy in the UK, 80% of endocri-

nologists routinely withdraw DA when treating microprolactinomas [19]. The

criteria as to why DA was withdrawn were resolution of tumor on imaging, nor-

mal PRL after at least 3 years of treatment, normal PRL maintained on the

smallest dose of DA, menopause, and pregnancy. Regarding macroadenomas,

only 16% withdraw therapy following the same criteria as for microadenomas.

There are some factors that influence the course, evolution, and resolution

of prolactinomas: antitumoral effects of DA, natural history of microadenomas,

length of DA therapy, pregnancy, menopause, serum basal PRL levels, and

nadir PRL levels under DA treatment, tumor shrinkage and disappearance on

MRI during treatment, previous surgery, and type of drug used.

We analyze each of these factors and discuss their true influence in terms

of prolactinoma remission:

Concerning the antitumoral effects of DA, in 1980 Maurer et al. [20]

demonstrated that bromocriptine causes an inhibition of PRL mRNA transcrip-

tion and PRL synthesis in normal and tumor cells; Basetti et al. [21] and Tindall

et al. [22] suggested that short-term therapy with bromocriptine is associated

with a reversible reduction of organelles involved in PRL synthesis. Later, Gen

et al. [23] showed that long-term bromocriptine treatment causes tumor atrophy,

necrosis, fibrosis, hyalinosis, and inflammatory cell infiltration, suggesting

cytocidal effects. Clearly, DA inhibits PRL secretion and cell proliferation, but

whether or not the antitumoral action of DA is connected with the induction of

apoptosis is controversial [24, 25].

Pituitary apoplexy is a rare life-threatening condition caused by a sudden

infarction or hemorrhagic necrosis of the pituitary containing an adenoma [26].

A wide variety of conditions can trigger apoplexy, such as pituitary irradiation,

general anesthesia, traumatic head injury, pituitary stimulatory tests and a wide

variety of medications including DA [27].

The fact that the duration of DA therapy may influence the outcome of pro-

lactinomas regarding the results of short- and long-term therapy in morpholog-

ical studies is easy to understand.

Tumor regrowth was observed after short-term BEC therapy [28, 29].

Conversely, long-term DA therapy is associated with the absence of tumor reex-

pansion [5–18]. Duration of therapy may be an important determinant of remis-

sion, as we demonstrate in our cohort of patients with microadenomas;

however, there is still controversy concerning the exact duration of DA therapy.



Guitelman 96

In all the published data the mean duration of therapy was 3 years. The disap-

pearance of the tumor on MRI is an important end point when deciding upon

treatment discontinuation, so duration of treatment will vary depending on

imaging findings during follow-up.

A factor that may influence remission of prolactinomas is their natural

history. This conclusion is a result of several series where patients with

microprolactinomas were observed for a long period of time without DA [30–36].

It is thought that pituitary apoplexy could be involved in such spontaneous

tumor resolution. Jeffcoate et al. [37] found that 33% of women with microade-

nomas followed for 15 years without any treatment had spontaneous normaliza-

tion of PRL levels.

As for macroadenomas, spontaneous regression is less frequent, but there

are published case reports of pituitary apoplexy as presentation of macropro-

lactinomas [26].

Pregnancy is another condition that can change the resolution of treated

prolactinomas. The pituitary gland grows more than a hundred percent during

pregnancy due to high levels of estrogen [38], and some patients, especially

those with macroadenomas with no treatment before pregnancy, are more likely

to have neuro-ophthalmological complications [39, 40].

In contrast with these phenomena, there are several arguments supporting

the idea that pregnancy may favorably influence the outcome of prolactinomas

[41, 42]. Several studies showed that the PRL level decreases or even normal-

izes after pregnancies in women with prolactinomas [43]. Jeffcoate et al. [37]

found a higher rate of remission in women with microadenomas who became

pregnant during a follow-up of 15 years (35 vs. 14%).

Karunakaran et al. [15] suggested that females who become pregnant may

have a higher chance of normalizing their PRL levels (33 vs. 18%).

Regarding tumor changes related to pregnancy, 27% (n � 41) and 34%

(n � 44) of patients showed some degree of reduction after delivery.

Whether the effects of pregnancy are a result of a mechanical process or

they are due to estrogen per se has not been established yet. It has recently been

demonstrated that 17ß-estradiol upregulates the expression of the Fas/FasL sys-

tem in anterior pituitary cells and increases Fas-induced apoptosis in lac-

totropes [45]. However, enough data are lacking to determine any statistically

significant influence of pregnancy concerning maintenance of normopro-

lactinemia after drug withdrawal.

Another factor that has been implicated in remission is menopause. It is

reasonable to assume that lower levels of estrogen during menopause may have

a positive effect in terms of tumor growth and response to treatment.

Karunakaran et al. [15] showed a significant chance of normalizing PRL levels

in menopausal patients with microadenomas. In spite of the fact that the



Long-Term Follow-Up of Prolactinomas 97

number of menopausal patients was higher in our group of cured patients with

microadenomas, it was not enough to achieve a significant statistical value. An

interesting observation is the fact that patients with prolactinomas who reach

menopause had been under treatment longer before DA withdrawal, and this

might explain the high tendency of cure in this group.

Pretreatment PRL levels were not good remission factors of cure in our

cohort of patients with microadenomas. Biswas et al. [18] found a significant

risk of relapse among patients with higher levels of PRL before treatment,

regardless of the size of the lesion. The relationship between baseline PRL

levels and risk of relapse has also been observed in some of the previous stud-

ies [8, 17], but not in others [16].

Nadir PRL during DA treatment was significantly lower in the group of

patients with prolactinomas who became normoprolactinemic after DA with-

drawal in the series of Colao et al. [17]. These results have not been repeated by

us or others, where nadir PRL seemed to be a poor parameter of remission in

treated prolactinomas [16–18].

Tumor shrinkage and pituitary tumor disappearance on MRI were the best

predicting factors of remission. In our group of patients who remained normo-

prolactinemic MRI was normal without tumor remnants. However, 38% of

micro- and 29% of macroadenomas had no further tumor on imaging studies, in

spite of the recurrence of hyperprolactinemia when DA was withdrawn. These

findings suggest that tumor remnants, smaller than the size the highest MRI

resolution would show, are still present. It should be noted that microscopic

bone and dural invasion is a common finding in surgical studies on prolactino-

mas [46, 47].

Regarding pituitary imaging studies, it is interesting to note that several pub-

lished studies used CT for both diagnosis and follow-up of prolactinomas before

and after DA therapy [5, 6, 10, 13]. MRI is superior to CT in diagnosing pituitary

microadenomas, in the follow-up of medically treated prolactinomas and in the

study of extrasellar involvement of pituitary adenomas [48–50, 54]. Nevertheless,

despite its superiority over CT, MRI has a high incidence of microincidentalomas

(10–15%), which may result in over-diagnosis of microadenomas in the healthy

population [51–55].

Previous surgery is a fact not always discussed as positively influencing

treated prolactinomas. However, there are no available data confirming this

view.

Bromocriptine vs. cabergoline: is there any difference between patients

who receive one or the other drug in terms of persisted normoprolactinemia

after withdrawal?

Colao et al. [17] attributed the high rate of stable normoprolactinemia

without tumor recurrence to an effective antitumoral effect of cabergoline. They
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also demonstrated that macroprolactinoma shrinkage during cabergoline treat-

ment is greater in naïve patients than in patients pretreated with other DA [56].

In our own cohort of patients, we cannot demonstrate any superiority for either

bromocriptine or cabergoline in terms of cure after long-term treatment.

However, it is true that cabergoline leads to a longer period of remission

once the drug has been withdrawn [14]. This is related to the longer half-life of

cabergoline compared to BEC and its longer period of inhibition on PRL levels

compared to bromocriptine [57, 58].

The length of follow-up during DA withdrawal was variable in all the

series published, with a mean of 4 years (table 3). However, a recommended

exact monitoring period was not established. In our group of cured patients the

maximum length of follow-up was 5 years; it should be noted that 1 patient with

micro- and another with macroadenoma recurred after 4 and 3 years, respec-

tively. Slow growth of prolactinomas has been recognized, therefore increasing

PRL levels even in patients without symptoms may anticipate recurrence.

The Board of Experts reaches some conclusions and recommendations:

(1) Dopamine agonists should be tapered off rather than abruptly discontinued.

(2) No evidence of tumor on MRI seems to be the most reliable criteria for DA

withdrawal.

(3) The length of treatment before DA discontinuation might be established in

the range of 1–3 years.

(4) Patients with a sustained elevated PRL in spite of clinical recovery should be

studied for PRL isoforms (macroprolactin) before increasing the DA dose.

(5) Pregnancy and menopause are periods where patients could be studied

without treatment.
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Abstract
Ghrelin, a peptide predominantly produced by the stomach, has been discovered as nat-

ural ligand of the GH secretagogue (GHS) receptor type 1a (GHS-R1a), suggesting the exis-

tence a new endogenous modulator of somatotrope secretion. Subsequently, ghrelin turned

out to exert pleiotropic actions, consistent with the widespread distribution of ghrelin and

GHS-R expression in central and peripheral tissues. Despite that the binding to GHS-R1a

requires ghrelin to be acylated in serine 3, some ghrelin actions are independent of such acy-

lation; thus suggesting the possibility of the existence of other GHS-R subtypes. Ghrelin

secretion (70% in its unacylated form) is mainly under metabolic control being modulated by

glucose, insulin and feeding. On the other hand, ghrelin influences energy metabolism acting

both as a central orexigenic factor and directly on the endocrine pancreas, liver and adipose

tissue. Recently, another gastric hormone derived from the same ghrelin gene has been iso-

lated and named obestatin. Obestatin in rats resulted in reduced food intake, jejunal contrac-

tion and body weight gain, via specific distinct receptors. Thus, all these data indicate that we

are exploring a very complex system deeply involved in the modulation of metabolic func-

tions, whose understanding will probably increase our knowledge about diabetes mellitus

and the metabolic syndrome.

Copyright © 2006 S. Karger AG, Basel

Ghrelin is a 28-aminoacid peptide predominantly produced by the stomach

that has been discovered as a natural ligand of the orphan GH secretagogue

(GHS) receptor (GHS-R) type 1a and is therefore supposed to play a major role

in the control of somatotrope function, although able to play also some other

neuroendocrine actions such as stimulation of lactotrope and corticotrope

secretion [1, 2]. As these ghrelin actions, mediated by the binding and activation
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of the GHSR-1a, have been shown to depend from its unique acylation in serine

3 [3], it has been initially stated that acylated ghrelin is the only biologically

active hormonal form [1, 2]. On the contrary, instead, recent data have clearly

revealed a different picture: ghrelin mostly circulates in an unacylated form that

despite being unable to bind the GHS-R1a, is, as a matter of fact, a biologically

active molecule, although devoid of neuroendocrine actions [1, 2]. This evid-

ence is consistent with the existence of GHS-R subtypes that are activated by

ghrelin independent of its acylation [1, 2].

GHS-Rs are expressed in the hypothalamus-pituitary unit but also in other

areas of the central nervous system and in peripheral tissues, particularly in the

endocrine pancreas [1, 2]; this GHS-R distribution explains the pleiotropic

actions of ghrelin. Ghrelin has been shown to exert a potent orexigenic activity

that, in functional antagonism to leptin, likely signals the metabolic balance

and manages the neuroendocrine and metabolic response to starvation [4].

Evidence that acylated ghrelin stimulates appetite and food intake and centrally

modulates energy expenditure attracted enormous interest in science; the obvi-

ous dream is that ghrelin analogues acting as agonists or antagonists would be

useful for the treatment of anorexia/cachexia and obesity, respectively [1, 2, 5].

This enthusiasm has, however, been dampened by reports showing that ghrelin

or GHS-R1a KO mice are neither anorectic nor dwarfs [6, 7]. Other studies,

however, found that ghrelin deletion impacts on energy balance and, in the long

term, GHS-R1a KO mice show alterations such as impaired ability to maintain

euglycemia and ventricular dysfunction [6, 8].

The central action of ghrelin in the modulation of appetite, food intake and

energy expenditure per se indicates a relevant impact of ghrelin on metabolism.

However, it has also been demonstrated that ghrelin, either acylated or not, also

exerts direct peripheral metabolic actions, namely on the endocrine pancreas,

liver and adipose tissue [1, 2]. These actions are those now receiving particular

attention for their obviously important clinical implications.

Control of Ghrelin Secretion

The stomach is the major source of circulating ghrelin levels as shown by

their clear decrease after gastrectomy [9]. In humans, ghrelin secretion under-

goes marked variations throughout the day with remarkable transient reductions

after meals [1, 2, 10]. If ghrelin secretion is age- and/or gender-dependent is

still a matter of debate [1, 2].

Circulating total ghrelin levels are negatively associated with body mass index;

ghrelin secretion is increased in anorexia and cachexia, reduced in obesity and

normalized by recovery of ideal body weight [1, 2]. An exception to the negative
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association between body mass and ghrelin secretion is Prader-Willi syndrome

where obesity is surprisingly associated with ghrelin hypersecretion [11].

Ghrelin secretion is decreased by either intravenous or oral glucose load

as well as during euglycemic hyperinsulinemic clamp and even after insulin-

induced hypoglycemia [1, 2, 4]. The inhibitory influence of overexposure to

insulin on ghrelin secretion is consistent with the strong negative association

between ghrelin and insulin levels that had been predicted by the negative cor-

relation between ghrelin levels and body mass index [12]; whether insulin and

glucose per se play a direct inhibitory role on ghrelin secretion is, however, still

unclear as is the influence, if any, of amino acids and lipids [1, 2, 4, 13].

The activation of somatostatin receptors is probably the most important

inhibitory secretory input on ghrelin that, in turn, stimulates somatostatin release

at both the hypothalamic and pancreatic levels, thus showing a feedback link

between these two peptides [14–16]. Ghrelin secretion is on the other hand

under stimulatory control by the cholinergic system [17]. The list of other fac-

tors that seem to modulate ghrelin expression and/or secretion includes GLP-1,

PYY, oxyntomodulin, urocortin, thyroid hormones and gonadal steroids, namely

testosterone [1, 2, 18]. The role of glucocorticoids, if any, is still unclear while

leptin has been shown not to affect ghrelin levels [19–23].

Ghrelin hyposecretory states (e.g. after gastrectomy or gastric bypass, obe-

sity, diabetes mellitus, hyperthyroidism) and hypersecretory states (anorexia,

cachexia, malnutrition, Prader-Willi syndrome) including ghrelinomas (mostly

gastro-intestinal carcinoids) have been described but the clinical consequences

of the altered ghrelin secretion remain to be demonstrated [1, 2, 24].

Ghrelin and GHS Receptor(s) Distribution

As stated above, the stomach is the major source of circulating ghrelin

levels, and, within the stomach ghrelin expression has been localized in the

X/A-like cells that account for 20–25% of all the endocrine cells in the oxyntic

mucosa [1, 2]. Ghrelin expression has been demonstrated in several other tis-

sues, in particular in the endocrine pancreas that has been demonstrated to be

the major source of ghrelin in fetal life [25]. Indeed, ghrelin-secreting cells rep-

resent a new physiological population within the endocrine pancreatic islets and

have been named ‘epsilon cells’ [1, 2].

The GHS-R 1a is encoded by a single gene found at chromosomal location

3q26.2 [26]. Two types of GHS receptor complementary DNAs (cDNA) as a

result of alternate processing of a pre-mRNA have been identified and named

receptor 1a and receptor 1b [27]. The GHS1b receptor is not activated by GHS

and its functional role remains unclear [27].
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As anticipated, the acyl group at serine 3 (more frequently an octanoyl

group) of the ghrelin molecule is essential for binding to activating the GHS-

R1a [28]. Interestingly, GHS-R1a is also bound by adenosine (that weakly acti-

vates it) and cortistatin, a natural analogue of somatostatin that, instead, does

not recognize the GHS-R1a [29].

The GHS-R1a is remarkably expressed in the hypothalamus-pituitary unit

consistent with the potent influence on the anterior pituitary function as well as

on the control of appetite, food intake and energy balance [1, 2]. Besides its dis-

tribution in other central areas, GHS-R1a expression and binding sites have also

been demonstrated in several peripheral tissues such as the stomach, intestine,

pancreas, thyroid, gonads, adrenal, kidney, heart and vasculature as well as in

many endocrine and nonendocrine tumors and cell lines [1, 2].

An increasing amount of data strongly supports the existence of GHS

receptor subtypes. Within the cardiovascular system as well as in the pancreas

and adipose tissue radiolabelled acylated ghrelin binding is inhibited by unacy-

lated as well as acylated ghrelin [1, 2]. As unacylated ghrelin exerts some meta-

bolic, cardiovascular and cellular actions [4, 30], this evidence strongly supports

the existence of a ghrelin receptor subtype activated by the peptide independ-

ently of its acylation.

On the other hand, in rat and human cardiovascular system and probably in

other endocrine and nonendocrine tissues, the existence of binding sites able to

bind only peptidyl GHS has been demonstrated. These binding sites are not

ghrelin receptors being unable to bind ghrelin and the non-peptidyl GHS MK-

0677 [2, 31]. The amino acid sequence of this receptor is that of CD36, a multi-

functional class B scavenger receptor also known as glycoprotein IV that it has

been implicated in multiple physiological functions (e.g. cellular adhesion,

fatty acid and lipid transportation and antigen presentation) and pathological

processes related to macrophage foam cell formation and the pathogenesis of

atherosclerosis [31].

Ghrelin, the Endocrine Pancreas and Glucose Metabolism

GHS-R1a, 1b and also ghrelin receptor subtypes able to bind both acylated

and unacylated ghrelin have been demonstrated to be expressed within the

human pancreas [2].

On the other hand, the expression of ghrelin itself has been shown within

the endocrine pancreas, variably localized in �, � and non-�, non-� pancreatic

cells [1, 2, 32]. Ghrelin expression at the pancreatic level anticipates that in the

stomach, in fact, the pancreas seems to be the major source of circulating ghrelin
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levels during fetal life [25]. More recently, a group of ghrelin-secreting cells

within the pancreatic islets and named epsilon cells has been proposed as a new

physiological cell population [1, 2, 33, 34]. Islet insulin and ghrelin cells have

been shown to share a common progenitor and Nkx2.2 and Pax4 seem to be

required to specify or maintain differentiation of the � cell fate [35]. Thus, there

would be a genetic component underlying the balance between insulin and

ghrelin cell populations [32, 35].

Given the picture of ghrelin and GHS-R expression within the endocrine

pancreas, it is likely to hypothesize that ghrelin system play a role, at least

via autocrine/paracrine actions, in the control of the endocrine pancreatic

function [32].

In fact, it had been demonstrated that synthetic GHSs have a diabetogenic

effect in obese Zucker rats and the chronic treatment with MK-0677, a nonpep-

tidyl GHS, induces insulin resistance and hyperglycemia in healthy elderly sub-

jects [1, 2]. Subsequently, it has been reported that ghrelin is able to counteract

the inhibitory effect of insulin on gluconeogenesis in a hepatoma cell line [36].

Some studies reported that ghrelin is able to stimulate insulin secretion from

isolated rat pancreatic islets and in rats in vivo [1, 2]. However, many in vitro,

ex vivo and in vivo studies reported that acylated ghrelin inhibits insulin secre-

tion in rats [37]. Particularly, it has been demonstrated that acylated ghrelin

inhibits both basal and glucose-stimulated insulin secretion and intracellular

calcium from rat islets [38]. Moreover, acylated ghrelin dose dependently atten-

uates the insulin response to glucose load in rats in vivo [1, 2]; similarly, it

inhibits insulin secretion from isolated rat pancreas perfused in situ after stimu-

lation with glucose, arginine, and carbachol [39]. On the other hand, counter-

action of endogenous ghrelin by GHS-R antagonists or specific antiserum

enhances the insulin response to glucose load, in the meantime reducing the ele-

vation of glucose levels in rats in vivo [38].

Consistent with data in animals, in humans the acute administration of

acylated ghrelin is followed by a significant, although transient, reduction in

insulin levels while glucagon secretion is unaffected [1, 2]. Pretreatment with

ghrelin has also been found to be able to reduce the insulin response to arginine

but not that to oral glucose load [2].

In these experimental conditions, acylated ghrelin administration has been

shown to increase plasma glucose levels even before the transient insulin reduc-

tion [1, 2] and to amplify the hyperglycemic effect of arginine [2, 40].

As the hyperglycemic effect of acylated ghrelin is not coupled with stimu-

lation of glucagon release, it has been hypothesized that ghrelin activates

glycogenolysis either indirectly via stimulation of catecholamine release or by

acting directly on the hepatocytes. In fact, acylated ghrelin increases glucose

output from pig hepatocytes [30].
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Interestingly, unacylated ghrelin, although devoid of any neuroendocrine

action, is able to counteract the effects of acylated ghrelin on insulin secretion

and glucose levels in humans [41]. This evidence led us to hypothesize that una-

cylated ghrelin would exert metabolic actions counterbalancing those of acy-

lated ghrelin. To support this hypothesis, unacylated ghrelin inhibits glucose

output and counteracts the stimulatory effect of both acylated ghrelin and

glucagon on glucose output from pig hepatocytes [30]. Moreover, unacylated

ghrelin abolishes the inhibitory effect of acylated ghrelin on the insulin

response to glucose in hamster pancreatic � cells [personal unpubl. results].

Consistent with the hypothesis that acylated and unacylated ghrelin exert

opposite influence on insulin secretion and glucose metabolism there is also

evidence that transgenic rats specifically overexpressing unacylated ghrelin

show a trend toward reduction of insulin and glucose levels [42]. In the same

study, unacylated ghrelin has been shown to also have an anorectic action [42].

This picture would therefore suggest a diabetogenic action of acylated ghre-

lin counterbalanced by unacylated ghrelin [2, 30, 42]. There are, however, dis-

crepancies that need to be explained. For instance, it has been reported that low

total ghrelin levels are independently associated with type 2 diabetes mellitus,

insulin secretion and sensitivity and blood pressure. Based on this association,

the authors concluded that ghrelin might have a role in the etiology of diabetes

mellitus type 2 and in the regulation of blood pressure homeostasis [43]. Notably,

however, this report did dot allow to distinguish between acylated and unacy-

lated circulating ghrelin levels and only this opportunity, now available [44], will

allow to understand the real potential link between ghrelin and the metabolic

syndrome. Then, it is also surprising that, differently from that observed in rats,

low ghrelin secretion in type 1 diabetes mellitus is not modified by insulin

replacement and normoglycemia [45]. This would be of particular interest con-

sidering personal unpublished results indicating that both acylated and unacy-

lated ghrelin are able to markedly protect � cell viability from apoptosis induced

by serum restriction as well as by the combination of interleukin and TNF.

Very recently, the complexity of this picture has been enhanced by the iso-

lation of a new hormone from the stomach, derived from the same ghrelin gene

and named obestatin [46]. Obestatin treatment in rats results in a reduction

of food intake and body weight gain via activation of the orphan G protein-

coupled receptor GPR39 [46].

These results would therefore describe the existence of a very complex

system in which two products from the same gene are generated and, via a dis-

tinct receptor, seem to have an opposite metabolic effect. Moreover, when ghre-

lin is generated, a posttranscriptional acylation process may lead, in its turn, to

two different bioactive ghrelin forms with different, sometimes opposite, meta-

bolic effects.
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Ghrelin, the Adipose Tissue and Lipid Metabolism

The adipogenetic action of ghrelin reflects its orexigenic action as well as

its central modulatory effect on energy expenditure [2, 18]. However, there is

increasing evidence indicating that ghrelin also directly acts on the adipose

tissue [2, 47].

Ghrelin expression in the adipose tissue has never been demonstrated. On

the other hand, the expression of GHS-R 1a mRNA in adipocytes has been

found to be low by some authors and absent by others [2, 48, 49]. However,

adipocytes also possess specific receptors for ghrelin independently from its

acylation [2, 49] that are, by definition, GHS-R non-type 1a.

Consistent with the presence of binding sites specific for both acylated

and unacylated ghrelin on adipocytes, it has been shown that both the forms of

ghrelin directly promote adipogenesis in rat bone marrow adipocytes [49]. The

direct adipogenetic effect of ghrelin has been confirmed in another study where

acylated ghrelin was found able to inhibit the lipolytic action of a �-adrenergic

agonist on rat adipocytes [50]. The direct effect of acylated ghrelin on prolifer-

ation, differentiation and apoptosis of adipocytes has also been shown by other

authors who hypothesized that the ghrelin system would play a role in regulat-

ing fat cell number [51]. This action would be mediated by the activation of

MAPK and PI3K/Akt pathways [51]. Inhibition of adipogenesis has also been

reported in an adipocyte cell line overexpressing ghrelin [47].

Focusing on the modulatory effect of ghrelin on adipocyte function, we

found that unacylated ghrelin is as active as its acylated form and more than

a synthetic GHS such as hexarelin and MK-0677 in inhibiting isoproterenol-

induced lipolysis in rat epididymal adipocytes in vitro [50]. That both acylated

and unacylated ghrelin affect lipolysis further supports the hypothesis that

adipocyte cell viability and function are likely to be mediated by a ghrelin

receptor that is not the GHS-R1a [49]. It remains to be clarified why acylated

and unacylated ghrelin modulate adipocyte function in the same way while they

seem to have opposite influences on both pancreatic � cell secretion and glu-

cose metabolism.

Ghrelin and Atherogenesis

Given the remarkable impact of the ghrelin system on glucose and lipid

metabolism, its potential role in atherogenesis and cardiovascular functions has

been obviously investigated.

Ghrelin and GHS-R 1a expression and binding sites have been demon-

strated in cardiac tissues as well as in endothelial cells [1, 31, 52]. A GHS-R
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subtype that binds both acylated and unacylated ghrelin has been demonstrated

in both these tissues [53].

Such a heterogeneous pattern of receptors for ghrelin and synthetic GHS

within the cardiovascular system most likely explains the distinct cardiovascu-

lar actions exerted by these molecules [1, 2, 31, 52].

Acylated ghrelin as well as synthetic GHS improve cardiac performance

in rats after myocardial infarction, protect against diastolic dysfunction of myo-

cardial stunning in isolated perfused rabbit heart and enhance left-ventricular

contractility in pigs with dilated cardiomyopathy [31, 53]. Moreover, the admin-

istration of peptidyl GHS increases left ventricular ejection fraction in normal vol-

unteers as well as in hypopituitary patients with severe GHD and even in patients

with ischemic dilated cardiomyopathy [31, 53]. These effects seem to be mediated

by the GHS-R1a.

On the other hand, both acylated and unacylated ghrelin reduce the tension

developed at low frequencies of guinea pig cardiac papillary muscles [54].

Moreover, either acylated or unacylated ghrelin as well as synthetic GHS pro-

tect cardiomyocytes and endothelial cells from serum withdrawal-, doxorubicin-

and FAS ligand-induced apoptosis [31, 55]. This action is therefore mediated by

a GHS-R non-type 1a.

Significant up-regulation of ghrelin and GHS receptors has been detected

in atherosclerotic coronary arteries and in ventricular myocardium of patients

with ischemic or dilated cardiomyopathy [31, 56]. On the other hand, synthetic

peptidyl GHS exert protective action against cardiovascular damage in aged rats

as well as in GHD rats with postischemic ventricular dysfunction [31].

This latter finding would indicate that the protective action of peptidyl GHS

is not mediated by a ghrelin receptor and is consistent with the existence of a car-

diac receptor specific for synthetic peptidyl GHS only [31, 53]. Indeed, cardiac

tissues express a GHS-R type with a larger molecular mass (84 kDa) than that of

GHS-R type 1a [31]; the predicted amino acid sequence of this putative GHS-R is

identical to that of CD36, a multifunctional B-type scavenger receptor involved in

foam cell formation and atherogenesis that is expressed in cardiomyocytes and

microvascular endothelial cells [31, 52]. The activation of CD36 in perfused

hearts by peptidyl GHS such as hexarelin (but not by MK-0677 or ghrelin) has

been shown able to elicit an increase in coronary perfusion pressure in a dose-

dependent manner and this effect is lacking in hearts from CD36-null mice and

hearts from spontaneously hypertensive rats genetically deficient in CD36 [31,

52, 57]. Based on this evidence, it has been suggested that CD36 may mediate

the coronary vasospasm seen in hypercholesterolemia and atherosclerosis.

Based on evidence that peptidyl GHS bind CD36, a receptor involved

in scavenging of oxidized low-density lipoproteins (oxLDL) in monocytes/

macrophages leading to foam cell formation, other studies focused on the
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hypothesis that GHS may interfere with CD36 function/expression in mono-

cytes/macrophages, thereby hampering the uptake of oxLDL by macrophages

and foam cells development. Under treatment with GHS significant reduction

of the atherosclerotic lesion area (ranging from 28 to 47%) was observed in

ApoE null mice. This was associated with a decrease in total plasma cholesterol

and non-HDL cholesterol while HDL cholesterol tended to increase. GHS treat-

ment also reduced ox-LDL-induced peritoneal macrophage accumulation by

39% and this reduction was paralleled with the increase of the expression of

genes PPAR�, LXRa and ABCA1. In this study, it was therefore demonstrated

that: (1) GHS protects ApoE null mice from developing fatty streaks lesions;

(2) the anti-atherosclerotic effect of GHS is mediated through the negative

modulation of CD36 expression in macrophages and the increase of expression

of genes involved in the cellular cholesterol removal; (3) the protective effect of

GHS is associated with favorable modulation in the plasma lipid profile [58].

Apart from clinical implications, these findings emphasize how relevant the

direct metabolic actions exerted by ghrelin as well as by GHS receptors whose

ligand is not always ghrelin are likely to be; in fact, a GHS receptor (i.e. CD36)

but not ghrelin mediates a remarkable antiatherogenic action [52].

Conclusions

The ghrelin story was born with synthetic GHS following the perspective of

orally active molecules able to replace rhGH for the treatment of GH deficiency

and/or as anabolic treatment for anti-aging intervention. However, after its isola-

tion, the demonstration of ghrelin’s orexigenic action opened new clinical per-

spectives hypothesizing that ghrelin analogues act as agonists or antagonists in

the treatment of cachexia, eating disorders and obesity. Evidence that the ghrelin

KO mouse is not an anorectic dwarf dampened the enthusiasm in this field

meantime describing an important difference between ghrelin and leptin (whose

KO mouse has a clear obese phenotype). This, however, does not definitely rule

out the potential importance of ghrelin. Ghrelin exerts pleiotropic actions con-

sistent with the widespread distribution of ghrelin and GHS-R expression. Some

ghrelin actions are independent of its acylation in serine 3 and this evidence

strongly suggests the existence of GHS-R subtypes that would play a major role

in peripheral metabolism. Although the orexigenic action of ghrelin in itself pre-

dicts impact on metabolism, ghrelin has also been shown to be able to directly

act at the level of the endocrine pancreas, liver and adipose tissue thus modulat-

ing glucose and lipid metabolism. As previously stated, the complexity of this

picture has been recently enhanced by the isolation of obestatin, a new hormone

deriving from the same ghrelin gene, but apparently endowed with different
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metabolic actions mediated by the activation of a distinct receptor. The challenge

is now the understanding the role of the ghrelin/obestatin system in the physio-

logical control of metabolic functions and in the metabolic syndrome.
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Abstract
Growth hormone (GH) is an important regulator of body composition, reducing body

fat by stimulating fat oxidation and enhancing lean body mass by stimulating protein accre-
tion. The emergence of differences in body composition between the sexes during puberty
suggests sex steroids modulate the action of GH. Work from our laboratory have investigated
the influence of estrogens and androgens on the metabolic actions of GH in human adults.
The liver is an important site of physiological interaction as it is a sex steroid responsive
organ and a major target of GH action. Estrogen, when administered orally impairs the GH-
regulated endocrine and metabolic function of the liver via a first-pass effect. It reduces cir-
culating IGF-I, fat oxidation and protein synthesis, contributing to a loss of lean and a gain of
fat mass. These effects occur in normal and in GH-deficient women and are avoided by trans-
dermal administration of physiological doses of estrogen. In contrast, studies in hypopitu-
itary men indicate that testosterone enhances the metabolic effects of GH. Testosterone alone
stimulates fat oxidation and protein synthesis, both of which are enhanced by GH. Studies in
GH deficiency adults have consistently reported women to be less sensitive to GH than men.
In summary, estrogens and androgens exert divergent effects on the action of GH. The results
provide an explanation for sexual dimorphism in body composition in adults and the gender-
related response to GH replacement in hypopituitary subjects. In the management of hypopi-
tuitarism, estrogens should be administered by the parenteral route in women and
testosterone be replaced in men to optimize the benefits of GH replacement.

Copyright © 2006 S. Karger AG, Basel

The action of growth hormones (GH) is influenced by several factors.
Growth in children is influenced by environmental and systemic factors, nutri-
tional and endocrine status. Chronic systemic illness impairs growth as is
observed in children with chronic pulmonary, cardiac, renal and hematological
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disorders. As growth is an anabolic process, adequate nutrition is essential for
optimal growth. Malnutrition is the commonest cause of short stature world-
wide. Untreated or poorly controlled type I diabetes is a functional form of mal-
nutrition causing growth failure which is reversed by improved metabolic
control. The mechanisms of insulin interaction with GH in growth regulation
are complex and have been the subject of intensive study. Thyroid hormones are
also important regulators of growth and exert positive effects on the secretion
and the action of GH [1, 2]. There is strong evidence that sex hormones interact
with the GH system as exemplified by the physical growth and somatic devel-
opment that occurs in concert with enhanced levels of sex steroids and GH dur-
ing puberty. Studies in adults have revealed that GH plays an important role in
regulating substrate metabolism and body composition [3]. GH stimulates pro-
tein synthesis and lipolysis, metabolic actions which result in a gain of lean
body mass and a loss of body fat. While growth is stimulated during puberty,
differences in body composition between sexes also emerge at this time.
However, GH secretion is increased to a comparable level in both sexes during
the growth spurt. These observations suggest that the gender-emergent changes
in body composition arise from the influence of female and male hormones on
the GH/IGF-I system. We here review work undertaken in our laboratory on the
modulation by estrogens and testosterone on GH action.

Estrogen and GH Action

There is strong evidence that estrogen regulates GH secretion in the human
female. Serum estradiol and GH levels are significantly correlated in pubertal
girls [4]. Estrogen priming in prepubertal girls augments the GH response to
stimulation tests. GH secretion varies during the menstrual cycle with mean
concentrations highest during the late follicular phase when estrogen concentra-
tion is highest [5]. Mean 24-hour GH and IGF-1 levels are lower in post-
menopausal than in premenopausal women, suggesting that reduced activity of
the somatotropic axis in the menopause may be secondary to estrogen defi-
ciency [6]. Work investigating the effects of estrogen replacement on the GH-
IGF-I axis has uncovered a strong dependency on how estrogen is administered.

Route of Estrogen Administration

This discovery was made from studies comparing the effects of oral and
transdermal estrogen administration on circulating GH and on IGF-I [7].
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Estrogen treatment in the menopause induces a significant route-dependent
effect on the GH/IGF-1 axis. Administration of 20 �g ethinyl estradiol as an
oral tablet and 100 mg 17�-estradiol delivered via a skin patch resulted in sig-
nificant and comparable reductions in circulating levels of LH and FSH.
Administration of oral ethinyl oestradiol resulted in a threefold increase in
mean 24-hour GH concentrations. In contrast, transdermal administration of
17�-estradiol did not result in a significant change in mean 24-hour GH con-
centration [7]. Oral administration of ethinyl estradiol resulted in a uniform and
significant reduction in mean IGF-1 levels. In contrast, transdermal estrogen
delivery resulted in a small but significant increase in mean IGF-1 levels. Oral
ethinyl estradiol but not transdermal estrogen increased circulating levels of
GH binding protein, which is believed to be derived from proteolytic cleavage
of the extracellular domain of the GH receptor [8].

In this study the types of estrogen were different. To address whether the
reduction of IGF-1 and elevations of GH are specific properties of ethinyl estra-
diol or intrinsic to the oral route of administration, the effects of oral administra-
tion of ethinyl estradiol (20 �g), conjugated equine estrogen (Premarin 1.25 mg)
and estradiol ester (estradiol valerate 2 mg) [9] were compared. The doses of the
three formulations have previously been shown to have approximate systemic
bioequivalence [10, 11].

All three estrogen formulations caused significant suppression of luteinitz-
ing hormone (LH) and follicle-stimulating hormone (FSH), and elevations of the
hepatic proteins SHBG and angiotensinogen. GHBP increased in parallel with
these hepatic proteins. Each of the three estrogen formulations induced a fall in
IGF-1 levels compared to baseline and corresponding elevations in mean 24-hour
GH and GHBP concentrations (fig. 1). The increases in mean 24-hour GH during
estrogen treatments were and inversely related to the fall in IGF-1 levels. Thus the
uniform responses displayed by all three estrogen formulations administered by
the oral route stand in contrast to those observed following transdermal delivery
and strongly suggest that the reduction in IGF-1 levels is an intrinsic effect of oral
estrogens [9]. The increase in GHBP concentration reflects another level of action
of estrogen on the GH-IGF-1 axis. All three estrogen formulations increased
GHBP in parallel with elevations in SHBG and angiotensinogen, both recognized
as estrogen-sensitive hepatic proteins. As transdermal estrogen delivery did not
influence GHBP levels, the data suggest that GHBP is an estrogen-sensitive
hepatic protein and that the liver is a major source of GHBP in man [12]. IGFBP-3
and ALS, components of the IGF ternary complex are also reduced by oral and
not transdermal estrogen [13]. ALS is derived exclusive from the liver which is
also a major source of IGFBP-3.

We have proposed that the IGF-1 suppressive effect of oral estrogens arise
as a consequence of exposure of the liver to high portal concentrations of
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Fig. 1. Mean (� SE) IGF-1, mean 24-
hour GH, GH-binding protein, IGFBP3 and
ALS concentrations in 6 postmenopausal
women before and during treatment with
ethinyl estradiol (EE), conjugated equine
estrogen (CE) and estradiol valerate (EV).
*p � 0.05 vs. baseline; †p � 0.05 vs. EV.
Adapted from Kelly et al. [9] and Kam et al.
[13].
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estrogen. This proposal is supported by evidence in the rat that estrogen
inhibits hepatic mRNA expression [14]. It is known that this first-pass hepatic
effect stimulates the synthesis of a number of hepatic proteins such as
angiotensinogen, coagulation factors and lipoproteins, effects that are do not
occur with the parenteral route. Because the fall in circulating IGF-1 occurred
in the setting of enhanced GH secretion, the increase in GH concentration is a
likely consequence of reduced negative feedback inhibition of IGF-1 on GH
secretion [7].

Effects on GH Action

The dissociation induced by the oral route on the GH/IGF-I axis suggests
that estrogen inhibited hepatic generation of IGF-I. We undertook a series of
studies in GH-deficient and in postmenopausal women to investigate whether
oral estrogen antagonized the metabolic and endocrine GH-regulated actions of
the liver.

In GH-deficient women, we studied whether the biological effects of GH
replacement was influenced by the route of estrogen administration. The effects
of graded doses of GH (0.5, 1.0 and 1.5 U/day) on IGF-I, fat oxidation and whole
body protein metabolism were compared in a group of women with hypopitu-
itarism replaced with therapeutic doses of estrogen administered via the oral and
transdermal routes [15]. At initiation of estrogen treatment, the mean IGF-1 level
fell significantly with oral but not transdermal route of delivery. GH administra-
tion significantly increased IGF-I levels in a stepwise, dose-dependent manner
during both estrogen treatments; however, mean IGF-I levels were significantly
lower throughout the oral estrogen phase (fig. 2). Comparable IGF-I levels
between estrogen treatments were obtained at a GH dosage approximately 1.0 IU
higher during oral estrogen treatment. Postprandial lipid oxidation was signi-
ficantly lower with oral estrogen treatment, both before and during GH admin-
istration, than with transdermal treatment. Protein synthesis was also lower
during oral estrogen both before and during GH administration. Thus, estrogen
at a therapeutic dose exerted significant route dependent effects on GH action in
women with organic GH deficiency. When compared to the transdermal route,
oral estrogen aggravates metabolic abnormalities of GH deficiency and attenu-
ates the metabolic effects of GH therapy. Thus, in comparison to the transdermal
route, oral estrogen markedly attenuated the metabolic effects of GH.

In post-menopausal women, we compared the effects of 6 months replace-
ment with oral (Premarin 1.25 mg/day) and transdermal (Estraderm 100, 100 �g
17�-estradiol/day) on fat oxidation and on body composition [16] in a random-
ized cross-over study.
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No differences in resting energy expenditure were observed between the
routes of estrogen administration. When compared to transdermal estrogen, oral
estrogen therapy resulted in an early but transient suppression of lipid oxidation
and a reciprocal elevation of carbohydrate oxidation after a nutrient load. The
finding of a suppressive effect of oral estrogen on fat oxidation extends the
observations made in a young girl treated with high doses of ethinyl estradiol
[17]. In this case report, we observed that oral ethinyl estradiol treatment with
doses of 60, 100 and 200 �g/day produced a reversible, dose-dependent sup-
pression of lipid oxidation associated with a reversible increase in fat. Lipid
oxidation was reduced throughout the basal and postprandial states during
ethinyl estradiol treatment in contrast to significant suppression occurring only
during the postprandial phase in the present study. As the potency of ethinyl
estradiol in the doses used is considerably higher than that of conjugated estro-
gen, the observations suggest that the inhibitory effect of oral estrogen on lipid
oxidation is dose-dependent.

Fig. 2. Change (mean � SE) in body
weight (top panel), fat mass (middle panel)
and lean body mass (LBM, lower panel)
after 24 weeks of oral and transdermal estro-
gen treatment. ¶p � 0.05 oral vs. transder-
mal, *p � 0.01 oral vs. transdermal,
†p � 0.02 vs. before oral estrogen treatment,
§p � 0.005 vs. before oral estrogen treat-
ment. Adapted from O’Sullivan et al. [37].
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No significant changes in body weight were observed between both routes
of estrogen therapy after 6 months, nor did body weight change significantly
with either treatment [16]. Mean bone mineral densities of the lumbar spine and
femoral neck increased during oral and during transdermal estrogen therapy to
a similar level. Significantly different effects on fat mass and lean body mass
were observed between the two routes of estrogen therapy. When the effects of
both routes of estrogen administration were compared, oral therapy lead to a
significant increase in fat mass of 1.2 � 0.5 kg, equivalent to a 5% change in
body fat (fig. 3). This increase in fat mass arose from a significant increase
occurring during 24 weeks of oral therapy with no significant change occurring
during the transdermal estrogen phase. Oral estrogen therapy also induced a
significant loss in lean body mass of 1.2 � 0.4 kg (p � 0.05, equivalent to a 3%
change) compared to that observed during transdermal estrogen therapy. This
difference was accounted for by a significant decrease in lean body mass of
0.8 � 0.3 kg with oral therapy and a small but nonsignificant increase in lean
body mass with transdermal estrogen therapy (fig. 3). Thus, when compared to
the transdermal route, oral estrogen therapy induced a significant decrease in
lean body mass and a significant increase in whole body fat mass. The effects
on fat oxidation and IGFI induced by the oral route of administration are oppo-
site to the effects of GH and consistent with an antagonistic effect on GH
action. These effects are even more significant considering that they have
occurred in the setting of enhanced GH secretion [7, 9].

These studies in GH deficient and postmenopausal women provide
compelling evidence that estrogen levels achieved in the portal circulation
after ingestion of therapeutic doses of oral estrogen impair the GH-regulated
function of the liver. In the laboratory, we have undertaken parallel in vitro

Fig. 3. Serum IGF-I concentrations
(nmol/l, mean � SE) before and during
incremental dosages of GH (0.5, 1.0 and
2.0 IU/day) during oral and transdermal
estrogen therapy. For conversion of GH dose
to mg, divide by 3. *p � 0.05 by ANOVA,
oral vs. transdermal.
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studies to investigate the mechanism involved. We have recently reported that
estrogen directly inhibits the function of the GH receptor by inducing the
expression of proteins called SOCS which are negative regulators of GH sig-
naling [18, 19].

Androgens and GH Action

There is strong evidence that androgens stimulate GH secretion. In males,
GH secretion is reduced in hypogonadism and stimulated by androgen treat-
ment, which also increases IGF-1 levels [20, 21]. Interestingly, the stimulatory
effect of testosterone is dependent on aromatization to estrogen [22]. The ques-
tion as to whether androgens amplify the action of GH has recently been
addressed in our laboratory.

Studies in children suggest that both hormones interact positively to
enhance growth and body composition [23, 24]. Testosterone enhances the
growth of boys with hypogonadism, and with hypopituitarism during GH treat-
ment [23, 24]. However, the effect of testosterone on somatic growth is poor in
boys with hypopituitarism without concomitant GH treatment [23, 24]. In
hypopituitary adults who are not receiving GH replacement, testosterone exerts
no effect on circulating IGF-I [25]. These collective observations suggest that
the growth promoting and anabolic effects of testosterone may be dependent on
GH and possibly mediated in part by IGF-I.

Effects on Energy and Protein Metabolism

There is evidence that both hormones are necessary to exert an optimal
anabolic effect. Even following adequate androgen replacement, LBM is
reduced in GHD men [26]. The observation that the effects of GH replacement
are more marked in men compared to women [27, 28] provides support that
testosterone might enhance the anabolic effects of GH. The anabolic effects of
GH are mediated by IGF-I, but whether IGF-I also plays a role in mediating the
anabolic effects of testosterone is unknown. To investigate the interactions
between these two anabolic hormones, we studied the independent and com-
bined effects of GH and testosterone on IGF-I, energy expenditure and protein
metabolism in hypopituitary men [29].

Treatment with GH alone significantly increased IGF-I into the normal
range but did not alter plasma levels of testosterone, which remained in the
hypogonadal range in all subjects. Addition of testosterone to GH increased
testosterone into the normal range in all subjects, and resulted in a small but
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uniform increase in plasma IGF-I levels. Treatment with testosterone alone
increased testosterone into the normal range but did not alter mean plasma levels
of IGF-I. Compared with testosterone alone, treatment with combined GH and
testosterone did not result in any further change in plasma testosterone, but
increased IGF-I into the normal range. In summary, treatment with testosterone
and GH normalized plasma levels of testosterone and IGF-I respectively, but
testosterone increased IGF-I only during concomitant administration of GH [29].

GH alone stimulated mean resting energy expenditure by an average of
4.3%, and co-administration of testosterone enhanced resting energy expendi-
ture by 8.6% over pretreatment. GH alone stimulated mean fat oxidation by
8.0% while addition of testosterone resulted in a further increase of over 30%.
Using the whole-body leucine turnover technique to study effects on protein
metabolism, we observed that GH treatment significantly reduced protein oxi-
dation, and this effect was enhanced by combined treatment with testosterone.
Similarly. GH-stimulated protein synthesis and the addition of testosterone
enhanced this effect (fig. 4).

We also investigated the influence of testosterone on the antinatriuretic
actions of GH by measuring changes in extracellular water volume in the
hypopituitary men. GH significantly increased ECW volume, an effect which
was enhanced by testosterone [30] (fig. 5). These changes occurred without
a significant effect on components of the renin-angiotensin system nor on

Fig. 4. Percentage rates of leucine oxidation and nonoxidative leucine disposal (NOLD),
an index of protein synthesis in hypogonadal GH-deficient men at baseline, following treat-
ment with GH alone and GH with testosterone *p � 0.05 vs. baseline. #p � 0.05 vs. baseline
and vs. GH only. Adapted from Gibney et al. [29].
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Fig. 5. Mean (� SE) resting energy
expenditure (kcal/24 h), fat oxidation (mg/
min) and extracellular water (ECW, kg)
volume in 8 hypopituitary men at baseline,
following treatment with GH alone, and GH
with testosterone. *p � 0.05 vs. baseline.
Adapted from Gibney et al. [29] and
Johannsson et al. [30].
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atrial-natriuretic peptide concentration. These observations suggest that the
antinatriuretic effects of GH and its influence by androgens may be exerted at
the renal tubular level. In summary, testosterone amplified the effects of GH on
IGF-I, resting energy expenditure, fat oxidation, protein metabolism and extra-
cellular water volume.
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Implications

The divergent influence of estrogens and androgens on GH action provides
an explanation for a consistent gender-related response observed in adults
during GH replacement. IGF-I levels are lower in GH-deficient women than
men replaced with similar doses of GH [31] and that the dose of GH required to
maintain a comparable level of IGF-I is higher in women than men [32, 33].
Although these studies did not provide subgroup analysis on gonadal status and
sex steroid treatments, it is likely that lower sensitivity to GH in women arose
from concomitant oral estrogen treatment, the most widely used mode of
replacement. Most of the hypogonadal men were androgen replaced. Using
IGF-I as an endpoint for dose determination, Cook et al. [34] observed that GH
requirements in women taking oral estrogens required at least twofold greater
dosage of GH than those who did not. Janssen et al. [35] reported that switching
from oral to transdermal estrogen therapy increased serum IGF-I by 30% dur-
ing GH replacement therapy, an effect consistent with our own [15].

In a placebo-controlled 9-month trial, Burman et al. [27] observed that GH
treatment induced a greater reduction in the proportion of total body fat and in
abdominal fat mass in men than women. A large prospective study reported a
progressive separation in fat mass, lean body and bone mass between men and
women treated for up to 5 years with GH [33, 36]. In these studies, women actu-
ally received a larger weight-adjusted dose, indicating that they harbored an
even greater degree of GH resistance than is apparent from the biochemical and
body compositional change. Although the route of therapy was not specified, it
can be assumed that the majority employed the oral route, as this was the usual
mode of administration. As most of the hypogonadal men were also replaced
with androgens in these studies, the positive regulatory effect of androgens is
likely to be an additional mechanism explaining the clear sexual dimorphism in
GH responsiveness in hypopituitary subjects.

Economic Considerations

Estrogens impair while androgens enhance the metabolic actions of GH.
The effect of oral estrogen arises from a first-pass hepatic effect and is circum-
vented by parenteral administration. The route-dependent effect of estrogen has
significant cost implications since a twofold higher dose of GH is required to
achieve the same IGF-I level as that observed on transdermal therapy using
standard estrogen replacement regimens. There are also important implications
for men since GH acts optimally in the presence of testosterone. We recommend
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that estrogens be administered by a parenteral route in women and that testos-
terone be replaced in men with hypopituitarism to optimize the benefits of GH
replacement.
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Abstract
About a third of acromegalic patients are resistant to the currently commercially available

somatostatin analogs (SA) octreotide and lanreotide. Such resistance is related to an overall

reduction of somatostatin receptor (SSTR) density or to a differentiated expression of SSTR

subtypes. There are five known SSTR subtypes. SSTR2 and SSTR5 are usually expressed in

GH-secreting pituitary tumors, and both octreotide and lanreotide bind preferentially to SSTR2

and, to a lesser extent, to SSTR5. SA inhibitory effects on GH secretion and tumor cell prolif-

eration can occur together or be dissociated events, depending on the tumor expression of

SSTR subtypes involved in each mechanism. The development of specific somatostatin sub-

types analogs, mainly for SSTR5, of a SSTR2–SSTR5 bispecific compound, and of a ‘univer-

sal’ analog with high affinity to SSTR1, 2, 3, and 5 showed preliminary, albeit promising results

for the treatment of resistant somatotropic adenomas.

Copyright © 2006 S. Karger AG, Basel

Somatostatin (SST) is a neuropeptide with important physiological regula-

tions of neuroendocrine functions. Its action is mediated via 5 specific SST

receptor subtypes (SSTR1–5), and exerts an inhibitory effect both in hormone

secretion and tumor growth. The expression of SSTR subtypes among different

types of pituitary adenomas and also among tumors secreting the same hormone

is highly variable. SSTR2 and SSTR5 are the main subtypes involved in the reg-

ulation of GH secretion. About two thirds of acromegalic patients can be con-

trolled by the commercially available somatostatin analogs (SA) octreotide and

lanreotide, which bind with high affinity mainly to SSTR2 and with lesser

extend to SSTR5 and SSTR3. The response to treatment is related to the expres-

sion of SSTR subtypes, so the best responders to octreotide (OCT) and LAN are
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acromegalic patients whose tumors express mainly SSTR2, whereas adenomas

of acromegalics partially or completely resistant to SA mainly express other

SSTR subtypes or are presented with very low or no expression of all of them.

Therefore, the development of SSTR subtypes specific analogs could solve, at

least partially, the problem of resistance to OCT and LAN in acromegaly.

SST is a cyclic peptide with important physiological regulations of neu-

roendocrine function across multiple biological systems [1]. It is produced by

the hypothalamus, throughout the central nervous system, and in different

peripheral organs, inhibiting hormone release and cell proliferation from the

anterior pituitary, gastrointestinal tract and pancreas. This action is mediated

via 5 specific SSTR subtypes, SSTR1, SSTR2, SSTR3, SSTR4 and SSTR5,

belonging to the G protein-coupled receptor family, each of them codified by

genes located in different chromosomes [1]. All five subtypes of SSTR are

functionally coupled to inhibition of adenylyl cyclase via pertussis toxin-sensi-

tive GTP-binding proteins. Some of the subtypes are also coupled to tyrosine

phosphatase (SSTR1 and SSTR2) Ca2� channels (SSTR2), Na�/H� exchanger

(SSTR1), PLA-2 (SSTR4), and MAP kinase (SSTR4) [1]. The expression of

SSTR subtypes among different types of pituitary adenomas and also among

tumors secreting the same hormone is highly variable. In normal and neoplastic

human pituitary somatotropes cells SSTR1, SSTR2, SSTR3 and SSTR5 are

prevalently expressed, SSTR2 and SSTR5 being the main subtypes involved in

the regulation of GH secretion [2]. The short half-life of native SST, about

3 minutes, limits its use in clinical practice. The development of long-lasting SA

as SC OCT, long-acting repeatable OCT (OCT-LAR), slow-release lanreotide

(LAN-SR) and LAN autogel brought a great improvement to medical therapy

of acromegaly [3–5]. However, as these SA bind with high affinity mainly to

SSTR2 and with lesser extend to SSTR5 and SSTR3, the response to therapy

depends on the individual tumor expression of SSTR subtypes [2]. SA have

been shown to normalize GH and IGF-I in up to 60% of acromegalic patients,

acting mainly through SSTR2 and SSTR5. However, with exceptions, tumor

shrinkage is less frequent, and usually do not exceed 50% of size reduction [3].

The response to treatment is related to the expression of SSTR subtypes, so the

best responders to OCT and LAN are acromegalic patients whose tumors

express mainly SSTR2, whereas adenomas of acromegalics partially or com-

pletely resistant to SA mainly express other SSTR subtypes or are presented

with very low or no expression of all of them. Therefore, the development of

SSTR subtypes specific analogs could solve, at least partially, the problem of

resistance to OCT and LAN in acromegaly. The premise for development of

these analogs was based on studies demonstrating that a combination of ligands

specific for SSTR2 and SSTR5 were synergistic for GH inhibition from GH-

secreting adenoma.
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Shimon et al. [6] studied in primary human GH-secreting pituitary ade-

noma cultures the effect on GH suppression of analogs preferential for SSTR2,

including OCT and LAN, and novel compounds developed by Biomeasure Inc.

with improved affinity for SSTR2 (BIM-23197), or SSTR5-selective compound

(BIM-23268). They found that the novel analogs were 30–40% more potent

than octreotide and lanreotide in suppressing GH. Heterologous analog combi-

nations containing both SSTR2 and SSTR5-selective compounds in equimolar

concentrations were more potent in decreasing GH than analogs used alone.

This finding could be explained by evidences, based on fluorescence resonance

energy transfer analysis, that activation by ligand induces SSTR dimerization,

both homo- and heterodimerization with other members of the SSTR family,

and that dimerization alters the functional properties of the receptor such as lig-

and binding affinity and agonist-induced receptor internalization and upregula-

tion [7]. Additionally, Ben-Shlomo et al. [8] recently demonstrate in AtT-20

cells that SSTR5 modulates SSTR2 regulation of ACTH secretion.

Saveanu et al. [9], studying human GH adenoma cells in culture, showed

that in adenomas of acromegalic patients highly sensitive to OCT, the mean

SSTR2 expression was much higher than in tumors from partial OCT respon-

ders. Additionally, adenomas from OCT-responsive patients expressed SSTR2

and SSTR5 mRNA at an equivalent level. In contrast, adenomas from partial

OCT responders with low SSTR2 mRNA expression expressed high levels of

SSTR5 mRNA. In this series of experiments, the dose-response inhibition of

GH release was examined with native SST14, the SSTR2-preferential com-

pound, BIM-23197, and the SSTR5 preferential compound, BIM-23268. In cul-

tures from the OCT-sensitive tumors the maximal GH suppression was obtained

with SST14 and with BIM-23197, whereas the GH inhibition with BIM-23268

was much lower. In contrast, in the GH-secreting tumors partially responsive to

octreotide, maximal GH suppression was equally achieved by SST14 and 

BIM-23268; BIM-23197 was slightly less potent than BIM-23268, indicating

that in tumors partially responsive to OCT, the GH-suppressive effect is medi-

ated through both the SSTR5 and SSTR2 subtypes. Additionally, in cell cul-

tures from adenomas equally sensitive to the SSTR2- and SSTR5-preferential

agonists (OCT partial responders), the dose-response inhibition of GH release

by an SSTR2- and SSTR5-bispecific compound, BIM-23244 (Biomeasure Inc.)

was similar to the inhibition induced by equimolar doses of BIM-23197 and

BIM-23268.

A novel SST analog, named SOM230 (Novartis, Basel), with high binding

affinity to SST receptor subtypes SSTR1, SSTR2, SSTR3 and SSTR5 was

recently introduced [10]. His propriety to bind with high affinity to all SSTR

with known functions, mainly to SSTR5, associated to a terminal elimination

half-life of 27 h in humans, made this analog a potential candidate for treating
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OCT and LAN-resistant acromegalic patients, as well as other pituitary and

gastroenteropancreatic neuroendocrine tumors. Hofland et al. [11] showed that

a higher number of GH-secreting adenomas cultures responded to SOM230,

compared with OCT, suggesting that this novel analog has the potential to

increase the number of patients controlled biochemically, both via SSTR2 and

SSTR5. The same group compared in vivo the efficacy of a single dose of SOM

230 and OCT in 12 acromegalic patients. Both drugs showed comparable

effects in eight patients, SOM230 was superior in three cases, and OCT

was exhibited better result in one acromegalic [12]. More data is needed to

confirm these initial results pointing to a better efficacy of SOM230 compared

with OCT.

In acromegaly, the combination of STT and dopamine agonists has been

shown to enhance suppression of GH secretion [13]. Both ligands bind to simi-

lar Gi protein receptors. Rocheville et al. [14] found that dopamine receptor

D2R and somatostatin receptor SSTR5 interact physically through hetero-

oligomerization to create a novel receptor with enhanced functional activity.

Such direct intramembrane association defines a new level of molecular

crosstalk between related G protein-coupled receptor subfamilies and provides

a rational for the association of the two drugs. Saveanu et al. [15] demonstrate

that a chimeric SST2-D2 molecule, BIM-23A387, had an enhanced potency in

suppressing GH from cultures of responsive or partially responsive GH-secreting

human pituitary adenomas compared to SSTR2 and D2DR specific analogs,

either used individually or combined. Therefore, drugs based on chimeric SST2-

D2 or SST2-SST5-D2 molecules could provide an additional tool for acromegaly

treatment.

Tumor mass reduction during therapy with SA is an important event that

reinforces medical treatment for acromegaly. Melmed et al. [16] compiling data

from 14 studies encompassing 424 acromegalic patients showed that 36.6%

(weighted mean percentage) of patients receiving primary SA therapy for

acromegaly experienced a significant (�20%) reduction in tumor size. Data

from our group [4] and from Colao et al. [17] showed 76 and 80% of significant

tumor shrinkage, respectively. However, GH/IGF-1 control and tumor reduction

by SA may occur separately. We observed an acromegalic male exhibiting an

impressive shrinkage of 74% of his tumor volume during SA primary treatment

without hormonal control. Interestingly enough, real-time RT-PCR assessment

of his surgical removed GH-secreting adenoma showed only expression of the

SSTR3 subtype which is linked to apoptosis, presumably by dephosphoryla-

tion-dependent conformational change in wild-type (wt) p53 as well as induc-

tion of Bax [18]. Danila et al. [19] observed a dissociation between in vitro

effects of SST14 or LAN on tumor cell proliferation and the effects on GH

secretion in human somatotrope tumors. These data suggest that inhibition of
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cell proliferation/induction of apoptosis may occur independently of effects on

GH secretory pathways. Further studies are needed to clarify the mechanism of

SST induced antiproliferative effects.

In summary, medical therapy with SA, primary or following other thera-

peutic modalities, becomes an important tool in the acromegaly treatment algo-

rithm. The improvement in knowledge of SSTR subtypes role in the control of

GH/IGF-1 secretion and tumor size is leading to the development of specific

analogs which may overcome the resistance of one third of acromegalic patients

to the commercially available OCT and LAN.
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Abstract
The implementation of experimental gene therapy in animal models of neuroendocrine

diseases is an area of growing interest. In the hypothalamus, restorative gene therapy has

been successfully implemented in Brattleboro rats, an arginine vasopressin (AVP) mutant

which suffers from diabetes insipidus, and in Koletsky (fak/fak) and in Zucker (fa/fa) rats

which have leptin receptor mutations that render them obese, hyperphagic and hyperinsu-

linemic. In the above models, viral vectors expressing AVP, leptin receptor b and proopiome-

lanocortin, respectively, were stereotaxically injected in the relevant hypothalamic regions.

In rats, aging brings about a progressive degeneration and loss of hypothalamic tuberoin-

fundibular dopaminergic (TIDA) neurons, which are involved in the tonic inhibitory control

of prolactin secretion and lactotropic cell proliferation. Stereotaxic injection of an adenoviral

vector expressing insulin-like growth factor I corrected their chronic hyperprolactinemia and

restored TIDA neuron numbers. Spontaneous intermediate lobe pituitary tumors in a

retinoblastoma (Rb) gene mutant mouse were corrected by injection of an adenoviral vector

expressing the human Rb cDNA and experimental prolactinomas in rats were partially

reduced by intrapituitary injection of an adenoviral vector expressing the HSV1-thymidine

kinase suicide gene. These results suggest that further implementation of gene therapy strate-

gies in neuroendocrine models may be highly rewarding.

Copyright © 2006 S. Karger AG, Basel

Gene therapy, the transfer of genetic material for therapeutic purposes, has

undergone an explosive development in the last decade. Current molecular biol-

ogy technology has made it possible to consider as feasible genetic manipula-

tions that would have been deemed utopic not too long ago. Particularly

important advances are being made in the improvement of gene transfer tech-

nology. Current efforts for the development of more efficient viral vectors focus
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on two main objectives, namely the achievement of cell-type specificity for

transgene delivery and the design of vectors where, once the transgene is incor-

porated into the target cell, its expression can be regulated by small molecules.

Gene transfer to the central nervous system (CNS) poses significant chal-

lenges due to both the relative inaccessibility of the brain and spinal cord and

the extraordinary complexity of CNS structures. On the other hand, this

approach offers unique advantages for the effective delivery of therapeutic mol-

ecules to specific CNS regions affected by tumors, neurodegenerative processes

or genetic defects.

Although a great deal of research efforts are been devoted to developing gene

therapy strategies for neurological diseases [1], most of the work has been done in

non-diencephalic brain regions. Much less work has been performed in the neu-

roendocrine system despite the unique advantages that it offers for the assessment

of in vivo gene therapy strategies. In this article we will evidence these advantages

by reviewing the core of documented studies in which in vivo gene therapy has

been implemented in the neuroendocrine system of rodent models.

In vivo Gene Therapy in the Hypothalamus

Brattleboro Rat

The first animal model in which gene therapy was implemented in the

hypothalamus was the Brattleboro rat. This mutant contains a single basepair

mutation in the arginine vasopressin (AVP) gene which results in a highly con-

spicuous diabetes insipidus (DI) phenotype characterized by the production of

large volumes of hypo-osmotic urine and compensatory polydipsia [2]. An ade-

noviral vector (AdAVP) encoding the rat AVP cDNA under the control of the

cytomegalovirus (CMV) promoter was used in this animal model. When

AdAVP was stereotaxically injected into the substantia innominata (a non-AVP

producing hypothalamic area) of normal Wistar-Kyoto rats, expression of AVP

mRNA was detected from 7 days to 6 months postinjection [3]. Injection of

AdAVP into the supraoptic nucleus (SON, where part of the magnocellular neu-

rons that produce AVP in normal animals lie) of Brattleboro rats resulted in

substantial expression of AVP in magnocellular cells as well as in the presence

of immunohistochemically detectable AVP in their axons projecting to the pos-

terior pituitary. Measurement of urine output and urine osmolality showed that

the symptoms of DI in the Brattleboro rats were significantly reduced for up to

4 months after injection of the viral vector [3]. An equine infectious anemia

viral (EIAV) vector expressing AVP was injected into the hypothalamic

supraoptic nuclei of Brattleboro rats resulting in expression of functional AVP

peptide in magnocellular neurons. This was accompanied by a 100% recovery
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in water homeostasis as assessed by daily water intake, urine production, and

urine osmolality lasting for at least 1 year [4].

Mutant Leptin Receptor Rat Models

Rat models of leptin receptor deficiency have been used to explore the

restorative effect of gene therapy in the hypothalamus of these obese animals. In

one study [5], leptin receptor defective Koletsky rats (fak/fak) were used. These

animals received in the arcuate (ARC) nucleus a bilateral 0.5-�l injection con-

taining either an adenoviral vector (Ad-leprb) expressing the signaling isoform of

the leptin receptor leprb (2.4 � 1012 pfu/ml) or an Ad vector (Ad-lacZ) expressing

the �-galactosidase (�-gal) reporter gene (1.7 � 1012 pfu/ml). Sixteen days

postinjection, Ad-leprb – but not Ad-lacZ-injected animals showed restored leprb

mRNA levels (which are low in control mutants) in the ARC nucleus. Restored

leptin receptor expression reduced both mean daily food consumption (13%) and

body weight gain (33%). It also increased hypothalamic pro-opiomelanocortin

(POMC) mRNA levels (65%) while decreasing neuropeptide Y mRNA levels by

30%, relative to Ad-lacZ-injected mutants. In contrast, Ad-leprb injection in the

ARC nucleus of wild-type animals had no effect on the above parameters.

A similar experimental approach was implemented in Zucker (fa/fa) rats

which are obese, hyperphagic and hyperinsulinemic as a consequence of a muta-

tion in their leptin receptor. These animals received in the ARC nucleus a stereo-

taxic bilateral injection (3 �l/side; 1.28 � 109 particles) of either a recombinant

adeno-associated viral (rAAV) vector expressing murine POMC (rAAV-POMC)

or a rAAV expressing enhanced green fluorescent protein (rAAV-eGFP). At day

38 postinjection, the rAAV-POMC-injected animals showed a 4-fold increase in

hypothalamic POMC expression and a 62% increase in melanocortin signaling

(indicated by phosphorylation of the cAMP response element binding protein,

CREB), relative to rAAV-eGFP-injected animals. A sustained reduction in food

intake, weight gain and visceral adiposity was also observed in the experimental

animals. POMC transgene delivery also increased the uncoupling of brown adi-

pose tissue (BAT) protein. Circulating leptin, cholesterol and insulin were

reduced in the rAAV-POMC-injected animals receptor [6].

Taken together these leptin receptor studies further demonstrate the suit-

ability of the hypothalamus for the implementation of restorative gene therapy

in mutant animal models.

Aging Female Rat

The dopaminergic (DA) neurons of the rat hypothalamus are grouped into

two main areas, A12 and A14 [7, 8], with the DA perikarya of the A12 area being

located in the ARC nucleus and in the periarcuate region [9]. The A14 DA neurons

are mainly located within the paraventricular (PaV) and periventricular (PeV)
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nuclei, with a few scattered DA neurons in the anterior ventromedial (AVM)

hypothalamic area [9, 10]. The A12 area and its corresponding axon terminals

constitute the tuberoinfundibular dopaminergic (TIDA) system, whereas the A14

area and its fibers are known as the periventricular dopaminergic (PVDA) sys-

tem. Both systems regulate prolactin (PRL) secretion by exerting a tonic

inhibitory control on both PRL secretion and lactotrope proliferation [11]. In

early studies, TIDA neuron function was reported to decline during aging in rats,

with a marked reduction in hypothalamic, median eminence and neurointermedi-

ate lobe DA content in old (24–26 months) as compared with young (4 months)

rats [12]. More significant, the rate of DA secretion into the hypophysial portal

blood of aged (20–26 months) male and female rats was found to decline dras-

tically when compared with young (2–4 months) counterparts [13, 14]. Although

the above age-related alterations in hypothalamic DA secretion were ascribed to a

functional decline of TIDA neurons rather than to TIDA neuron loss [12], more

recent work in very old female rats (32 months) showed that at extreme ages, DA

neuron loss occurs in the rat hypothalamus, particularly in the PaV nucleus [15].

The degeneration and loss of TIDA neurons during normal aging is associated, in

the female rat, with progressive hyperprolactinemia [16] and the development of

pituitary prolactinomas [17]. Interestingly, parkinsonian patients usually reveal

functional alterations in the hypothalamo-PRL axis [18].

It should be pointed out that although a number of in vivo models have

been developed for the study of the pathophysiology of Parkinson disease (PD)

as well as for the assessment of new therapeutic strategies for this devastating

pathology [19], they share a significant limitation namely, that the neurological

lesions they study are caused by experimental manipulations rather than by

aging, the only unequivocal risk factor for PD [20, 21]. In this context, the

aging female rat emerges as an interesting model of spontaneous and progres-

sive central DAergic dysfunction. Besides, the functional status of TIDA neu-

rons can be readily and humanely monitored in the animals by measuring

circulating PRL levels.

A protective effect of insulin-like growth factor-I (IGF-I) gene transfer has

been reported in human DA cell cultures exposed to the toxin salsolinol [22]. In

vivo, restorative IGF-I gene therapy was implemented in young (5 months) and

senile (28 months) female rats, which received a single intrahypothalamic injec-

tion of 3 � 109 pfu of adenoviral vectors expressing either the reporter gene for 

�-gal or rat IGF-I (control and experimental group, respectively) and were sacri-

ficed 17 days postinjection (fig. 1). In the young animals, neither vector modified

serum PRL levels but in the IGF-I vector-injected senile rats a nearly full reversion

of their hyperprolactinemic status was recorded. Morphometric analysis revealed a

significant increase in the total number of tyrosine hydroxylase (TH)-positive

cells in the hypothalamus of experimental as compared with control senile animals
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[23, 24]. These results indicate that IGF-I gene therapy in senile female rats is

highly effective for reversing their hypothalamic DAergic neurodegeneration.

In vivo Gene Therapy in the Pituitary Gland

Retinoblastoma Mutant Mouse

Another type of neuroendocrine model used to implement corrective gene

therapy is that based on the transfer of a gene(s) with the ability to rescue the

normal phenotype of pituitary tumor cells. This approach has been imple-

mented in mice heterozygous for the retinoblastoma (Rb) tumor suppressor

gene (Rb�/� mice). Such mice develop and succumb to characteristic pituitary

intermediate lobe melanotrope tumors [25]. Transduction of tumor melan-

otropic cells with a recombinant adenoviral vector (rAd5.R.Rb) carrying the

human Rb cDNA under the control of its own promoter showed a high level of

efficiency both in vitro and in vivo [26]. Furthermore, intracranial delivery of

this vector to mice carrying actively growing melanotropic tumors significantly

reduced tumor growth and prolonged animal survival. Melanotropic tumor prolif-

erative index and apoptotic rates were markedly lowered in the rAd5.R.Rb-treated

Fig. 1. Proposed experimental design for medium-term IGF-I gene therapy in the hypo-

thalamus of senile female rats with TIDA neurodegeneration. All animals are bled from the

tail veins at experimental days –3, 3, 7, 10, 14 and 17, in order to monitor serum PRL levels.

RAd-�-gal (controls) or RAd-IGF-I (experimental) are stereotaxically injected in the hypo-

thalamus of young and senile females on experimental day 0. At experimental day 17 (end of

treatment) animals are sacrificed and brains removed for biochemical (e.g. transgenic protein

content, dopamine and dopamine metabolites content, TH protein content), and morphometric

assessment of hypothalami (e.g. TH�, NeuN�, CD11� cell morphometric assessment).
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animals, which also showed growth-inhibitory dopaminergic neuron reinnerva-

tion of melanotropic cells [26].

Suicide Gene Therapy in Experimental Pituitary Tumors

An adenoviral vector, RAdTK, harboring the herpes simplex type 1 thymi-

dine kinase (HSV-1 TK) suicide gene under the control of the human CMV pro-

moter has been used to transfer the TK gene to GH3 and AtT20 rodent pituitary

cell lines. Incubation of RAdTK-treated GH3 and AtT20 cells with the prodrug

ganciclovir (which after phosphorylation by viral TK becomes toxic) caused

total destruction of the cultures [27]. In the same study, estrogen-induced rat

prolactinomas were stereotaxically injected with the same RAdTK. Subsequent

injection of the host animals with two daily i.p. doses of 25 mg ganciclovir/kg

for 7 days partially succeeded in reducing AP tumor size and serum PRL levels.

Concluding Remarks

The implementation of experimental gene therapy in neuroendocrine mod-

els has revealed a number of advantages of this system for in vivo studies. The

more relevant of these advantages is that the effectiveness and long-term dura-

tion of the treatment can be readily monitored by measuring hormone levels or

other peripheral variables regulated by the neuroendocrine system. The age-

related degeneration of TIDA neurons in female rats offers a unique animal

model for the assessment of neuroprotective gene therapy strategies for PD.

Further implementation of gene therapy strategies in neuroendocrine models

may prove to be highly rewarding.
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Abstract
Ectopic adrenocorticotropin secretion (EAS) accounts for 10–15% of cases of Cushing’s

syndrome and comprises a spectrum of tumours from undetectable isolated lesions to wide-

spread metastatic and aggressive malignancies. EAS is often associated with severe hypercor-

tisolaemia causing hypokalaemia, diabetes, generalized infections, hypertension and psychotic

reactions. Surgical resection of the primary lesion, achievable with a curative intent in about

40% of patients with EAS, is associated with complete remission in up to 80% of such cases.

It is therefore mandatory to localize the source of ectopic ACTH hypersecretion in order to

stage the disease and adopt optimal treatment modalities. Modern cross-sectional imaging

techniques can identify the majority of the ACTH secreting lesions, either initially or at fol-

low-up reassessment. However, in approximately 10–20% of patients with EAS, the source of

ACTH hypersecretion remains occult in spite of extensive investigation and prolonged follow-

up. In such cases, control of the hypercortisolemia can be achieved with long-term adrenolytic

medication. When conditions require a prompt and definitive resolution of the hypercortiso-

laemia (i.e. as in pregnancy), bilateral adrenalectomy remains an alternative option. This

review focuses on the clinical features, diagnostic pitfalls, management and long-term follow-

up of the EAS based on the extensive experience of major referral centres.

Copyright © 2006 S. Karger AG, Basel

Endogenous Cushing syndrome (CS) is a clinical state resulting from

excessive cortisol secretion, characterized by the loss of the normal feedback

mechanism of the hypothalamo-pituitary adrenal axis (HPA) and of the normal

circadian rhythm of cortisol secretion [1]. The diagnosis of suspected Cushing’s

syndrome involves several stages: the confirmation of hypercortisolism, differ-

entiation between adrenocorticotropin (ACTH)-independent and ACTH-depen-

dent causes of Cushing’s syndrome, and the differentiation between pituitary

and ectopic sources of the ACTH (EAS) [2]. Since correction of cortisol hyper-

secretion achieved either by the selective removal of a pituitary microadenoma
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or of a solitary bronchial carcinoid tumour is associated with a high proba-

bility of cure, it is crucial to distinguish EAS from the much more common

CD and, in the former, to make every effort to localize the source of ectopic

ACTH [3, 4].

The EAS is associated with either highly malignant tumours, where circu-

lating ACTH and cortisol levels are extremely elevated, the duration of symp-

toms is short and the clinical phenotype atypical, or with a variety of mainly

neuroendocrine tumours exhibiting typical symptoms/signs of CS and bio-

chemically resembling CD. The latter has also been referred as ‘occult’ EAS

when the source of ectopic ACTH secretion is not obvious [5]. However, this

term may no longer be suitable as recent improvements in endocrine dynamic

testing, cross-sectional imaging and increasing attention to making an earlier

diagnosis of CS have progressively changed the clinical spectrum of patients

investigated for EAS. Therefore, we have recently proposed [6] a reclassifica-

tion of the EAS as: overt when the tumoral source is detected following initial

endocrine and radiological investigation; covert when it occurs in patients pre-

senting with hypercortisolaemia in whom no ectopic source was detected at ini-

tial investigation, but became evident on subsequent evaluation or during

prolonged follow-up, while occult EAS is reserved for patients with features of

CS in whom all tests point towards an ectopic source, but the primary lesion

cannot be identified even after prolonged and repeated follow-up.

Very recently, two large series of patients with EAS have been published:

the first comes from the NIH [7] and the second from our own group from

St. Bartholomew’s Hospital, London [6]. These studies, sharing many similari-

ties in the investigational protocols, results and conclusions, represent the most

complete published collection of patients with the EAS to date. The findings of

these studies are compared and contrasted here in order to highlight the current

trends in the management of this rare but potentially treatable condition.

Source of ACTH Secretion

In the past, small cell lung cancers (SCLC) represented the predominant

cause of EAS [8]. However, in recent surveys the preponderance of these

tumours has been substantially reduced in favour of other histological types 

[5, 9]. This is likely to represent a change in referral patterns, rather than a true

change in the incidence of these tumours, as the association between EAS and

SCLC is now well recognized, and it is often diagnosed and managed by non-

endocrinologists. Nevertheless, one recent analysis has revealed that the lung is

still the most likely organ to harbour an ectopic source of ACTH hypersecretion

from either SCLC (27%) or carcinoid tumours (21%) [10]. In our single institution
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series, the lung still remains the major organ (47.5%) harbouring an ACTH-

secreting tumour, with the majority of cases being bronchial carcinoid tumours

(30%) followed by SCLC (17.5%) [6]. Compared to other series, the prevalence

of SCLC in our series was lower, probably because only patients in whom the

features of CS represented the major complaint and reason for admission were

included. In the NIH series, which actually included very few patients with

SCLC [7], the lung was still the major source of ectopic ACTH hypersecretion

in nearly 50% of tumours localized. Most importantly, in both series [6, 7],

more than half of these tumours were found either in the thorax or neck, includ-

ing thymic carcinoids and medullary thyroid cancers (MTC).

Bronchial carcinoid tumours exhibit considerable malignant potential and

may share common histological features with SCLC, thus representing extremes

along a tumour spectrum [11]. Although SCLC still remains one of the most

common causes of EAS, only a minority of patients with SCLC, approximately

1.6–4.5%, demonstrate overt hypercortisolaemia, and this is probably associ-

ated with increased co-morbidity [12–14]. In our series we found that such

patients suffer from complications related to the hypercortisolaemia such as

pancreatitis, peritonitis and septicemia, and therefore control of the excess cor-

tisol burden represents an important part of their management. Other sources of

EAS were mostly related to tumors with neuroendocrine differentiation such as

other non-lung carcinoids (22.5%), MTC (7.5%) and phaeochromocytoma

(2.5%). Only 5% of cases with histological confirmation were derived from

non-endocrine, non-pulmonary tumours. We also found that in spite of repeated

evaluation and prolonged follow-up (up to 10 years) there are still a significant

number of patients (12.5%) in whom the source of EAS cannot be found [6]. In

the NIH series, this figure accounts for 19% of patients with EAS, but in that

study the period of follow-up was shorter [7]. It should be emphasised that the

diagnosis of occult EAS, according to the recently proposed definition, remains

a diagnosis made by exclusion after prolonged investigation and long-term con-

trol of the hypercortisolaemia. In such cases, every effort should be made to

localize the source of ectopic ACTH secretion, even if this requires several

years, as cases of previously unsuspected sources of ACTH secretion have been

identified during autopsy.

Clinical Presentation of the EAS

Describing the clinical symptoms/signs attributed to EAS from retrospec-

tive studies is occasionally difficult and may be misleading, as in many reports

particular symptoms/signs may not be specifically mentioned and the absence

of expected symptoms/signs is not always addressed. Our single institution
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series offers the advantage that the collection of relevant clinical information

was performed on the basis of a consistent protocol in which specific symp-

toms/signs were assigned as either present or absent, thus eliminating individ-

ual variations of the interviewing physicians in data accrual [15]. The recorded

clinical features of patients with EAS in our series were quite broad, resembling

those found in patients with CD even in some patients with SCLC [5, 10]. It is

likely that patients with SCLC, when evaluated at an earlier stage, may present

in a similar manner to patients with other less malignant causes of EAS [10, 16].

However, patients with SCLC more commonly present with skin pigmentation

and an absence of facial fullness or weight gain compared to other causes of

EAS [6]. These differences are most likely due to the rapidity of onset and the

severity of the hypercortisolaemia. On the contrary, no major differences were

found between patients with occult and overt EAS suggesting that tumour mass

(and consequently its detectability) does not necessarily predict the secretory

characteristics of the tumour or the clinical features of the syndrome [6].

A recent single institutional study has shown a relatively high incidence (35%)

of systemic infections in patients with EAS [17]. In our series, although cortisol

levels were similar to those encountered in the previous studies, severe and/or

life-threatening infections developed in approximately 15% of patients and this

was related to the degree of hypercortisolaemia. Hypokalaemia was present in

70% of the patients in our series and this was again related to the degree of

hypercortisolaemia [10, 16, 18]. In both the NIH and our series, a high preva-

lence of approximately 50% of psychiatric disorders was described [6, 7]; we

found that these symptoms were a distinctive feature of the neuroendocrine

tumours hypersecreting ACTH compared to SCLC, where the presence of pig-

mentation was more prominent. A further recent finding is that up to 50% of

patients with EAS may present with osteoporosis or fractures [7].

Diagnosis of Ectopic ACTH Secretion

Establishing the diagnosis of CS in a timely and accurate fashion it is

imperative as systemic hypercortisolaemia is associated with increased morbid-

ity and mortality [19]. Once the diagnosis of CS has been confirmed, the differ-

ential diagnosis of ACTH-dependent causes is the second major challenge

encountered by the physician. Although patients with the EAS tend to have

higher ACTH levels compared to patients with CD, there is no clear distinction

between these two entities. In a recent review, 64% of patients with the EAS

were found to have ACTH levels greater than 200 pg/ml [10]. In our series,

mean ACTH levels were 358.03 � 90.28 pg/ml but half of the patients had

ACTH below 200 pg/ml; as previously noted, patients with SCLC and EAS
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have higher ACTH levels compared to those with other causes of CS [16].

However, no statistically significant difference was found between patients with

occult and overt EAS, once again indicating that small tumours may secrete

large quantities of ACTH. Similarly, in the NIH series no difference was found

in ACTH levels among patients with initially overt, diagnosed after 6 months

(covert), or occult ACTH-secreting tumours. In addition, EAS may secrete bio-

logically inactive fragments or precursors not detected in conventional ACTH

assays, such as pro-opiomelanocortin (POMC) [20]. Therefore, it has been sug-

gested that a high POMC/ACTH ratio may be regarded as a marker of tumour

aggressiveness [21]. However, as CS is currently considered at an earlier stage,

when the clinical and biochemical manifestations of the hypercortisolaemia are

relatively mild, such alterations of the biochemical and endocrine markers may

not be as commonly encountered, particularly in the diagnostically problematic

occult bronchial carcinoid tumours [22].

Several tests have been proposed to establish the differential diagnosis of CS,

with bilateral inferior petrosal sinus sampling (BIPSS) considered as the gold

standard achieving a sensitivity and a specificity of over 95%. Traditionally,

variations of the high-dose dexamethasone suppression test (HDDST) and/or

the corticotropin-releasing hormone (CRH) test (either alone or in combination

with desmopressin) have been used to discriminate patients with EAS from CD;

tumours causing EAS are usually characterized by their unresponsiveness to

glucocorticoid feedback, CRH or desmopressin [2, 19]. In our series, only 3.1%

and 5.5% of patients with EAS showed a ‘significant’ response to the HDDST

(using serum cortisol percentage change from base-line) and CRH test, respec-

tively. A recent review, including a large number of patients with EAS, showed

that 22–40% of patients demonstrate either serum or urinary 17-OHCS

suppression to the HDDST [10, 16]; however, using serum rather than urinary

cortisol or 17-OHCS as an indicator of adequate suppression a much higher

sensitivity was obtained and we believe that measurement of serum cortisol

represents the measurement of choice [1, 2]. However, patients with bronchial

carcinoids show a much higher incidence of cortisol suppression, approxi-

mately 60% following the HDDST [2, 10]; variations of the formal HDDST

were shown to exhibit a similar performance [23]. Additionally, approximately

10–15% of patients with EAS, using a variety of cut-off cortisol and/or ACTH

criteria, have been shown respond to CRH administration [1, 2, 24]. Using

desmopressin instead of CRH as a secretagogue a 40% false-positive rate in

patients with EAS was obtained [25]. In our series desmopressin stimulation,

either alone or in combination with CRH, did not improve the sensitivity or the

specificity of the test. Indeed, recent studies have shown that the CRH test

demonstrates a higher diagnostic accuracy than the HDDST [26, 27], while the

accuracy of the HDDST is close to the pretest probability of having CD and
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therefore has a low predictive value [2, 22, 28]. Nevertheless, while each test on

its own may be of relatively limited diagnostic accuracy, the combination of

these two tests may aid in the diagnosis of EAS as a lack of response to both

tests had a sensitivity of 100% and a diagnostic accuracy of 98% [2, 6, 29]. The

combination of the various dynamic non-invasive endocrine tests can therefore

be extremely helpful in difficult cases and should be considered when the clin-

ical, biochemical and/or radiological findings are not consistent with the results

obtained from the BIPSS [2]. The data from the NIH series show substantially

similar findings with the percentage of EAS patients responding to dynamic

testing ranging from 9 to 14% [7].

BIPSS is a powerful tool in excluding a pituitary source of ACTH hyper-

secretion, particularly if a microadenoma is not shown on MRI, but cannot

identify the source of ectopic ACTH secretion [1]. Recent data have suggested

that even when strict criteria, i.e. inferior petrosal sinus to peripheral (IPS:P)

ACTH ratios of greater than 3 following CRH administration are applied [30],

patients with BIPSS results suggestive of CD may still prove to have EAS [31,

32]. Secretion of CRH or co-secretion of CRH with ACTH, periodic secretion,

and/or the presence of an ectopically situated pituitary adenoma (i.e. in the

sphenoid sinus) might account at least in some cases for such results [5, 10, 31].

One patient in our series, who was later shown to have EAS, obtained a definite

positive IPS ratio following CRH administration and underwent unnecessary

transsphenoidal surgery (TSS). However, while such false-positive results sug-

gestive of CD do undoubtedly occur they are extremely rare, and a positive

BIPSS is a very strong indicator in favour of CD. On the other hand, several

patients in whom the IPS:P ratio was suggestive of EAS were found to have CD

after successful TSS [31]. It has been suggested that false-negative results after

BIPSS are more common than previously appreciated, and that a negative

BIPSS does not rule out a pituitary source of ACTH secretion as at least 30

patients with documented false-negative results have been described [3, 31,

33–36]. In our previous analysis we found a significant incidence of false-

negative BIPSS (3%) [2]. Therefore, in the setting of a potential ‘false-negative’

BIPSS, it is very difficult to determine whether the result is truly false negative

(i.e. the source of ACTH secretion being of pituitary origin), or whether the true

ectopic source of ACTH secretion has not yet been found, until a further thera-

peutic/diagnostic procedure such as TSS is undertaken. This is particularly

important as up to 10% of healthy individuals may harbour clinically non-

significant pituitary micro-adenomas on MR scanning [37].

Two paradigmatic examples can be drawn from our series to illustrate the

problems: the first patient showed a positive response to BIPSS while both the

HDDST and CRH correctly suggested an ectopic source of ACTH. The patient

underwent pituitary surgery and no abnormality was found; later investigation
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revealed the ectopic source of ACTH secretion to be a mesothelioma. The second

patient showed a positive response to the CRH test and adequate suppression

during the HDDST, but no gradient was found at BIPPS. All imaging studies

were negative, so the patient underwent pituitary surgery that showed Crooke’s

changes, suggestive of hypercortisolism, but no pituitary adenoma. More than a

year later the patient was found to have a bronchial carcinoid and was cured fol-

lowing a thoracotomy. Thus, while BIPSS is extremely helpful, and a positive

response is very highly suggestive (but not pathognomonic) of CD, a negative

response suggests that a careful search for an ectopic source should be under-

taken, and that dynamic tests should be performed to obtain further useful

information.

In both series of patients with EAS [6, 7], a variety of tumour markers were

measured; however, they were proven to be of specific diagnostic value only in

MTCs (calcitonin) and phaeochromocytomas (urinary catcholamines). Surpri-

singly, calcitonin and gastrin were the most commonly elevated tumour mark-

ers, regardless of tumour type. When tumour markers indicative of endocrine

islet cell tumours were positive, such tumours were relatively large and radio-

logically evident. On the contrary, 5-HIAA levels were normal in the majority

of patients, as neuroendocrine tumours arising from the embryonic foregut are

usually deficient in the enzyme aromatic L-amino acid decarboxylase, there-

fore producing less serotonin but a greater tendency to peptide hormone pro-

duction responsible for the EAS [38].

Localization of the ACTH-Secreting Tumour

After biochemical confirmation of EAS, optimal treatment includes local-

ization and removal of the ACTH-secreting tumour [19, 22]. Localization of

these tumours can occasionally be difficult and may require extensive and pro-

longed follow-up [1, 4]. The majority of SCLC are detected using plain chest

radiology, CT and/or MR imaging [5, 10, 14]. In our series, all patients with

SCLC except one had detectable lesions on either plain radiology or CT scan-

ning of the chest, or both. One patient had an SCLC that was not found on ini-

tial CT imaging of the thorax, but which became evident when liver metastases

were found. Bronchial carcinoids can be of relatively small size and thus be

missed on conventional imaging; however, early application of 2–3 mm high-

resolution CT scanning of the thorax, particularly with the new generation of

multidetector CT, identifies the great majority of such cases [39]. In our series,

CT and/or MRI failed to localize the ACTH-secreting tumours in approxi-

mately 12.5% of cases with EAS; this number is less than that reported in pre-

vious studies and may be related to the prolonged follow-up and the subsequent
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application of newer imaging modalities [10, 40]. It has been suggested that in

such cases imaging with 111In-octreotide can identify true occult ACTH-secreting

tumours in the majority of patients with neuroendocrine tumours, including

bronchial carcinoid, tumours [10, 41]. Even bronchial lesions less than 1 cm in

diameter have been identified following imaging with 111In-octreotide [10].

However, there has been some concern regarding the superiority of this method

over CT scanning, as in a direct comparison 111In-octreotide identified fewer

lesions than CT [42], whereas no tumour was identified with 111In-octreotide

that was not demonstrated by CT [10, 40, 42]. In the NIH series, scintigraphy

with 111In-octreotide did not add further to the diagnostic information derived

from other imaging modalities. However, there is currently no consensus as to

whether scintigraphy with 111In-octreotide, after failing to establish the diagno-

sis at first presentation, should be included in the follow-up of such patents,

particularly after some more recent studies have shown that it may be of diag-

nostic utility [43, 44]. Pancreatic islet cell tumours associated with the EAS

are usually large and have already metastasized to the liver by the time CS

is diagnosed; no covert EAS secondary to an islet cell tumour was encount-

ered according to one review [10]. Such tumours are usually functional and 

co-secrete other biologically active substances associated with characteristic

clinical syndromes, and only occasionally is CS the presenting complaint [10].

Whole body catheterization studies (selective venous sampling from sus-

pected sources of ectopic ACTH secretion) was helpful only in a minority of

patients; in addition, this technique is technically difficult and overall seems to

be of limited value even when imaging with modern diagnostic modalities is

unrevealing [10, 45, 46]. Although POMC fragment analysis may be another

tool to identify the ectopic sources of ACTH secretion, this awaits further clini-

cal verification [47].

In summary, as suggested by the NIH group, we agree that a single imag-

ing study may represent a falsely positive result, and therefore it is strongly rec-

ommended that CT, MRI, octreotide scanning (and maybe in the future PET

scans) are used together to localize the source of ectopic ACTH.

Management of the EAS

Following the localization of the lesion responsible for ectopic ACTH

secretion, the optimal management is surgical excision. Based on the recently

published series this can be achieved with a curative intent in up to 40% of

patients with EAS, and is associated with complete remission in more than 80%

of such cases. The NIH series reports an overall 29% curative resection, as

opposed to a 12% rate obtained at the Mayo Clinic [48]. All patients with EAS
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should receive treatment with either one or more adrenolytic medications to

achieve eucortisolaemia as soon as the preliminary dynamic tests are com-

pleted. This is particularly important for patients with SCLC in whom CS is

associated with increased co-morbidity, and therefore treatment with inhibitors

of glucocorticoid production is initiated followed by cytotoxic chemotherapy [5].

In the NIH series, infections were present in 51% of patients with EAS. In

general eucortisolism can be obtained in many patients without major side-

effects; occasionally metyrapone and ketoconazole daily doses of up to 6,000

and 1,200 mg may be required. In cases where the long-term control of the

hypercortisolaemia with drugs is unsatisfactory or contraindicated and in

women with occult EAS who wish to become pregnant, bilateral adrenalectomy

can be used to resolve the hypercortisolemia [5]. Bilateral adrenalectomy was

required in 37 and 30% of cases in the NIH and our series, respectively.

Alternatively, in severely ill adults [49, 50] and children [51], when metyrapone

and ketoconazole are ineffective, etomidate infusion, combined with hydrocor-

tisone therapy, can stabilize cortisol levels and is safe for the short-term control

of severe hypercortisolaemia pre-operatively.

Survival analysis revealed that the prognosis of patients with EAS is posi-

tively correlated with the tumor histology. In our series, patients with SCLC had

the worse prognosis, usually dying within 12 months following the diagnosis.

Patients with other tumours with endocrine differentiation had a better progno-

sis, particularly those with bronchial carcinoid tumours compared to patients

with other carcinoid tumours, MTC and phaeochromocytoma. In the subgroup

of tumours with endocrine differentiation the presence of metastatic deposits

was another important predictor of overall survival. The survival of patients

with an occult source of ACTH, but adequate control of hypercortisolaemia,

was very good.

Conclusions

The syndrome of ectopic ACTH secretion is a not uncommon cause of

hypercortisolaemia accounting for approximately 15% of cases of endogenous

CS. Two recent independent studies have presented the US and UK experience

with this condition from tertiary referral centres, and showed very similar results

[6, 7]. The first message that can be drawn is that nearly any neuroendocrine or

non-endocrine tumour, including atypical tumours such as mesotheliomas, may

be associated with EAS. However, bronchial carcinoid tumours are the common-

est cause of EAS, mainly presenting with classical symptoms/signs of CS. In

addition, as the diagnosis of hypercortisolaemia is now considered at an earlier

stage, patients with SCLC may occasionally present with similar clinical findings.
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The second message is that the size of the tumour does not correlate with the

severity of symptoms, neither do the levels of ACTH with the aggressiveness of

the lesion. Regarding diagnostic tests, no single endocrine test, including

dynamic and invasive ones, is accurate enough to distinguish the ectopic from the

pituitary sources of ACTH hypersecretion in every single case. BIPSS, when per-

formed by a skilled team in referral centres, remains the gold standard procedure

to confirm pituitary ACTH hypersecretion although its diagnostic accuracy is

rather less than previously considered. High-resolution cross-sectional imaging is

progressively gaining a pivotal role in the identification of the source of ectopic

ACTH. Recent studies confirm that when the endocrinologist collaborates with

the expert radiologist and the cross-sectional imaging is combined with the

nuclear medicine scans, the majority of lesions can be identified either at initial

investigation or during follow-up. A curative surgical attempt should be possible

in more than 40% of patients with EAS, with a complete remission anticipated in

more than 80% of these. Alternatively, a wait-and-see approach may avoid proce-

dures associated with significant morbidity. In the past, many patients with clear

discrepancies between biochemical tests and no radiologically evident tumour

were considered to have CD and underwent TSS. We believe that this is no longer

an evidence based approach: it is necessary to establish a diagnostic protocol,

based on recent published data, modern imaging and a combination of dynamic

tests [2, 31] and apply it to patients with EAS who fail to demonstrate a lesion

after meticulous investigations. Our data indicate that a prolonged follow-up may

be necessary before a covert tumour responsible for EAS becomes detectable,

especially following the evolving improvement in imagining modalities. We sug-

gest the development of a flow-chart for the management of the covert EAS,

emphasizing that this is clearly open to future discussion and amendment (fig. 1).

Following the diagnosis of EAS, hypercortisolemia needs to be adequately con-

trolled, either medically or surgically, preferably pre-operatively to reduce the

morbidity and mortality of the procedure. Bone fractures, infections and throm-

bosis are serious frequent complications in patients with EAS. Whenever surgery

is not curative, a multidisciplinary approach should be considered including

chemotherapy, radiotherapy and/or radionuclide treatment. Finally, bilateral

adrenalectomy remains an alternative to long-term adrenolytic medication in

patients with disseminated tumors or in patients with special needs or contraindi-

cations to these drugs.

Fig. 1. Suggested flow-chart for the diagnosis and management of Cushing syndrome.
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Abstract
The function of the HPA axis is subject to regulation by many factors, which achieve rel-

evance under normal and pathological conditions. In the case of aging, this period of life is

associated with disturbances of the HPA axis and signs of hippocampal vulnerability. We exam-

ined 20-month-old male rats, in which abnormalities of the HPA axis included altered response

to stress, reduced effectiveness of the steroid negative feedback and low expression of hip-

pocampal glucocorticoid receptors (GR). Estrogen treatment of aging rats normalized the

response to stress, restored the dexamethasone inhibition of the stress response and increased

GR density in defined hippocampal areas. Although estrogens could influence the hippocam-

pus of aging animals directly, their effects could be also mediated by estrogen-sensitive fore-

brain cholinergic neurons projecting to the hippocampus. Additionally, estrogens normalized

the deficient granule cell proliferation that aging mice present in the dentate gyrus, and attenu-

ated several markers of hippocampal aging, such as astrocytosis, high lipofucsin content and

neuronal loss in the hilus of the dentate gyrus. These effects may be important for the regulation

of the HPA axis, in the context that hippocampal function as a whole was normalized by estro-

gen action. Therefore, estrogens are powerful neuroprotectants in cases of hippocampal dys-

function, and as part of this effect, they contribute to stabilize the function of the HPA axis.

Copyright © 2006 S. Karger AG, Basel

Physiological Aspects of HPA Axis Function

The adrenal cortex is only in part an autonomous endocrine gland, because

its function is mainly dependent on pituitary ACTH. In turn, synthesis and
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secretion of pituitary ACTH is under the regulatory control of neuropeptides

synthesized in the paraventricular nucleus (PVN) of the hypothalamus, i.e. the

corticotropin releasing hormone (CRH) and arginine vasopressin (AVP). Both

peptides are cosynthesized in the parvocellular division of the PVN, whereas

cells in the magnocellular division of the PVN synthesize AVP and oxytocin.

Parvocellular CRH and AVP are secreted from axon terminals at the zona

externa of the median eminence into long portal vessels bathing the anterior

pituitary. Magnocellular-derived AVP may also reach the anterior pituitary. In

this case, AVP is released en passant from axons of the hypothalamic-neurohy-

pophysial system at the median eminence which gain access to the long 

portal vessels [1]. During stress, it is likely that AVP acting on the anterior

pituitary originates from both the parvocellular and magnocellular divisions of

the PVN [2]. CRH and AVP regulate the secretory activity of pituitary corti-

cotropes in a coordinate manner, whereas CRH – the main ACTH secretagogue

– also increases ACTH synthesis from the precursor molecule proopiome-

lanocortin (POMC) [3].

CRH secretion is driven in a circadian manner, and both CRH and AVP are

stimulated by stress and factors acting on the CNS including chemicals, change

of environmental conditions, fear and anxiety, hemorrhage, hypoxia, hypo-

glycemia, infections, etc. [3]. These factors induce the release of excitatory neu-

rotransmitters (serotonin, acetylcholine and catecholamines), cytokines,

angiotensin II and several neuropeptides, or attenuate inhibitory neurotransmis-

sion due to GABA and opiates. Thus, control of CRH and AVP synthesis and

release from the PVN can be both stimulatory or inhibitory. Three main neu-

roanatomical pathways regulate the activity of the PVN [4]. The first originates

in the suprachiasmatic nucleus and is responsible for the circadian variation of

ACTH and circulating glucocorticoids. The second is an stimulatory adrenergic

projection to the PVN from the locus coeruleus and the nucleus of the tractus

solitarious found in the brain stem. The third is inhibitory, represented by a

GABAergic pathway originated in the hippocampus which ends in the PVN via

the stria terminalis. The last constitutes the main pathway linking the hippocam-

pus and the PVN, due to the lack of direct innervation between these structures.

As discussed later, it plays an important role in the hippocampal inhibitory con-

trol of the HPA axis.

Pituitary ACTH derives from POMC processing. POMC breakdown prod-

ucts are the amino-terminal peptide 1–76, the joining peptide 1–30, ACTH

1–39 and �-lipotropin 1–89 [3]. This processing is increased by CRH, which

binds to pituitary CRH1 receptors coupled to the cAMP/protein kinase A sys-

tem. Once formed, ACTH secretion is stimulated by CRH and AVP. Whereas

CRH is involved in the normal ACTH circadian drive, stimulation by AVP pref-

erentially occurs after some forms of stress and in stress-related diseases [1, 2].
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AVP binds to V1b (also called V3) receptors in the anterior pituitary, and stim-

ulates ACTH secretion after activation of the phospholipase C-mediated hydrol-

ysis of phosphatidylinositol 4,5-biphosphate [5]. Thus, CRH and AVP act in a

complementary manner, using separate signaling cascades, to increase the

secretory activity of pituitary corticotropes.

Steroid Inhibitory Feedback Control of the HPA Axis under

Normal and Abnormal Conditions

Natural glucocorticoids – cortisol in humans and corticosterone (CORT) in

rodents – are secreted from the fasciculata zone of the adrenal cortex under the

influence of ACTH. Glucocorticoids bind to the glucocorticoid receptor (GR)

and the mineralocorticoid receptor (MR), a family of nuclear transcription fac-

tors which are expressed in a region-specific manner in the CNS and anterior

pituitary [4]. GR and MR can dimerize, heterodimerize or act as monomers,

originating alternative mechanisms for the control of the expression or repres-

sion of genes and for the modulation of non-genomic events taking place in the

cytoplasm [4]. Three main anatomical sites are involved in steroid inhibitory

feedback of the HPA axis, namely the anterior pituitary corticotrope, the hypo-

thalamic PVN and the hippocampus. The neuropeptide-producing cells of the

parvocellular division of the PVN and pituitary corticotropes express GR, a low

affinity receptor that mediates steroid effects under conditions of high circulat-

ing hormone levels, i.e. during stress and at the peak of the circadian rhythm

and is also involved in the termination of stress responses [6]. Instead, the hip-

pocampus is enriched in GR and MR, the latter being a promiscuous receptor

that binds with high affinity both mineralocorticoids and glucocorticoids [6, 7].

However, hippocampal MR prefers CORT, which circulates in high amounts,

rather than aldosterone, which circulates in minor amounts. This peculiarity is due

to the low expression of the type 2 isoform of the enzyme 11�-hydroxysteroid

dehydrogenase (11-HSD2) in the hippocampus. 11-HSD2 oxidizes cortisol and

CORT to inactive metabolites, enabling the access of aldosterone to MR. This

mechanism occurs in the circumventricular organs or the periphery [8]. Prefe-

rential occupancy of hippocampal MR by glucocorticoids, caused by the low

activity of 11-HSD2, may be responsible for the fine inhibitory control of the

HPA axis. Glucocorticoid binding to MR is also favored by reactive oxygen

species (ROS) produced under pathological conditions. MR may thus be con-

verted into a ‘death receptor’, because it can originate vascular damage in the

brain and peripheral organs [9].

Binding of glucocorticoids to GR in the hippocampus, PVN and pituitary

corticotropes regulates the function of the HPA axis under conditions of stress
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or peak circadian steroid levels. However, steroid feedback inhibition at the

pituitary level may be less significant in a normal steroid environment, because

the plasma membrane of corticotropes contains a CBG-line protein that pre-

vents the access of natural glucocorticoids to intracellular GR [10]. In contrast,

the synthetic glucocorticoid dexamethasone (DEX) lacks affinity for CBG and

is easily bound by anterior pituitary GR.

There are numerous situations commonly associated with disturbances in

the function of the HPA axis. Most of them are stress-related diseases, including

pathological aging, diabetes mellitus, depression, post-traumatic stress disorder

(PTSD) and neurodegeneration of the Alzheimer’s type. These diseases, with

the exception of PTSD, present increased levels of circulating glucocorticoids,

a sustained response to stress, flattening of the diurnal rhythm of plasma corti-

costeroids and ACTH, decreased glucocorticoid negative feedback and hip-

pocampal neuropathology [11, 12]. Signs of hippocampal vulnerability include

GR downregulation, atrophy of apical dendrites of pyramidal neurons in the

CA3 region, astrogliosis, reduced neurogenesis in the dentate gyrus and possi-

ble neuronal loss [13, 14]. Inappropriate activation of GR by high levels of cir-

culating glucocorticoids induces receptor downregulation, because GR acts as a

natural repressor acting at the promoter of the GR gene.

In aging rodents, basal levels of circulating glucocorticoids are normal or

higher than normal but stress-induced levels of glucocorticoids persist longer

than normal [11, 12]. The amount of corticosteroid receptors present in the hip-

pocampus of old rats is controversial, although most authors, including our-

selves, have reported decreased hippocampal GR and MR, reviewed in [15]. In

cases of GR deficiency, it is hypothesized that diminished steroid feedback

enhances the deleterious effects of excess levels of circulating glucocorticoids.

This possibility is based on evidence that hippocampal neurons are highly

vulnerable to increased glucocorticoid action [4, 11]. Hippocampal damage

releases the inhibitory GABAergic tone exerted upon the hypothalamus, result-

ing in increased production of hypothalamic neuropeptides. For example, hip-

pocampectomized animals show increased synthesis of CRH and AVP mRNA

and decreased sensitivity to steroid feedback [16, 17]. The effect of hippocam-

pectomy is reproduced in other animal models. For example, GR heterozygous

mutant mice (GR�/�) show a disinhibited HPA system and a pathological

DEX test. Although to a lesser extent, GR deficiency leads to similar alterations

in aging and experimental diabetes mellitus. Thus, elevated levels of circulating

CORT, hyperresponse to stress, flattening of circadian rhythms, increased syn-

thesis of hypothalamic neuropeptides, down-regulation of GR and lack of the

inhibitory feedback effect of glucocorticoid are typical findings in rodents with

type I diabetes induced by streptozotocin or in genetic forms of the disease,

reviewed in [18]. Both aging animals and streptozotocin-diabetic animals are
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useful models to analyze plastic changes of the HPA axis, mainly the possibility

that changes are not permanent but reversible by factors modifying the function

of the HPA axis, including estrogens.

Neuroendocrine Effects of Estrogens

In contrast to the pathological consequences that excess levels of glucocor-

ticoids produce in the hippocampus, estrogens qualified as brain ‘neuropro-

tectans’. Some estrogen effects could be mediated by genomic mechanisms.

Estrogen binding has been reported in the hippocampal pyramidal cells and the

hilus of the dentate gyrus. Of the two isoforms of the estrogen receptor, ER�

and ER�, the newly described � isoform is abundantly expressed in hippocam-

pus, whereas ER� is found in CA1 interneurons and a subset of pyramidal and

granule cells [19]. McEwen et al. [20] found that estrogens increase dendritic

spine formation and synaptic density in CA1 pyramidal cells, an effect probably

mediated by ER. In hippocampal neurons in culture, estrogens protect against

glutamate toxicity, glucose deprivation, FeSO toxicity and amyloid-� peptide

toxicity, the hallmark of Alzheimer’s disease, reviewed in Goodman et al. [21].

Interestingly, CORT exacerbated oxidative stress caused by these agents.

Estrogens play an important role in the hippocampus, related to learning and

memory. One way estrogens modulate these processes is by enhancement of

neurogenesis – the proliferation, migration and differentiation of new neurons –

in the dentate gyrus of adult animals. In this region, and in the subventricular

zone, neurogenesis continues into adulthood, although it declines in aging ani-

mals [22]. Both ER� and ER� mRNA are found in �80% of proliferating cells

of the dentate gyrus labelled with the Ki67 antibody, and in an important pro-

portion of cells showing a more mature phenotype [23]. We favor the view that

generation of new neurons in the dentate gyrus under the influence of estrogens

may be also important for the maintenance of hippocampal function and for

adequate control of the HPA axis.

Previous work demonstrated that adrenal status is highly dependent on

estrogens. In rodents, there are sex differences in circulating glucocorticoid lev-

els as well as in adrenal size, which is higher in female rats. Estrogens also

increase CBG, the main glucocorticoid transport protein in plasma. Acting

upon the anterior pituitary and hypothalamus, estrogens play a facilitatory

role on ACTH and CORT release during stress. Also, GR are targets of estro-

gens, as shown by increases in GR mRNA in the amygdala and hypothalamus

of estrogen-treated animals [24]. We have previously reported that prolonged

estrogen treatment increases GR binding and immunoreactivity in several brain

regions, while it also abolishes GR down-regulation in rats exposed to chronic
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glucocorticoid treatment [25, 26]. Other laboratories have also shown that estro-

gens and phytoestrogens enhance GR abundance in hippocampus and regulate

the HPA axis [27]. Working on the anterior pituitary and the PVN, estrogens

down-regulate transcription of the CRH and AVP genes in the PVN and the

POMC gene in the corticotrope [29]. Both ER isoforms seem to be involved,

since ER� critically modulates the HPA axis response to stress, whereas ER�

may directly influence CRH neurons. As already known, AVP mRNA expres-

sion is reduced after DEX treatment. Because estrogen treatment enhances the

DEX effect on AVP mRNA, the effect may be due to increased GR levels

present in estrogen-treated animals. Altogether, our studies raise the possibility

that positive modulation of GR by estrogens could reinforce the glucocorticoid

feedback mechanism. In human studies, stress-induced glucocorticoid eleva-

tions in postmenopausal women are blunted by estrogen replacement.

Estrogens and HPA Axis in Aging

In our laboratory, we aimed to determine whether estrogen treatment modi-

fies some neuroendocrine parameters altered in aging rats. We selected for this

study the response to stress, feedback inhibition and the expression of GR in hip-

pocampus and hypothalamus. The use of male animals was deliberately chosen

because of the high incidence of pituitary tumors in old female rodents [see chap-

ter by Goya et al, this vol] which by itself may disrupt glucocorticoid feedback

mechanisms. Additionally, most research on estrogen effects was carried out in

females, and we wished to test the sensitivity of old male animals to female

steroids. In our studies, young 3- to 4-month-old and old 18- to 20-month-old

male Sprague-Dawley rats were implanted with a single pellet of estradiol

benzoate weighing 14 mg for 6 weeks [15]. This procedure increased plasma

estradiol levels by more than 10-fold (�300–400 pg/ml). These levels were

clearly pharmacological, although it is possible that local estrogen synthesis in

the brain due to aromatase activity outnumbers circulating estradiol levels. The

biological response to estrogens was corroborated by significant increments in

pituitary weight and plasma prolactin.

Basal levels of CORT did not show an age effect. Mean levels were around

5–10 �g/ml, but exposure to ether vapors for 1 min produced a 5- to 7-fold

stimulation of plasma CORT levels in all groups at 15 min poststress, without

significant differences between young and old rats, either untreated or receiving

estradiol. In young animals both untreated or estradiol-treated, plasma CORT

returned to near basal values 2 h post-stress. However, old rats did not switch off

the CORT response to ether stress, resulting in plasma CORT levels at 2 h sim-

ilar to those at 15 or 60 min. In contrast to young rats in which estrogen did not
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influence the stress response, estradiol treatment of old rats restored the CORT

response to ether stress at 120 min to levels comparable to those of young or

young � estradiol-treated rats. Considering that estradiol treatment normalized

the stress response of old rats, these animals were subsequently evaluated

regarding the effects of DEX inhibition on plasma CORT. Old animals partially

‘escaped’ from DEX inhibition and significantly raised their plasma CORT lev-

els 15 min following ether stress. In contrast, estradiol treatment of old animals

seemed to sensitize glucocorticoid suppression of the HPA axis, since DEX

completely blunted the response to ether stress of the estradiol-treated old rats.

Changes in dynamics of plasma CORT suggested that disruption of feed-

back mechanisms in old rats could be normalized by estradiol treatment. To study

whether these changes correlated with changes in GR levels, quantitative densito-

metry of GR immunoreaction was carried out in the PVN and five hippocampal

subfields: CA1, CA2, CA3, CA4 and subiculum. In the CA1 and CA2 subfields

and the subiculum, untreated old rats showed a reduction in GR with respect to

young and young � estradiol. Estrogen treatment of old rats increased GR at lev-

els shown by young and young � estradiol. In contrast to the aging and estradiol

effects in the CA1, CA2 subfields and subiculum, no changes were registered for

aging or estradiol in the CA3 and CA4 subfields or the hypothalamic PVN.

Therefore, estradiol produced a region-specific modulation of GR immunoreac-

tivity when given to old, but not young animals. These data are in agreement with

Pfeiffer et al. [24] and Lephart et al. [27] who demonstrated that estrogen and

estrogenic-like compounds increase hippocampal GR. In conclusion, 6 weeks of

estrogen exposure normalized the response to stress, restored feedback inhibition

and increased hippocampal GR immunoreactivity in old rats. It is likely that the

abnormal stress response reflected a dysfunction of the negative feedback effect

of glucocorticoids. Feedback mechanisms are usually mediated by steroid recep-

tors localized in the CNS and pituitary, although lesion and aging studies point to

the hippocampus as the area with greater receptor plasticity. This is because

lesions of the hippocampus associate with abnormal shut-off of the HPA stress

response [16, 17], whereas reports in old animals have demonstrated a delayed

termination of stress responses coincident with reduced hippocampal MR and

GR levels.

Estrogen Effects on the Hippocampus May Be Direct or 

Mediated by the Forebrain Cholinergic System

Detection of ER isoforms, of membrane-associated receptors, the modula-

tion of ion channels and cytoplasmic signaling cascades [29] suggest that sex

hormone effects in aging animals may directly impinge on the hippocampus.
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However, indirect effects on the neuroendocrine hippocampus due to estrogen

primary effects on hormone-sensitive forebrain structures are also likely. Two

forebrain regions, the medial septum (MS) and the vertical limb of the diagonal

band of Brocca (VDB), innervate the hippocampal subfields CA2 and CA3 and

the dentate gyrus. These projections are cholinergic, comprising about 75% of

the acetylcholine delivered to the hippocampus. Cholinergic cells are positive for

both ER� and ER� mRNA and are hormone sensitive, as shown by the ability of

estrogens to induce the expression of the enzymes choline-acetyltransferase

(ChAT) and cholinesterase and by pronounced hormonal effects on axonal

sprouting in the forebrain [29].

Thus, we evaluated the possibility that modulation by estrogens of the

response to stress and prevention of the neurotoxic consequences of increased

HPA activity in the aged group could be mediated by the cholinergic system. To

this end, we studied ChAT immunoreactivity of neurons and cell processes in the

MS and VDB of untreated young, young � estradiol, untreated old and old � estra-

diol-treated male rats. Animal treatment was identical to that used in experiments

designed to study estrogen effects on the stress response and immunoreactive GR

levels of aging animals [15]. Aging animals showed a reduction in the number

and length of ChAT-immunoreactive cell processes, but not of immunopositive

neurons in MS and VDB. Estradiol reverted both parameters in old rats to levels

of young animals [30]. In a parallel study, we quantitatively assessed the levels of

the growth-associated protein (GAP43) mRNA, a marker for neurite outgrowth,

using in situ hybridization techniques. Although basal levels of GAP43 mRNA

were similar in old and young animals, estradiol treatment upregulated this mes-

senger in MS and VDB of old animals. In this study, we concluded that estrogens

enhanced the plasticity of cholinergic, GAP43 expressing neurons of the basal

forebrain. These and previous data, therefore, sustain that estrogen effects on the

hippocampus, including the fine control of the HPA axis of aging animals, may

depend on two separate estrogen-responsive mechanisms. A first mechanism

would be directly exerted on the hippocampus, whereas a second one could be

mediated by the forebrain cholinergic system.

Estrogen Effects on Hippocampal Neurogenesis:

A New Window for HPA Axis Regulation?

After maturation, cells originating in the subgranular zone of the dentate

gyrus become mature granule cells, which extend their axons – the so-called

mossy fibers – towards the hilus, while a long axonal branch make synapses

with dendrites of the CA3 pyramidal neurons. Axons of CA3 project to the CA1

via branches extending from the Schaffer collaterals. Therefore, granule neurons
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make contact with the CA1 and CA3 regions, becoming integrated within the

hippocampal circuitry. At one time point or another of their existence, proliferat-

ing and maturing granular cells express MR and GR [32], making them suscep-

tible to changes in circulating adrenocorticoid hormones. Thus, adrenalectomy

increases neurogenesis whereas high levels of circulating glucocorticoids

inhibits it [22]. The neural progenitors of the subgranular zone of the dentate

gyrus are also targets of estrogens, since 80% of these cells express the � and �

isoforms of ER [23]. Estrogens enhance neurogenesis, in contrast to the delete-

rious effects of glucocorticoids. This effect resembles the opposing effects of

glucocorticoids and estrogens on GR. Thus, excess glucocorticoids – as seen in

aging animals – downregulate GR, whereas estrogen treatment of aging animals

increases GR in hippocampus.

To study the influence of estrogens on brain neurogenesis in aging rodents,

we examined 9–11 month old male C57BL/6 mice, in which we implanted a sin-

gle estradiol pellet weighing 150 �g or a cholesterol vehicle pellet. Animals were

injected i.p. with bromodeoxyuridine (BrdU), a modified nucleotide that incor-

porates into the DNA of dividing cells at the S phase. 4 and 2 h before killing,

animals received BrdU and brains were analyzed for BrdU-specific staining.

Untreated old mice showed a pronounced reduction of BrdU incorporation

(about 250 cells per dentate gyrus) but this figure was increased by 2-fold after

animals were exposed to estrogens. At high microscope magnification, estrogen-

treated old mice showed clusters of proliferating cells, an image never seen in

untreated old mice. The hippocampus of untreated old mice showed a remark-

able aging effect when they were 9–11 months old. Thus, astrocytosis (an index

of neuronal suffering), increased neuronal content of lipofuscine (an index of

aging) and loss of hilar neurons (an index of neuronal damage) confirmed an

aged-related neurodegeneration. Estrogen completely reverted these changes,

because astrocyte number, lipofucsin content and hilar neuronal number were all

recovered to levels of young mice. Therefore, estrogen behaved as a powerful

neuroprotectant to the aging hippocampus, since increased neurogenesis under

the influence of estrogens was accompanied by restoration of hippocampal func-

tion. Interestingly, both estrogen-enhanced neurogenesis and estrogen control of

HPA activity and hippocampal GR required a permissive environment (i.e.

aging), and did not occur in young animals. This parallel effect suggest that neu-

rogenesis and HPA axis control may be somehow related.

Conclusions

Estrogens control reproductive and nonreproductive events in the brain,

and also play a role in the function of the HPA axis. Concerning the last aspect,
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structures implicated in HPA axis control such as the hippocampus, hypothala-

mus and the anterior pituitary, are targets of estrogens. Our studies focused on

aging rodents, which presented a marked hyperfunction of the HPA axis. We

confirmed that old animals show abnormalities in the response to stress, altered

feedback mechanism and low expression of hippocampal GR. Estrogen treat-

ment of aging rats normalized the response to stress, restored the DEX inhibi-

tion of the stress response and increased GR density in defined hippocampal

areas. Although estrogens could influence the hippocampus of aging animals

directly, their effects could be also mediated by the forebrain cholinergic sys-

tem, which is a known target of estrogens. We found that in old animals, estro-

gens restored to normal the deficient ChAT immunoreactivity and GAP43

mRNA in forebrain cholinergic nuclei projecting to the hippocampus. We also

studied the estrogen effects on cell proliferation in the dentate gyrus of aging

animals. The latter may be an additional control mechanism of the HPA axis,

because newborn cells in the subgranular zone of the dentate gyrus differenti-

ate, send projections to the pyramidal cells and integrate into the hippocampal

circuitry. It is possible that in aging animals, estrogens modulated the neuroen-

docrine hippocampus by increasing cell proliferation in the dentate gyrus, and

also by attenuation of several markers of aging, such as astrocytosis, high lipo-

fucsin content and neuronal loss in the hilus of the dentate gyrus. In aging ani-

mals, hippocampal function and the steroid negative feedback may be

re-established by estrogens, stabilizing the function of the HPA axis. Thus,

estrogen regulation of the HPA axis remains an exciting area of research to fur-

ther understand hormonal disbalances in the aging hippocampus.
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Abstract
Cushing disease which is caused by the excessive production of ACTH is a rare and

complex endocrine disorder that still represents a major challenge for the physician in terms

of accurate diagnosis and efficient treatment. Diagnosing Cushing syndrome and its etiology

is an elaborate procedure and no single test is sensitive and specific enough to provide suffi-

cient accuracy. Therefore, an ordered cascade of tests is necessary recommended by a con-

sensus statement in 2002. The proposed diagnostic algorithm will be summarized in the

following section. In the absence of efficient drug therapy, transsphenoidal resection of the

pituitary adenoma is the treatment of choice for the reduction of ACTH secretion. However,

not all patients can be cured by surgery. In the present article, we examine recent studies that

have investigated the therapeutic potential of new generations of drugs for the treatment of

Cushing disease such as cabergoline and SOM230. The role of nuclear receptors: retinoic

acid receptors and peroxisome proliferator-activated receptor-� as new approaches for treat-

ing pituitary tumors is also discussed.

Copyright © 2006 S. Karger AG, Basel

Diagnosis of Cushing Disease

In October 2002, the international consensus conference with 50 leading

endocrinologists in Ancona, Italy (organized by G. Arnaldi and M. Boscaro) set

the basis for the current ‘state-of-the-art’ diagnostic procedure in the manage-

ment of Cushing syndrome (CS) (fig. 1) [1]. The following section gives an

overview of the main recommendations.

Regardless of etiology, all cases of endogenous CS are due to the increased

production of cortisol by the adrenal gland which leads to the specific symptoms.
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All diagnostic tests are based on the principle of inappropriate cortisol secretion

with loss of negative feedback inhibition.

A requisite to start any diagnostic procedure is a sufficient clinical suspi-

cion. CS produces a myriad of disabling and sometimes life-threatening symp-

toms, including typical abnormal fat deposition around the neck, thinning of the

skin, osteoporosis, insulin resistance, dyslipidemia, myopathy, amenorrhea and

hypertension. Fatigue, irritation, anxiety and depression are also common clin-

ical features in these patients [2].

Clinical manifestations can vary due to the duration and extent of hyper-

cortisolism which spans from high oversecretion to barely detectable or cyclical

excretion. Some patients may present with isolated symptoms and lack even the

Clinical suspicion

Diagnosis of Cushing syndrome

Cushing syndrome

Pituitary Adrenal Ectopic

-ACTH high/normal low normal/high

-CRH test response no response rare response 

-Dexamethasone 8mg suppression no suppression rare suppression 

-Adrenal CT/MRI normal/hyperplasia mass normal/hyperplasia

-Pituitary CT/MRI tumor (60%)

-Inferior petrosal sinus gradient no gradient 

 sampling

Differential diagnosis of Cushing syndrome

 First line screening tests

 •   Urinary free cortisol increased

 •   Lack of cortisol suppression after low-dose dexamethasone

 •   Late-evening salivary cortisol increased (test to be evaluated in future)

Fig. 1. Diagnostic algorithm according to the recommendations of Arnaldi et al. [1].
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most common findings like hypertension or truncal obesity. Therefore, CS can

easily be misdiagnosed.

Diagnosis of Cushing Syndrome

If CS is suspected, the 24-hour urinary free cortisol assay and the low-dose

dexamethasone suppression test are the screening tests of choice.

The 24-hour urinary free cortisol tests are often positive in pseudo-

Cushing states such as depression and alcoholism, but values four times higher

than normal are considered diagnostic for CS. The test should be repeated up to

three times in case of inconclusive results.

In the low-dose dexamethasone suppression test (dexamethasone 1 or 2 mg

overnight), a cortisol level below 1.8 �g/dl excludes active CS at that time.

However, Findling et al. [3] report a study with false-negative results in 18% of

the patients with CD. Additionally, a potential misclassification of patients with

increased CBG, acute and chronic illness or pseudo-CS is possible.

Recently, Papanicolaou et al. [4] published rates of 100% specificity and

93% sensitivity for the diagnosis of CS by using late-night salivary cortisol lev-

els with a cut-off of 550 ng/dl. The probe is stable for 1 week which might rep-

resent an advantage for outpatient screenings. The promising results for this

relatively simple test will have to be evaluated in the future.

Due to overall unsatisfactory rates of sensitivity and specificity of the first-

line screening tests, some additional tests can be adopted to gain diagnostic

precision.

Patients with CS often lack a normal circadian rhythm of cortisol secre-

tion. This principle can be applied in measuring cortisol levels in hospitalized,

sleeping patients at midnight. A cut-off of 1.8 �g/dl (or 7.5 �g/dl to increase

specificity to 100%) has been adopted for highly sensitive results.

The classical 2-day low-dose dexamethasone test serves as another sec-

ond-line screening test. Urine is collected on 2 baseline days and on the second

day of dexamethasone administration. A decrease of free urinary cortisol less

than 10 �g/24 h on the second day of dexamethasone is considered pathologi-

cal. Alternatively, plasma cortisol can be measured at 9 h after the last dose of

dexamethasone which should be less than 1.8 �g/dl (sensitivity and specificity

more than 95%).

The 2-day low-dose dexamethasone test can be combined with CRH

administration. Dexamethasone is given orally 0.5 mg every 6 h for 48 h and

ovine-sequence CRH is administered (1 �g/kg i.v.) 2 h after the last dose of dexa-

methasone. If the plasma cortisol 15 min after CRH administration is above

1.4 �g/dl, CS is very likely. The test has been shown to be of value mainly to

diagnose pseudo-Cushing states, since responses to CRH in pseudo-Cushing

might be blunted due to chronic CRH secretion.
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Differential Diagnosis of Cushing Syndrome

After CS is diagnosed, the differential diagnoses of CS have to be distin-

guished by measuring ACTH. ACTH-producing pituitary adenomas are the

most likely cause of the ACTH-dependent CS. Other ACTH-dependent forms

include ectopic ACTH or CRH secreting tumors. Alternatively, the glucocorti-

coid excess may be due to ACTH-independent adrenal pathologies like adrenal

neoplasias or hyperplasia.

Hypercortisolism in combination with ACTH levels below 10 pg/ml at 9 h

argues for an ACTH-independent CS and further imaging of the adrenals by CT

or MRI scanning should be performed to reveal the type of adrenal pathology.

ACTH above �20 pg/ml suggests an ACTH-dependent cause of CS.

Values in between 10 and 20 pg/ml can be further differentiated by performing

a CRH test with measurement of plasma ACTH.

A battery of tests can help to distinguish the source of the ACTH over-

production.

The high-dose dexamethasone suppression (DST) test relies on the prin-

ciple that ACTH secretion is suppressed in most corticotropic adenomas, at least

partially, but not in ectopic tumors. Since this is not always true for some benign

neuroendocrine tumors, the results of this test have to be interpreted cautiously.

Several versions of the high-dose DST exist (2-day oral high dose, 8 mg

overnight oral, 4–7 mg i.v.). In all versions, plasma and urinary cortisol are

evaluated before, during and after dexamethasone administration. A cut-off

suppression of 50–80% is usually applied with a sensitivity of 60–80% to dis-

criminate CD from ectopic tumors.

The CRH test and its interpretation are still under debate. This is due to the

type of CRH used – for example i.v. 1 �g/kg or 100 �g synthetic ovine or

human CRH–, biochemical parameters like ACTH increase 35–50% above

baseline versus cortisol increase 14–20% and evaluated time points like ACTH

measurement after 15–30 min or cortisol after 15–45 min.

New tests including substances like desmopressin, GH secretagogues and

opiate agonists are still under investigation. Desmopressin for example might

be an attractive agent for future research, because of its inexpensiveness, lack of

severe side effects and its ability to increase ACTH secretion in 80–90% of

patients with CD, but not in normal individuals.

After having performed the biochemical tests and an ACTH-dependent CS

has been diagnosed, a gadolinium enhanced MRI should be performed. A lesion

in the pituitary gland bigger than 6 mm in combination with the typical clinical

symptoms and positive test results confirm the diagnosis of CD. However, it is

important to bear in mind that in 10% of the normal population an inciden-

taloma, usually smaller than 5 mm, can be found. On the other hand, only in

60% of patients with CD a discrete pituitary adenoma will be detected.
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In case of a negative MRI result, in patients with ACTH-dependent CS,

bilateral inferior petrosal sinus sampling (BIPSS) with and without CRH test

can be considered. Complications including deep vein thrombosis, pulmonary

emboli and brain stem vascular damage rarely occur.

After the radiologist in a specialized center has catheterized both inferior

petrosal sinuses (IPS), which is ideally verified by subtraction digital angiogra-

phy, blood samples of ACTH are obtained basal, 3 and 5 min after CRH admin-

istration from both IPS and a peripheral vein. An IPS/peripheral ACTH ratio

greater than 2 in the basal state or greater than 3 after CRH is consistent with

CD and has a high sensitivity and specificity.

The diagnostic accuracy in identifying the site of a pituitary microadenoma

is under discussion.

If BIPSS confirms the lack of a pituitary gradient, an ectopic source of

ACTH production is likely and imaging techniques for neck, thorax and

abdomen should be performed. Somatostatin analogue scintigraphy with 111In-

pentetreotide may be helpful in detecting occult somatostatin-receptor-positive

tumors. PET is an interesting future option, but has not yet been establi-

shed. Potentially adequate substances have been recently reviewed by Pacak

et al. [5].

New Aspects in the Treatment of Cushing Disease

If diagnostic procedures reveal an ACTH-producing pituitary adenoma,

transsphenoidal resection of the pituitary adenoma is the treatment of choice for

the reduction of ACTH secretion. However, surgery is associated with signific-

ant post-operative morbidities. In cases of recurrence, pituitary irradiation or

adrenalectomy is largely used as an adjunctive therapy.

Depending on the etiology, two different treatment modalities which still

need to be validated are possible: reduction of pituitary ACTH production

(cyproheptadine, sodium-valproate, bromocriptine or octreotide) or reduction

of adrenocortical cortisol secretion (o,p’DDD, amino-gluthethimide, metyrapone

and ketoconazole) (table 1) [2].

Lately, there was much progress in understanding the molecular mecha-

nisms that control the function of the hypothalamic-pituitary-adrenal axis.

Thus, new insights made it possible to identify potential drug targets for the

treatment of CS caused by ACTH secreting pituitary adenomas. The role of

dopamine agonists, somatostatin analogues and nuclear receptors such as

retinoic acid receptors [retinoic acid receptor (RAR) and retinoid X receptor

(RXR) and peroxisome proliferator-activated receptor-� (PPAR-�)] will be

discussed.
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Dopamine Agonists

The significance of dopamine in the treatment of pituitary adenomas was first

described in prolactinomas. Dopamine acts on the anterior and intermediate lobe of

the pituitary gland to regulate PRL and MSH secretion [6, 7]. The identification of

a functional dopamine D2 receptor (D2DR) in prolactinomas constituted

dopamine agonists as a primary treatment for this type of pituitary tumors [8, 9].

Short-term treatment of patients with CD with the dopamine agonist

bromocriptine decreased urinary/plasma cortisol levels in 42% of the cases and

ACTH levels in 27% [10]. However, the efficacy of long-term treatment in

bromocriptine-responsive patients was less than 50%.

Immunohistochemical analysis of 20 corticotropinomas revealed D2DR

expression in 15 cases [11]. Treating corticotropinomas in primary cell culture

with the new-generation dopamine agonist, cabergoline, decreased ACTH

secretion in 60% of the cases [11]. The response to cabergoline correlated with

D2DR expression and was abolished by the D2DR antagonist sulpiride, con-

firming that the treatment was specific for D2DR. Furthermore, as reported in

the same study, cabergoline administration in patients with pituitary CD nor-

malized cortisol levels in 40% of cases. All corticotropinomas from the caber-

goline responders expressed D2DR. This study shows that cabergoline can be

useful for the treatment of a subset of patients with CD.

Somatostatin Analogues

The general antisecretory action of somatostatin and its analogues prompted

the testing of their efficacy for the treatment of CD. Although octreotide could

Table 1. Medical treatment for Cushing syndrome

Substance Action site Mechanism

Cyproheptadine central nervous system serotonin antagonist

Sodium valproate central nervous system GABA-aminotransferase inhibitor

o,p’DDD adrenal gland glucocorticoid synthesis inhibitor

Amino-gluthethimide adrenal gland glucocorticoid synthesis inhibitor

Metyrapone adrenal gland glucocorticoid synthesis inhibitor

Ketoconazole pituitary and adrenal gland ACTH and glucocorticoid synthesis inhibitor

Bromocriptine pituitary dopamine agonist

Cabergoline pituitary dopamine agonist

Octreotide pituitary somatostatin analogue

SOM230 pituitary multiligand somatostatin analogue

Retinoic acid pituitary and adrenal gland RAR-RXR ligand

Rosiglitazone pituitary PPAR-� ligand
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effectively suppress ACTH secretion in patients with Nelsons’ syndrome or

ectopic CD, it was not effective in patients with pituitary dependent CD [10, 12,

13]. Octreotide was found to inhibit basal and CRH-induced ACTH secretion

from corticotropinomas in primary cell culture [14]. However, this effect was

abolished by hydrocorticosterone treatment, raising the hypothesis that patients

with CD cannot respond to octreotide treatment due to high cortisol levels. It

was recently shown that dexamethasone treatment decreases the mRNA expres-

sion of somatostatin receptor type (SSTR) 2, which is the main mediator of

octreotide action [15]. Most corticotropinomas were found to predominantly

express SSTR5, indicating that somatostatin analogues with high affinity to

SSTR5 could be useful for Cushing treatment [15, 16]. SOM230 is a multiligand

somatostatin analogue with high affinity to SSTR1, 2, 3 and 5. Compared to

octreotide, SOM230 has 2.5 times less affinity for SSTR2, but 40 times more

affinity for SSTR5 [17]. Treatment with SOM230 for 72 h decreased ACTH

secretion in 3 of 5 human corticotropic adenomas in primary cell culture, while

octreotide did so in only one case [15]. SOM230 was found to be more efficient

than octreotide in reducing ACTH secretion in rodents, although its efficacy in

patients with CD remains to be determined [18].

Retinoic Acid

Retinoids, comprising the native and synthetic derivatives of vitamin A,

are promising agents for the prevention and treatment of human cancers includ-

ing breast and lung cancer. The biological effects of retinoids are mainly medi-

ated by their nuclear receptors, RAR and RXR [19, 20].

Using AtT-20 pituitary corticotropic tumor cells, we have recently demon-

strated that retinoic acid inhibits ACTH secretion in vitro by inhibiting the tran-

scriptional activity of the transcription factors AP1 and Nur on the POMC gene,

which encodes ACTH [21]. However, this inhibitory action of retinoic acid seems

to be restricted to ACTH-secreting tumor cells, since normal ACTH-secreting cells

and other normal pituitary cells are not affected by the treatment, demonstrating a

specific effect on tumor cells probably related to the distinct differentiation degree

of normal cells versus tumor cells. Treatment of human corticotropinomas in pri-

mary culture with retinoic acid resulted in the inhibition of the ACTH production

by these cells. We have also shown that retinoic acid inhibits cell proliferation and

induces apoptosis in ACTH-secreting tumor cells [21].

When athymic nude mice were inoculated with corticotropic tumor cells,

control animals develop large subcutaneous corticotropic tumors, whereas no

tumors were observed in mice injected with retinoic acid-treated cells, indicat-

ing that the antiproliferative effects of retinoic acid are also effective in vivo.

Moreover, administration of retinoic acid to mice that already had experimental

ACTH-secreting tumors, resulted in the inhibition of tumor growth. Plasma
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levels of ACTH and cortisol were reduced in retinoic acid treated mice, com-

pared with controls. This inhibition resulted in the reversion of adrenal hyper-

plasia and skin atrophy, both characteristic symptoms of CS [21].

In an ongoing study with dogs suffering from CD, preliminary data shows

that the treatment with retinoic acid decreased ACTH and cortisol levels and

improved clinical symptoms in respect to control animals treated with keto-

conazole [Castillo et al., unpubl. data].

Retinoic acid treatment might represent a potential therapeutic option to

inhibit ACTH and cortisol production, as well as tumor growth in CD.

PPAR-g Ligands

PPAR-� heterodimerizes with RXR to function as a transcription factor

that binds to specific response elements called peroxisome-proliferator

response elements. In normal human pituitary tissue, PPAR-� expression is

restricted to ACTH-secreting cells [22]. By contrast, PPAR-� is highly

expressed by all pituitary tumor cell subtypes [23]. Treatment of murine and

human corticotropinomas with the synthetic PPAR-� ligand rosiglitazone

induced cell-cycle arrest and apoptosis and suppressed ACTH secretion. In

vivo, rosiglitazone prevents the development of corticotropic tumors in nude

mice. Levels of plasma ACTH and serum corticosterone were reduced in

rosiglitazone-treated mice, compared with controls [22].

The administration of rosiglitazone in patients with CD did not give promis-

ing results. Eight of 14 patients treated with rosiglitazone did not respond to the

treatment. Six of 14 patients responded after 2 months of treatment by lowering

ACTH and serum cortisol and normalization of free urinary cortisol. Of these 6

patients, 2 were followed for 7 months and showed a mild clinical improvement

[24]. Additional studies are needed before conclusions can be made.

Since a combination of retinoic acid and rosiglitazone might allow the

reduction of pharmacological dosages of both drugs to be administered thera-

peutically, we investigated whether the RAR and RXR might have synergistic

inhibitory actions with PPAR-� ligands. In murine corticotropic tumor cells,

the combination of rosiglitazone and retinoic acid led to a synergistic inhibition

of ACTH secretion [unpubl. data]. Thus, combined treatment with retinoic acid

and rosiglitazone may increase the efficiency of the treatment leading to a syn-

ergistic antiproliferative and antisecretory effect on tumor cells.

Conclusion

If CS is suspected, it is recommended to measure cortisol in more than one

24-hour urinary collection and to perform a low-dose dexamethasone suppression
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test as the first-line screening test according to the diagnostic algorithm of the con-

sensus statement. However, false-positive results are common. Late night salivary

cortisol might be an interesting future option, but more published data are needed.

The diagnostic evaluation should not proceed until the diagnosis of CS is

firm.

ACTH levels, CRH stimulation tests and the high-dose DST as well as

CT/MRI scanning are the most useful and common tests for the differential

diagnosis of CS.

BIPSS is recommended for patients with ACTH-dependent CS whose clin-

ical, biochemical and radiological studies are discordant.

At present, there is no effective pharmacological therapy that has been

clinically tested to control ACTH oversecretion by pituitary tumors. New stud-

ies on dopamine agonists and somatostatin analogues such as cabergoline and

SOM230, respectively, pointed the potential importance of these drugs in the

treatment of CD.

Recent advances in elucidating the function of nuclear receptors have

resulted in the development of novel approaches. PPAR-� ligands and retinoic

acid might represent potential therapeutic options to inhibit ACTH production,

as well as tumor growth in CD. The efficacy of these treatments in patients with

CS still needs to be tested in clinical trials.
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