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ABSTRACT

Hormones from the hypothalamus mediate interactions between the nervous and endocrine sys-
tems by controlling the activity of specific target cells in the anterior pituitary gland. The hypothalamic
peptide, growth hormone-releasing hormone (GHRH), acts on pituitary somatotroph cells to stimulate
their proliferation during development and to regulate their ability to produce and secrete growth
hormone (GH). These actions are mediated by a recently identified receptor for GHRH that belongs
to family B-III of the G protein-coupled receptor superfamily. The rat GHRH receptor is expressed
predominantly in the pituitary gland and in somatotroph cells. To investigate this tissue- and cell-
specific expression, the receptor gene has been cloned and characterized. The receptor gene promoter
is selectively expressed in pituitary cells and is regulated by the pituitary-specific transcription factor
Pit-1. There is a sexual dimorphism in GHRH receptor expression in the rat pituitary, suggesting
regulation by gonadal steroids. In addition, glucocorticoids are potent positive regulators of GHRH
receptor gene expression. Substantial evidence points to an important role for GHRH in regulating
the proliferation and functional activity of the somatotroph cell. This is best observed in the dwarf
little mouse, which harbors a mutation in the extracellular domain of the GHRH receptor that abolishes
the receptor’s hormone-binding and signaling properties, resulting in severe somatotroph hypoplasia.
Complementary studies in transgenic mice overexpressing the ligand GHRH reveal corresponding
somatotroph hyperplasia. Consistent with these observations, GHRH potently activates the MAP
kinase pathway in pituitary somatotroph cells. To better understand the hormone-binding and sig-
naling properties of the GHRH receptor, mutant and chimeric receptors have been analyzed to define
domains important for GHRH interaction. The GHRH receptor signals predominantly through cAMP-
dependent pathways; however, a variant form of the GHRH receptor with an insertion into the third
intracellular domain, generated through alternative RNA processing, binds GHRH but fails to signal,
suggesting potential modulation of receptor function at a post-transcriptional level. This chapter will
integrate these basic investigations of GHRH and its receptor with current information on the in-
volvement of the GHRH signaling system in human diseases of GH secretion and growth.

I. Introduction

A. THE NEUROENDOCRINE GROWTH HORMONE AXIS

The anterior pituitary gland receives neuroendocrine signals, in the form of
hypothalamic peptides, which act to stimulate or suppress the secretion of each
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of the pituitary hormones, thus providing for integration between the brain, where
sensory information is being processed, and the pituitary gland, where an appro-
priate endocrine response is subsequently generated. In the case of the growth
hormone (GH)-secreting pituitary somatotroph cell, the predominant positive neu-
roendocrine signal is growth hormone-releasing hormone (GHRH). Its actions are
antagonized by the suppressive effects of somatostatin (Tannenbaum and Ling,
1984; Devesa et al., 1992). Growth hormone secreted from the anterior pituitary
acts on diverse target tissues, where it can directly affect cell proliferation and
differentiation. In addition, GH is a potent stimulus for the production of the
somatomedins, or insulin-like growth factors, which ultimately mediate many of
the effects of GH on cellular metabolism (Daughaday, 1995). As is the case with
most endocrine cascades, hormones such as the somatomedins and GH are able
to exert feedback effects, typically repressing the activity of the system. Figure 1
shows in schematic fashion this hormonal cascade controlling GH secretion and
linear growth in vertebrate organisms.

A second class of molecules able to stimulate GH secretion is the synthetic
growth hormone secretagogues (GHS), including the hexapeptide GHRP-6 (Bow-
ers et al., 1984) and several nonpeptide mimics of this synthetic hormone (Smith
etal, 1993, 1997). These compounds are believed to act both at the hypothalamic
and pituitary level to impact GH secretion, as shown in Figure 1. A specific G
protein-coupled receptor for these secretagogues recently was identified that is
expressed in both the hypothalamus and pituitary (Pong et al., 1996; McKee et
al., 1997). However, an endogenous ligand for the GHS receptor has yet to be
identified.

B. GROWTH HORMONE-RELEASING HORMONE

GHRH was initially isolated from pancreatic tumors that caused acromegaly,
then later characterized from the hypothalamus (Guillemin et al., 1982; Rivier et
al., 1982; Spiess et al., 1983). GHRH is released from neurosecretory cells in the
arcuate nuclei of the hypothalamus (Merchenthaler et al., 1984; Sawchenko et
al., 1985). GHRH also is expressed in the placenta, where it may have paracrine
functions or contribute to fetal growth (Suhr ef al., 1989; Margioris et al., 1990),
and in the gonads, where it may be an autocrine or paracrine regulator of ste-
roidogenesis and granulosa or Sertoli cell function (Berry and Pescovitz, 1988;
Bagnato et al., 1992; Ciampani ef al., 1992). An important role for GHRH in
linear growth is suggested by clinical studies with tumors that secrete GHRH
(Frohman and Szabo, 1981; Thorner ef al., 1982; Frohman and Jansson, 1986)
and by animal studies with transgenic mice that overexpress GHRH (Hammer et
al., 1985; Stefaneanu ef al., 1989). In both cases, GH hypersecretion, somatotroph
hyperplasia, and inappropriate growth (acromegaly or gigantism) are observed.
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FIG. 1. Neuroendocrine regulation of the growth hormone (GH) axis. GHRH and somatostatin
from the hypothalamus are the predominant stimulatory and inhibitory factors, respectively, for pi-
tuitary GH synthesis and secretion. In addition to its direct effects on target tissues, many of the
effects of GH are mediated by somatomedins produced in the liver. Growth hormone and somato-
medins are, in turn, important mediators of negative feedback regulation. Other growth hormone
secretagogues (GHS) indicate the potential for novel GHS that act on a receplor expressed in hypo-
thalamus and pituitary.

GHRH is a peptide hormone of 42-44 amino acids, depending on species,
that is processed from a larger precursor protein of 103—108 amino acids (Gubler
et al., 1983; Mayo et al., 1983, 1985; Frohman et al., 1989; Suhr et al, 1989).
The peptide is C-terminally amidated in many species but not in rodents. GHRH
is structurally related to a large family of peptide hormones, including secretin,
glucagon, glucagon-like peptide-1 (GLP-1), vasoactive intestinal peptide (VIP),
pituitary adenylate cyclase-activating peptide (PACAP), peptide with histidine as
N-terminus and isoleucine as C-terminus (PHI), and gastric inhibitory peptide
(GIP) (Campbell and Scanes, 1992).
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C. THE GHRH RECEPTOR

Substantial biochemical evidence suggests that GHRH acts through a G
protein-coupled receptor to increase levels of the cellular second messenger cAMP
in the somatotroph cell (Bilezikjian and Vale, 1983; Labrie ef al., 1983). Genetic
studies supporting this notion include the findings that 1) many GH-secreting
pituitary tumors harbor activating mutations in the Gy, protein (Vallar ef al., 1987,
Landis et al., 1989); 2) somatotroph hyperplasia and GH hypersecretion result
from pituitary expression of a cholera toxin transgene in transgenic mice (Burton
et al., 1991); and 3) somatotroph hypoplasia and GH deficiency result from the
pituitary expression of a dominant-negative mutant form of the cAMP-responsive
transcription factor CREB in transgenic mice (Struthers et al., 1991).

Based on these observations, several groups identified novel G protein-
coupled receptor cDNAs from human, rat, mouse, and pig encoding 423 residue
proteins that have the structural and functional characteristics expected of a
GHRH receptor (Lin et al., 1992; Mayo, 1992; Gaylinn ef al., 1993; Hsiung et
al., 1993). The predicted GHRH receptor protein 1) has the seven potential
membrane-spanning motifs of a G protein-coupled receptor, 2) is homologous to
the receptors for peptides related to GHRH, 3) is of the size expected from GHRH
photoaffinity cross-linking studies, and 4) is expressed predominantly in the an-
terior pituitary gland. Most importantly, when the GHRH receptor protein is ex-
pressed in transfected cells, those cells acquire the ability to bind GHRH with
high affinity and selectivity and to respond to GHRH to increase intracellular
levels of the second messenger cAMP. The general structure of the GHRH re-
ceptor protein is shown in Figure 2A, which also illustrates several key features
to be discussed in subsequent sections. Figure 2B is a phylogenetic tree based on
sequence identity for representative receptor sequences of family B of the G
protein-coupled receptor superfamily, showing the relatedness between the
GHRH receptor and receptors for GHRH-related peptides. A second branch of
this family includes receptors for peptides that are not related in sequence to
GHRH, including the parathyroid hormone (PTH), calcitonin, and corticotropin-
releasing hormone (CRF) receptors (Segre and Goldring, 1993).

D. THE PITUITARY SOMATOTROPH CELL

Substantial progress has been made in understanding the early developmental
events leading to pituitary organogenesis, largely through genetic approaches in
mice (Andersen and Rosenfeld, 1994; Rosenfeld et al., 1996, Watkins-Chow and
Camper, 1998). Development of the anterior pituitary gland appears to involve a
complex series of inductive events in which BMP4 from the ventral diencephalon
establishes a zone of oral ectoderm from which expression of Sonic hedgehog is
restricted, forming Rathke’s pouch. A BMP2 signaling gradient subsequently
arises from Rathke’s pouch. The interaction of this ventral gradient with an
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FIG. 2. Schematic structure of the rat GHRH receptor. Panel A points out key features, in-
cluding the signal sequence cleavage site, glycosylation sites, a 41-amino-acid insertion in an alter-
natively spliced receptor isoform, aspartic acid residue 60 (mutated in the dwarf liftle mouse), and
the locations of FLAG and hemagluttinin (HA) epitope tags introduced to facilitate receptor protein
detection. Shaded residues are conserved in the related rat secretin, glucagon, VIP, GLP-1, and
PACAP receptors. Panel B shows a phylogenetic tree based on sequence identity for representative
receptor sequences of family B of the G protein-coupled receptor superfamily. The GHRH receptors
are shown in the shaded rectangle. [Adapted from the G protein-coupled receptor (GPCR) database
(http://swift.embl-heidelberg.de/7tm).]
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opposing dorsal gradient of FGF8 is proposed to pattern the future pituitary and
initiate the expression of transcription factors required for the specification of the
five distinct, hormone-secreting cell types (Takuma et al., 1998, Treier et al.,
1998). A large number of homeobox transcription factors—including Lhx3,
Lhx4, Titf1, Pitx1, and Rpx— participate in these early developmental events of
pituitary gland formation (Watkins-Chow and Camper, 1998). Two of these tran-
scriptional regulatory proteins, Prop-1 and Pit-1, are critical for specifying the
thyrotroph, lactotroph, and somatotroph lineages. Mutation of these genes in
mouse or human results in a failure of these cell lineages to form (Li et al., 1990;
Sornson et al., 1996).

In many respects, less is known about the factors that result in further spe-
cialization of cells in the Prop-1/Pit-1 lineage. Pit-1-dependent thyrotroph and
somatotroph/lactotroph precursor populations diverge by embryonic day 16 in
the mouse (Andersen and Rosenfeld, 1994). Subsequently, this somatotroph/
lactotroph precursor cell gives rise to fully differentiated somatotrophs and to a
somatolactotroph population that eventually gives rise to lactotrophs, which ap-
pear largely after birth (Andersen and Rosenfeld, 1994). All of these cells express
Pit-1; therefore, additional factors (or the absence of factors) are clearly required
to specify the somatotroph cell. Acquisition of the GHRH receptor defines the
fully differentiated somatotroph phenotype, allowing these cells to be subse-
quently expanded under the trophic influence of GHRH.

The following sections of this chapter consider the regulation and actions of
GHRH and its receptor, within the framework of the development and differen-
tiation of the pituitary somatotroph cell. Section II considers the tissue- and cell-
specific expression of the GHRH receptor gene, a critical early event in estab-
lishment of the differentiated somatotroph phenotype. Section IIT discusses the
regulation of GHRH receptor synthesis and increased responsiveness to GHRH,
focusing on the role of the steroid hormones in this process. Section IV presents
evidence from genetic models for an important role of GHRH in the proliferation
of the somatotroph cell during pituitary development. Section V considers func-
tional aspects of hormone binding and signal transduction by the GHRH receptor,
leading to enhanced GH synthesis and secretion in the mature somatotroph cell.
Finally, the summary section VI will attempt to integrate this information and
discuss relevance of these basic investigations for understanding human diseases
impacting the GH axis.

II. Expression of the GHRH Receptor

A. PITUITARY-SPECIFIC EXPRESSION

The GHRH receptor is expressed predominantly in the pituitary gland, with
lesser expression in several other tissues. Figure 3A in an example of a reverse
transcription-polymerase chain reaction (RT-PCR) assay used to detect GHRH
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FIG. 3. Expression of the GHRH receptor mRNA in rat tissues and in the pituitary. (A) An
RT-PCR assay of receptor mRNA expression in the indicated rat tissues. The expected 489-bp PCR
product is indicated by the arrow. (B) In situ hybridization localization of the GHRH receptor mRNA
and a Pit-1 mRNA control to the rat anterior pituitary gland. The right portion of panel B is a double-
label, in situ hybridization using digoxigenin-growth hormone and **S-GHRH-R probes, showing co-
localization to several pituitary somatotroph cells. [Panel B adapted with permission from Mayo, K.E.
Mol. Endocrinol. 6, 1734—1744, 1992. Copyright © 1992 The Endocrine Society.]

receptor mRNA in a large number of rat tissues. The receptor mRNA is highly
expressed in the pituitary, as expected. In addition, receptor RNA transcripts are
found in the placenta, a tissue that also expresses the ligand GHRH (Suhr ef al.,
1989; Margioris et al.,, 1990). The most surprising finding is the strong RNA
signal seen in the kidney, also observed by others (Matsubara et al., 1995). Our
preliminary analysis indicates that this kidney transcript differs from the pituitary
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transcript near the 5’ end of the mRNA and that it is unlikely to encode a func-
tional GHRH receptor protein. There is little expression of the GHRH receptor
mRNA in other tissues, although, at higher amplification cycles, the RNA is
detected at low levels in a broad range of tissues (Matsubara ef al., 1995).

Within the pituitary gland, the GHRH receptor is co-expressed with the
pituitary-specific transcription factor Pit-1 in the anterior lobe, as shown using in
situ hybridization in Figure 3B. The receptor transcript can be co-localized to
GH-expressing somatotroph cells using double-label, in sifu hybridization ap-
proaches, although the sensitivity of this technique is probably not sufficient to
exclude expression of the receptor in other pituitary cell types. Expression of the
GHRH receptor in the pituitary is developmentally regulated; the transcript is first
detected on embryonic day 16.5 in the mouse (Lin ef al., 1992), peaks in the late
embryonic period, and then declines before increasing again with the onset of
puberty (Korytko et al., 1996). GHRH-binding sites and GHRH receptor nRNA
decrease in aged rats in association with the decline in GH (Abribat et al., 1991;
Girard et al., 1999).

B. THE GHRH RECEPTOR GENE

To investigate the gene regulatory events important for expression of the
GHRH receptor in the pituitary gland, the rat GHRH receptor gene was cloned
and characterized (Miller ef al., 1999). Figure 4A shows the structure of the gene,
which is composed of 14 exons and spans approximately 15 kilobases of genomic
DNA. Exon 11 is an alternatively spliced exon that encodes an insertion in the
third cytoplasmic loop of the receptor that was identified during the initial cloning
of the cDNA (Mayo, 1992). As shown in Figure 4C, there is no apparent corre-
spondence between exons of the gene and structural features of the protein (such
as the membrane-spanning domains). The exons are small, averaging about 100
bp in size, while the introns vary from 111 bp to more than 2 kb. Overall, the
gene has a structural organization similar to the genes for other G protein-coupled
receptors in family B-III (Lin ef al., 1993; Yamada et al., 1995; Chatterjee et al.,
1997; Pei, 1997). Family B-III has the most complex gene organization reported
among the G protein-coupled receptors. A partial structure of the 5’ half of the
human GHRH receptor gene has recently been reported (Petersenn et al., 1998)
that displays a similar organization to that of the rat gene.

Four transcriptional start sites utilized in the pituitary gland were mapped
between 84 and 286 bp upstream of the translational initiation codon. This region
does not contain consensus “CCAT” or “TATA” sequences. The 5' flanking
region of the gene was sequenced; Figure 4B shows a select number of the po-
tential transcription factor-binding sites identified in the putative promoter. Of
particular interest is the presence of several potential binding sites for the pituitary-
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FIG. 4. Structure of the rat GHRH receptor gene and promoter. Panel A shows overlapping
phage lambda clones and EcoR | subclones, the arrangement of the 14 exons within genomic DNA,
and the structure of the mRNA, with the regions corresponding to the seven transmembrane domains
numbered. Exon 11 (shown in white) is alternatively spliced. Panel B shows transcription start sites
mapped by primer extension of pituitary RNA (indicated by arrows). Selected transcription factor
binding consensus sites in the 5’ flanking region are shown (there are also numerous GRE half sites).
Panel C is a schematic of the rat GHRH receptor protein showing the location and distribution of the
exon-intron boundaries (indicated with arrows and the corresponding junctional exon numbers).
[Adapted with permission from Miller, T.L., Godfrey, P.A.>DeAlmeida, V.1, and Mayo, K.E. En-
docrinology 140, 4152-4165, 1999. Copyright © 1999 The Endocrine Society.]
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specific transcription factor Pit-1, which is required for establishment of the so-
matotroph lineage (Li ef al., 1990; Radovick ef al., 1992).

The 5’ flanking region of the GHRH receptor gene directs regulated tran-
scription in transfected pituitary cells. As shown in Figure 5A, various 5 restric-
tion fragments were fused to a luciferase reporter gene. When these constructs
were tested in the GH-secreting pituitary tumor cell line GH3 (Figure 5B), the
largest constructs had considerable basal promoter activity. Basal activity of the
promoter progressively decreased as the 5’ flanking sequences were truncated.
There are several potential binding sites for Pit-1 in the GHRH receptor gene
promoter. When GH3 cells, which express endogenous Pit-1, are co-transfected
with a Pit-1 expression construct, a two-fold stimulation of promoter activity was
observed. In COS7 cells, which do not express endogenous Pit-1, the GHRH
receptor promoter was inactive (Figure 5C). However, there was a robust acti-
vation of the promoter when Pit-1 was co-transfected into these cells. Pit-1 re-
sponsiveness in both GH3 and COS7 cells diminishes with progressive deletion
of the promoter, although all constructs except the shortest one are Pit-1 respon-
sive. Co-transfection of a Pit-1 construct with a deletion in the homeodomain
(Pit-1q), which is required for DNA binding, did not stimulate promoter activity.
Pit-1 also has been observed to transactivate the human and mouse GHRH re-
ceptor genes (Lin ef al., 1992; Petersenn et al., 1998) and appears to be an im-
portant determinant of the pituitary-specific expression of this gene.

III. Regulation of GHRH Receptor Expression

A. REGULATION BY GLUCOCORTICOIDS

Glucocorticoid hormones have complex and paradoxical effects in the GH
axis. While they are generally growth suppressive, they act directly on the pitu-
itary to stimulate GH gene expression (Evans et al., 1982; Moore et al., 1985)
and augment basal and GHRH-induced GH release (Vale et al., 1983; Wehren-
berg et al., 1983). Glucocorticoids are also emerging as important regulators of
somatotroph function. Glucocorticoids stimulate somatotroph differentiation in
the fetal rat pituitary in vivo and in pituitary explants in vitro (Hemming et al.,
1984; Nogami and Tachibana, 1993; Nogami et al, 1995). Administration of
glucocorticoids during late gestation advances the timing of somatotroph devel-
opment, whereas administration of a glucocorticoid synthesis inhibitor delays or
suppresses somatotroph development (Nogami and Tachibana, 1993). Serum cor-
ticosterone concentrations in the rat fetus are transiently elevated during days 17—
21 of gestation, with a peak at day 19, coincident with the time when somato-
trophs are detected in the rat pituitary (Dupouy et al., 1974; Bourdouresque et
al., 1988). Glucocorticoids also can stimulate transdifferentiation from a lacto-
troph to somatotroph phenotype in cell culture (Kineman ef al., 1992).
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FIG. 5. Expression of the GHRH receptor promoter in transfected cells. (A) A map of the
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enzyme sites used to generate the deletion constructs (Nco-1672, Eco-1187, Hind-88S, Bgl-714, and
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in lysates from transfected rat pituitary GH3 cells. (C) An identical experiment performed in monkey
kidney COS-7 cells. [Adapted with permission from Miller, T.L., Godfrey, P.A., DeAlmeida, V.1,
and Mayo, K.E. Endocrinology 140, 4152-4165, 1999. Copyright © 1999 The Endocrine Society.]
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Prior to the identification of the GHRH receptor, it had been shown that
glucocorticoids could increase GHRH-binding sites in the rat pituitary and en-
hance pituitary responsiveness to GHRH (Seifert et al., 1985a, 1985b). Following
the cloning of the receptor, several groups reported that glucocorticoids stimulate
GHRH receptor gene expression both in vivo and in vitro (Lam et al., 1996,
Korytko and Cuttler, 1997; Miller and Mayo, 1997). An example of this is shown
in Figure 6. As shown in Figure 6A, there is a five-fold increase in pituitary
GHRH receptor mRNA in the rats treated in vivo with corticosterone, compared
to those that were adrenalectomized. Figure 6 also shows the ability of the syn-
thetic glucocorticoid dexamethasone to regulate receptor gene expression in pri-
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FIG. 6. Regulation of GHRH receptor mRNA by glucocorticoids in vivo and in vitro. Panel
A shows an RT-PCR gel and its quantification of pituitary RNA from adrenalectomized versus
corticosterone treated rats. The lower two panels show GHRH receptor mRNA levels in primary
cultured pituitary cells treated with dexamethasone at varying doses (B) or for varying times (C). For
quantification, all RNA measurements are normalized to levels of ribosomal protein L19 mRNA.
[Adapted with permission from Miller, T.L., and Mayo, K.E. Endocrinology 138, 2458-2465, 1997.
Copyright © 1997 The Endocrine Society.]
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mary rat pituitary cell cultures in vitro. There is a dose-dependent (Figure 6B)
and time-dependent (Figure 6C) increase in GHRH receptor mRNA to about five-
fold of control values 24 hours following dexamethasone addition. This is likely
to be a direct transcriptional response to the steroid hormone in that the mRINA
induction is completely blocked by the transcription inhibitor actinomycin D
(Miller and Mayo, 1997). GHRH receptor mRNA is also positively regulated by
glucocorticoids in the MtT/S pituitary tumor cell line, which expresses the en-
dogenous GHRH receptor gene (Miller ef al., 1999).

B. REGULATION BY GONADAL STEROIDS

A hallmark of GH secretion in the rat is its sexually dimorphic pattern (Terry
et al., 1977; Gonzalez and Jolin, 1981). The adult male secretory pattern is char-
acterized by high-amplitude GH pulses at 3- to 4-hour intervals, while the female
pattern is characterized by infrequent low amplitude pulses and higher basal se-
cretion (Gatford et al.,, 1998). While gonadal steroids can modify the pattern of
GH secretion in the adult, androgens exert their most significant actions to estab-
lish a male pattern of GH secretion during the neonatal period (Jansson and
Frohman, 1987). It is thought that a positive action of androgen, rather than a
repression by estrogen, is dominant in establishing the sexual dimorphism, in that
testicular feminized rats, which are androgen resistant, have GH secretory patterns
that resemble females or neonatally castrated males (Millard et al, 1986). Go-
nadal steroids are likely to act at many levels to modify the pattern of GH secre-
tion. For example, androgens directly increase GHRH gene expression in the
arcuate nucleus of the hypothalamus (Zeitler et al., 1990).

These findings suggest that sexually dimorphic expression of the GHRH
receptor might contribute to differential pituitary responsiveness to GHRH and
to sexually dimorphic GH secretory patterns. As shown in Figures 7A and B,
using two different mRNA detection approaches, expression of the GHRH re-
ceptor mRNA is significantly higher in the adult male than in the age-matched
female pituitary gland. Despite this observation, removal and replacement of go-
nadal steroids appear to have only minimal effects on receptor gene expression
in adult animals. Figure 7C shows that castration did not result in a decrease in
pituitary GHRH receptor mRNA levels, although testosterone replacement of
these castrated rats did increase receptor mRNA levels by nearly two-fold. Figure
7D shows that there is no change in pituitary GHRH receptor mRNA levels in
response to ovariectomy or estrogen replacement in adult female rats. It is possible
that the effects of gonadal steroids are manifest predominantly during the perinatal
period, when the sexual dimorphism of the GH axis is being established, and that
minimal regulation of receptor expression occurs in the adult pituitary gland.
Others have observed a sexual dimorphism in pituitary GHRH receptor gene
expression (Ono et al., 1995). Interestingly, estrogen is reported to directly sup-




250 KELLY E. MAYO ET AL.

Female Pituitary

A s s
B 505 2 =
I TS
@ ¢ E £ = =
> 2z [ @ [} 1]
J J w w = =
Male Pituitary
- - BN
R -
Male Rats Female Rats
250 D 250
200 200
Normalized
150 GHRH-R q5¢
mRNA
100 100
50
0
SHAM CAST CAST+T SHAM OVX OVX+E2

FIG. 7. Sexually dimorphic expression of the GHRH receptor mRNA. (A) An in situ hybrid-
ization to age-matched male or female rat pituitaries using an 3°S-labeled antisense GHRH-R ribo-
probe. (B) An RNAse protection assay using RNAs from male liver and female or male rat pituitaries.
The arrows indicate two protected GHRH-R RNA species. The lower panels are quantifications of
RT-PCR experiments using pituitary RNAs from male rats that were castrated and replaced with
testosterone (C) or female rats that were ovariectomized and replaced with estrogen (D).

press activity of the human GHRH receptor promoter in transfected cells (Peter-
senn et al., 1998). A consensus estrogen-response element is found within the rat

GHRH receptor gene promoter.
IV. GHRH and Somatotroph Cell Proliferation

A. PITUITARY HYPOPLASIA.IN MICE LACKING
A FUNCTIONAL GHRH RECEPTOR

During the perinatal period, a small number of GHRH-responsive somato-
troph cells found within the anterolateral portion of the pituitary are proposed to
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undergo a profound expansion to populate the entire pituitary gland (Lin et al,
1993). There is strong evidence that this process requires the trophic actions of
GHRH. Mutation of the GHRH receptor in the dwarf little mouse results in a
failure of this proliferative event and a severe somatotroph hypoplasia (Godfrey
et al.,, 1993; Lin et al., 1993). Similarly, mutation of the Gsh-1 homeobox gene
in mice results in a loss of GHRH expression in the hypothalamus and, as a
consequence, the mutant mice exhibit a severe pituitary hypoplasia and extreme
dwarfism (Li et al., 1996).

The little dwarf mouse (Eicher and Beamer, 1976) has been used as animal
model for human isolated GH deficiency. Circulating GH levels and GH mRNA
are substantially reduced in these mice, there are fewer pituitary somatotroph
cells, and the cells that remain are sparsely granulated (Eicher and Beamer, 1976;
Cheng et al., 1983; Wilson et al., 1988). The mutation, located on mouse chro-
mosome 6, is recessive; homozygous mutant mice reach an adult size that is S0~
60% of normal body weight (Eicher and Beamer, 1976). Somatotroph cells from
little mice do not release GH following GHRH treatment in culture but they do
secrete GH in response to cAMP or agents that elevate intracellular cAMP levels,
suggesting that the defect in the little mouse is related to an inability of soma-
totrophs to bind to or respond to GHRH (Clark and Robinson, 1985; Jansson et
al., 1986).

Following the cloning of the GHRH receptor, the molecular defect in the
little mouse was established to be a missense mutation in the GHRH receptor
gene (Godfrey et al., 1993; Lin et al., 1993). As shown in Figure 8A, the mutation
changes aspartic acid residue 60 within the amino-terminal extracellular domain
of the receptor to glycine. This aspartic acid is highly conserved in other family
B-1II G protein-coupled receptors. The genetics and the phenotype of the little
mouse indicated that this would be an inactivating mutation; however, the mu-
tation could impact receptor function at multiple levels, including the expression,
localization, or activity of the receptor. Panels B and C of Figure 8 show that the
lirtle mutant receptor is expressed at normal levels and is efficiently localized to
the cell surface in a manner comparable to the wild-type receptor. However, the
mutant receptor protein fails to bind mouse GHRH (Figure 8D). As a conse-
quence, this /ittle mutant receptor is completely deficient in cAMP-mediated sig-
nal transduction (Figure 8E). In agreement with these data on activity of the little
mouse receptor (Gaylinn et al., 1999), mutation of the conserved aspartic acid
residue in the related glucagon or VIP receptors also abolishes ligand binding
(Carruthers et al., 1994; Couvineau et al., 1995). This conserved aspartic acid
residue appears to play a general structural role in the receptor, rather than pro-
viding information necessary for the interaction with specific ligands.

In addition to this cellular defect in signal transduction leading to decreased
GH secretion, the loss of GHRH responsiveness has a significant impact on so-
matotroph proliferation. In elegant developmental studies, Lin and co-workers
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FIG. 8. Functional analysis of the mutant GHRH receptor from the dwarf /ittle mouse. Panel
A shows the location of the aspartic acid 60 to glycine mutation in the GHRH receptor from the litile
mouse, indicating the complete conservation of this residue in related family B-III receptors. Panels
B and C show appropriate expression and cell surface localization of the wild-type and fittle mutant
mouse GHRH receptor proteins in transfected cells. Panel B is an immunoprecipitation of the meta-
bolically labeled and epitope-tagged proteins using an anti-HA (hemagluttinin) antibody. Panel C
shows immunofluorescence of the epitope-tagged proteins using an anti-FLAG antibody on intact or
permeabilized cells. The locations of the epitope tags are as shown in Figure 2. Panel D is a GHRH-
binding competition assay using membranes from transfected 293 cells expressing the wild type of
little mutant GHRH receptors, while panel E shows GHRH-stimulated cAMP accumulation in these
same cells. [Adapted with permission from Gaylinn, B.D., DeAlmeida, V.I., Lyons, C.E. Jr., Wu,
K.C., Mayo, K.E., and Thorner, M.O. Endocrinology 140, 5066—5074, 1999. Copyright © 1999 The
Endocrine Society.]

(1993) demonstrated that, in the E17.5 fetal pituitary gland, GH or GHRH receptor-
positive cells were indistinguishable in wild-type and liftle mice. In contrast, there
were far fewer somatotroph cells in the little pituitary on postnatal day 60, in
agreement with earlier morphometric studies demonstrating pituitary somatotroph
hypoplasia in the adult /ittle mouse (Wilson ef al., 1988). Most of the remaining
somatotrophs were found in the anterolateral portion of the pituitary. These in-
vestigators proposed that an initial population of GHRH-independent somato-
troph stem cells found in the anterolateral aspect of the pituitary proliferate into
the caudomedial portions of the gland in a GHRH-dependent fashion and that this
proliferation fails in the absence of a functional GHRH receptor (Lin et al., 1993).

B. PITUITARY HYPERPLASIA IN MICE OVEREXPRESSING GHRH

A second genetic model where the involvement of GHRH in somatotroph
proliferation can be observed is the transgenic mouse overexpressing GHRH
(Hammer et al., 1985; Mayo et al.,, 1988; Stefaneanu er al., 1989; Asa et al,
1992). Mice ectopically expressing human GHRH from two different transgenes
show increased growth rates and gigantism as a result of GH overexpression. In
addition, these mice exhibit a profound pituitary hyperplasia that often progresses
to adenoma in older transgenic animals (Mayo et al., 1988; Asa et al., 1992;
Osamura et al., 1993). This implies that chronic activation of the GHRH-signaling
pathway increases proliferation of pituitary somatotroph cells. An example of this
phenotype is shown in Figure 9A, which compares the pituitary glands from a
control and GHRH-transgenic mouse. There is a five-fold increase in the wet
weight of the transgenic gland. These findings in mice correspond to a clinical
condition where GHRH is ectopically expressed from pancreatic or other tumors,
resulting in somatotroph hyperplasia, increased GH secretion, and acromegaly
(Frohman and Szabo, 1981; Thorner et al., 1982).
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FIG. 9. Pituitary hyperplasia and stimulation of the MAP kinase pathway in pituitary cells by
GHRH. (A) Pituitary glands from a female transgenic mouse expressing an MT-GHRH transgene or
from a control female littermate, at 8 months of age. (B) Activation of MAP kinase by GHRH in
primary rat pituitary cell cultures. The upper panel shows GH staining of somatotroph cells in this
population, the center panel is an immune-kinase assay using myelin basic protein (MBP) as the
substrate, and the lower panel is a Western protein blot probed with an antibody selective for the
phosphorylated and activated form of MAP kinase. Epidermal growth factor (EGF) is used as a
positive control.

C. ACTIVATION OF THE MAP KINASE PATHWAY BY GHRH

In addition to previously discussed genetic models, direct evidence exists for
a proliferative action of GHRH. GHRH stimulates DNA synthesis in a subset of
pituitary somatotroph cells maintained in primary culture (Billestrup et al., 1986).
GHRH also can directly activate the MAP kinase pathway in pituitary cells. MAP
kinase activation by growth factors is associated with cell proliferation in many
cases, although this pathway has more recently also been linked to cell differ-
entiation (Cobb, 1999). Figure 9B shows an example of the activation of MAP
kinase by GHRH in cultured pituitary cells. Both GHRH and epidermal growth
factor (EGF) stimulate a rapid increase in MAP kinase phosphorylation, assessed
using antibodies specific to the phosphorylated forms of the MAP kinases ERK1
and ERK2 for Western protein blotting, and in MAP kinase activity, assessed by
examining the phosphorylation of a MAP kinase substrate, myelin basic protein,
in an immune-kinase assay. The signaling pathways leading to MAP kinase ac-
tivation and proliferation in somatotroph cells remain unknown but they are likely
to be mediated by cAMP, in that the cholera toxin Al chain (an activator of Gy),
targeted to the somatotroph in transgenic mice, results in pituitary hyperplasia
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and gigantism (Burton er al, 1991), while a dominant-negative form of the
cAMP-responsive transcription factor CREB, targeted to the somatotroph in trans-
genic mice, leads to pituitary hypoplasia and dwarfism (Struthers et al., 1991).

V. Signaling Though the GHRH Receptor
A. GHRH-RECEPTOR INTERACTION

Given the strong structural homologies between receptors in family B-IIT of
the G protein-coupled receptor superfamily—and the physiological importance
of ligands such as GHRH, VIP, PACAP, glucagon, GLP-1, secretin, and GIP—
substantial effort has gone into understanding mechanisms of receptor-ligand
interaction with the goal of facilitating the design of new ligands of therapeutic
value. Much of this focus has been on the amino-terminal extracellular domains
of these receptors. There are six conserved cysteine residues in this domain that
are common to all family B-III receptors and are believed to form a disulfide-
linked structure important for hormone interaction (Gaudin et al., 1995; Vilardaga
et al., 1997). This is also the domain in which a naturally occurring mutation of
the GHRH receptor in the little mouse leads to a loss of hormone binding. Ad-
ditionally, the amino-terminal extracellular domain of the PACAP receptor, the
receptor most closely related to the GHRH receptor, is reported to bind ligand
when tethered to the cell via the first membrane-spanning domain (Cao et al.,
1995). Although substantial evidence suggests an important role for the amino-
terminal domain in hormone binding, in general, this domain alone is not suffi-
cient to confer high-affinity binding. Additional residues in the transmembrane
domains or extracellular loops appear to be important (Horn et al., 1998).

Consistent with these general findings for family B-III receptors, studies of
the GHRH receptor indicate important roles for both the amino-terminal domain
and additional residues in specific hormone binding (DeAlmeida and Mayo,
1998). To investigate the role of the amino-terminal domain, chimeric receptors
between the GHRH receptor and the related VIP receptor were generated and
their ligand-binding and signaling properties studied. An example of this analysis
is presented in Figure 10. Figure 10A shows the structures of several mutant and
chimeric GHRH receptors that were made and expressed in HeL.aT4 cells. Figure
10B shows that these receptor proteins were expressed at levels comparable to
the wild-type receptor and are localized to the cell surface. A chimeric receptor
with the amino-terminal domain of the GHRH receptor and the remainder of the
VIP receptor (GyV¢) binds GHRH and signals only very weakly, at levels com-
parable to the related VIP receptor (Figure 10C). In contrast, a chimeric receptor
with the membrane-spanning regions and associated extracellular loops of the
GHRH receptor and the amino-terminal domain of the VIP receptor (VyGe) binds
GHRH at levels comparable to the wild-type GHRH receptor and stimulates a
robust cAMP response similar to that of the wild-type receptor (Figure 10C).
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These data suggest a critical role for the carboxyl-terminal half of the receptor,
including the transmembrane domains and associated loops, in selective ligand
interaction.

Although the amino-terminal domain of the GHRH receptor can be replaced
with the homologous domain from the VIP receptor, it is not dispensable for
ligand binding. As shown in Figure 10D, a mutant receptor in which most of the
amino-terminal domain has been deleted (GHRHRAN) fails to bind GHRH or to
signal. Similarly, insertion of a small epitope tag into the amino-terminal extra-
cellular domain of the GHRH receptor disrupts ligand binding (DeAlmeida and
Mayo, 1998). An w-helical region within this amino-terminal domain of family
B-III receptors is hypothesized to be involved in a coiled-coil interaction with an
a-helical region in the respective hormone (Momany and Bowers, 1996), perhaps
explaining the general requirement for this domain but its apparent lack of com-
plete specificity. These and other studies suggest that, although the amino-ter-
minal extracellular domain is essential for ligand binding, the transmembrane
domains and associated extracellular loop regions of the GHRH receptor provide
critical information necessary for specific interaction with GHRH.

B. GHRH RECEPTOR SIGNAL TRANSDUCTION

The GHRH receptor appears to couple predominantly to a stimulatory G
protein, leading to the activation of adenylyl cyclase and the second messenger
cAMP. Little is known about the GHRH receptor sequences that might mediate
G protein interaction but, in general, the third intracellular loop and cytoplasmic
tail are important determinants of this coupling for many G protein-coupled re-
ceptors (Spiegel, 1995). Evidence for the importance of the third intracellular
loop of the GHRH receptor in signaling comes from the analysis of a naturally
occurring splice variant of the rat receptor. During the cloning of the GHRH
receptor, two cDNA species were identified that differ by the insertion of 123
nucleotides encoding 41 amino acids in the third cytoplasmic loop of the receptor
(Lin et al, 1992; Mayo, 1992). As shown in Figure 4, the mRNA represented by
the larger cDNA results from alternative RNA processing to include exon 11 of
the gene in the mature mRNA. In the adult pituitary, the alternatively spliced
“long” form of the receptor is a minor product, compared to the 423-amino-acid
“short” form. However, there are indications that this alternative processing may
be regulated. The long variant was reported to be more abundant in the pituitary
of an older, estrogen-treated animal (Lin ef al., 1992). The pituitary somatotroph
cell line MtT/S expresses the long-form mRNA at higher levels than the short-
form mRNA under some growth conditions (Miller et al., 1999).

The functional properties of the two isoforms of the rat GHRH receptor were
compared in studies summarized in Figure 11. The short and long receptor iso-
forms are expressed, glycosylated, and localized to the cell surface equivalently
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receptor. Panel A (left) is an immunoprecipitation gel of labeled proteins from cells expressing the
two receptor isoforms. Samples were treated (+) or not (—) with PNGase, to show glycosylation of
both receptor isoforms. The right portion of the panel is immunofluorescence of intact cells expressing
the two receptor isoforms, showing cell surface localization. Panel B shows GHRH-binding and
cAMP-signaling assays with HeLaT4 cells expressing the two receptor isoforms. Panel C shows
calcium mobilization studies using the indicator Fluo-3AM, with cells transfected with the indicated
GHRH receptor isoforms or with the muscarinic M3 recé’plor as a positive control. [Adapted with
permission from Miller, T.L., Godfrey, P.A., DeAlmeida, V.1, and Mayo, K.E. Endocrinology 140,
4152-4165, 1999. Copyright © 1999 The Endocrine Society.]
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(Figure 11A). Both bind GHRH with nearly equivalent affinity, as shown in
Figure 11B. However, the long isoform of the receptor fails to stimulate intra-
cellular cAMP production and appears to be completely inactive with respect to
signal transduction (Figure 11B).

Similar alternative RNA processing of the PACAP receptor is observed at
the analogous exon-intron boundary in the third cytoplasmic loop (Spengler et
al., 1993). In this case, five splice variants are generated. These differ in their
activation of the PKA or PKC signaling pathways when expressed in Xenopus
laevis oocytes. Indeed, many of the receptors in family B-I of the G protein-
coupled receptor superfamily —including the VIP and PACAP receptors —are
able to activate phospholipase C through a Gg,-class G protein (Trimble et al,,
1987; Delporte et al., 1995). Signaling through this pathway by the two isoforms
of the rat GHRH receptor was investigated by measuring cellular calcium flux
with the indicator Fluo-3AM (Merritt et al., 1990). As shown in Figure 11C,
neither isoform of the GHRH receptor activated calcium flux, although a control
M3 muscarinic receptor was active in this assay.

Although the long form of the GHRH receptor has been reported only in the
rat, additional RNA processing variants have been identified in other species.
Alternative processing of the human GHRH receptor transcript results in the in-
clusion of an intron in the mRNA and generation of a premature stop codon that
leads to a truncation of the protein after the fifth transmembrane domain (Hash-
imoto et al., 1995; Tang et al, 1995). This variant has been reported in both
normal pituitary and in pituitary adenoma; the truncated receptor appears to exert
a dominant inhibitory effect on signaling by the normal receptor (Motomura et
al., 1998).

VI, Summary
A. GHRH RECEPTOR ACTIONS AND REGULATION

The identification of the GHRH receptor has provided a framework for be-
ginning to understand the molecular and cellular mechanisms by which GHRH
regulates somatotroph cell function. Characterization of the receptor confirmed
the hypothesis that GHRH activates a stimulatory G protein, leading to activation
of adenylyl cyclase and stimulation of the cAMP/protein kinase A pathway. So-
matostatin is thought to oppose the actions of GHRH through inhibition of ad-
enylyl cyclase; the identification of a family of G protein-coupled somatostatin
receptors, several of which are coupled to an inhibitory G protein, supports this
concept (Yamada et al., 1992; Bell et al.,, 1995).

GHRH acts to stimulate both the synthesis and secretion of GH from the
somatotroph cell (Guillemin et al., 1982; Rivier et al, 1982; Barinaga et al.,
1983). GHRH-stimulated GH secretion is calcium dependent (Spence et al., 1980)
and may involve receptor-induced G protein activation of cellular ion channels
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as well as PKA-mediated phosphorylation of ion channels (Kato and Sakuma,
1997). Current views on how PKA activation causes increased GH synthesis are
that the stimulation of PKA leads to the phosphorylation and activation of the
transcription factor CREB (Gonzalez and Montminy, 1989) and that one of the
target genes for transcriptional stimulation by CREB is that encoding the pitui-
tary-specific transcription factor Pit-1 or GHE-1, which acts to increase GH gene
transcription (McCormick ef al., 1990; Shepard et al., 1994). Consistent with this,
GHRH increases the expression of Pit-1 in pituitary cells (Soto et al., 1995;
Gonzalez-Parra et al., 1996). As discussed in this chapter, GHRH also activates
the MAP kinase pathway and stimulates somatotroph cell proliferation, although
the signaling pathways mediating this response are largely uncharacterized.

GHRH receptor expression in the somatotroph cell appears to be very dy-
namically modulated. Expression is developmentally regulated, sexually dimor-
phic, and strongly controlled by glucocorticoid hormones. In addition to these
forms of regulation (discussed earlier in this chapter), thyroid hormone potently
stimulates GHRH receptor gene expression (Miki et al., 1995; Korytko and Cut-
tler, 1997). Recent studies suggest that GHRH itself can regulate GHRH receptor
gene expression both in vivo and in cell culture. Decreased expression of receptor
mRNA is detected after chronic passive immunization of neonatal rats with
GHRH antibodies (Horikawa ef al., 1996), while treatment of primary pituitary
cell cultures with GHRH decreases GHRH receptor gene expression (Aleppo et
al., 1997). These effects are likely to be mediated by cAMP-dependent pathways.
In this regard, it is interesting to note the presence of several potential cAMP
response elements in the rat GHRH receptor promoter (Figure 4).

B. RELEVANCE TO DISEASES OF GH SECRETION

Historically, diseases or disorders of the GH neuroendocrine axis in both
mouse and human have revealed much about normal physiological mechanisms
of GH expression, secretion, and actions on target cells. Some of the genes that
are known or speculated targets for mutation in disorders of the GH axis are
illustrated in Figure 12. Several genetic lesions lead to pleiotropic effects within
the pituitary gland that involve alterations in GH secretion and growth. Included
among these are activating mutations in the stimulatory G protein G, in pituitary
adenoma (Landis ef al., 1989) and in McCune-Albright syndrome (Weinstein,
1991), inactivating mutations in the transcription factor Pit-1/GHF-1 in the Snell
and Jackson dwarf mice (Li ef al., 1990) and in human panhypopituitary dwarfism
(Radovick er al.,, 1992), and inactivating mutations of the transcription factor
Prop-1in the Ames dwarf mouse (Sornson et al, 1996) and in human familial
combined pituitary hormone deficiency (Wu ef al., 1998). Other mutations are
very specific to the GH system, most notably, mutations in the GH structural gene
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FIG. 12. Genetic diseases of GH secretion. The schematic shows the regulation of pituitary
GH synthesis and secretion by the hypothalamic peptides GHRH and somatostatin. Genes that are
known or speculated targets for mutation in diseases affecting GH production or action are indicated,
along with brief comments. Mutations are classified as pleiotropic in nature, specific to GH and its
receptor, or as involving the GHRH system. The arrows indicate either activating (1) or inactivating
(1) mutations, effects, or predicted changes in function. Mutations in all genes shown, with the
exception of GHRH, have been identified in human disease.

(Phillips and Vnencak-Jones, 1989) or in the GH receptor/binding protein, in the
case of Laron-type dwarfism (Godowski er al., 1989).

With respect to the GHRH system, it is surprising that mutations in GHRH
itself associated with human disease have not been identified. There is evidence
that a significant proportion of GH-deficient children respond to treatment with
exogenous GHRH (Grossman et al., 1984), suggesting that they might produce
insufficient amounts of GHRH and indicating the potential for mutations in the
GHRH gene. The GHRH receptor is a target for mutation in the dwarf little mouse
(Godfrey et al.,, 1993; Lin et al., 1993). Tn addition, there are numerous reports
of GHRH receptor mutations in human GH deficiency syndromes. Three different
groups have reported an identical mutation in different kindreds in which a pre-
mature stop codon is introduced at position 72 of the receptor coding sequence,
resulting in a severely truncated inactive receptor (Wajnrajch et al,, 1996; Bau-
mann and Maheshwari, 1997; Netchine et al., 1998). There is a more-recent report
of an additional mutation that appears to affect the splicing of the first intron,
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again leading to a premature truncation of the translational reading frame and
generation of an inactive receptor protein (Salvatori et al., 1999).

Many of these mutations that affect the GH axis were first identified in mouse
models but then rapidly found in association with human disease. Thus, there has
been a rapid translation of basic research information into the clinic that promises
to enhance the diagnosis and treatment of syndromes of GH deficiency and excess.
In turn, naturally occurring mutations in transcriptional regulatory proteins and
signal transduction proteins of the GH axis in human disease promise to provide
a wealth of new information that will enhance our basic understanding of the
structure and function of these key regulatory proteins.
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DISCUSSION

Gordon Cutler: Have there been studies to look at combining inactivating heterozygous muta-
tions of the growth hormone-releasing hormone (GHRH) receptor (or GHRH itself) with similar
mutations at other levels of the pathway, such as GH, GH receptor, or insulin-like growth factor-1
(IGF-1)? An analogy in diabetes research comes from crossing heterozygous knockout mice for
insulin and the insulin receptor, which leads to diabetes for the double heterozygote, even though the
single heterozygote has little or no phenotype.

Kelly Mayo: Not that I am aware of. I agree that this could be a valuable approach and have
followed with interest the exciting studies of this type with the insulin system. One limitation is that
we currently do not have mouse knockout or mutation models for several of the principle players,
including GHRH and GH. Experiments related to this have been performed by other investigators,
by crossing transgenic mouse lines that overexpress some of the hormones of the GH axis or by
crossing transgenic and gene knockout lines. For example, a GH transgene was introduced into the
GHRH receptor- deficient /ittle mouse and an IGF-1 transgene was introduced into the GH-deficient
GH-diptheria toxin transgenic mouse.

Gordon Cutler: Do you think that the Alton giant might have had an activating mutation of the
GHRH receptor? He grew at an extraordinary rate in the first year of life, weighing 60 pounds at one
year, suggesting a genetic cause that was acting from a very early age, as opposed to a sporadic
tumor, which would be extraordinarily rare at such a young age. Presumably, this could be tested if
one could find stored pathological tissue or obtain a tissue sample from his gravesite in Alton, Illinois.

Kelly Mayo: I do not think I'd want to resort to sampling the gravesite but I agree that, if tissue
was available, this would be a very interesting case to examine! With respect to potential activating
mutations in the GHRH receptor, I am aware of several groups that have looked for such mutations.
I do not think that there are any clear indications for activating mutations of the receptor in association
with GH excess or pituitary adenoma. I certainly expect that such mutations will be found but suspect
that they will be relatively rare, given that they have not been reported to date. An alternative approach
that we are now taking to ask whether the receptor can be constitutively activated is to introduce
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random mutations into the third cytoplasmic domain and sixth transmembrane of the receptor (areas
where activating mutations in other G protein-coupled receptors are commonly found). Then, these
mutant proteins are tested for their hormone-binding and signaling properties.

Christin Carter-Su: If I recall correctly, you showed that glucocorticoids increase levels of
GHRH receptor mRNA. Have you looked at GHRH receptor binding or protein levels to know that
changes in GHRH receptor mRNA levels translate into changes in GHRH binding?

Kelly Mayo: Part of our rationale for looking for changes in GHRH receptor gene expression
induced by glucocorticoids stemmed from studies by Seifert and Vale, performed prior to the cloning
of the receptor, showing that the binding of GHRH to pituitary cells and the sensitivity of the pituitary
to GHRH were enhanced by glucocorticoids or repressed by adrenalectomy. So, we do know that the
changes in gene expression that we observe correlate with this physiological end-point. We have not
yet examined changes in protein levels. Specific antibodies for detection of the GHRH receptor have
been difficult to make, although several reasonable antibodies are becoming available. ] agree that it
will be important to use these to confirm corresponding changes in protein expression.

Christin Carter-Su: Glucocorticoid therapy in children is associated with diminished growth.
Consistent with this, we have shown that glucocorticoids decrease binding in a variety of cell lines,
although mRNA levels of GH receptors have been reported to be increased by glucocorticoids in
some target tissues. Do you then view the stimulatory effect of glucocorticoids on GHRH receptor
as a compensatory mechanism?

Kelly Mayo: You bring up the important point that glucocorticoid hormones have complex and
somewhat paradoxical effects in the GH axis. While they are generally growth suppressive, they act
directly on the pituitary to stimulate somatotroph differentiation, increase GH gene expression, and
augment basal and GHRH-induced GH secretion. I imagine that the net effects of glucocorticoids on
the GH axis are suppressive, at least in part, because critical end-points, such as GH-binding studies
that you just mentioned, are repressed. I do not really view the increased expression of the receptor
as compensatory to these suppressive effects. Rather, I think that the important physiological effects
of glucocorticoids on the somatotroph and on the GHRH receptor are likely to be developmental
effects, establishing early expression of the receptor and increasing responsiveness to the trophic
effects of GHRH manifested during the perinatal period. I would guess that regulation of the receptor
by glucocorticoids in the adult animal is less important, although that is just speculation.

Lawrence Frohman: An abstract by Collu et al. described a presumed activating mutation in the
GHRH receptor from a pituitary GH-secreting adenoma. Have you had an opportunity to evaluate
the mutant receptor?

Kelly Mayo: We have not evaluated this potentially interesting GHRH receptor mutation, which
was reported in abstract form at the 1995 Endocrine Society meeting. The mutation, which was
identified in a GH-secreting pituitary tumor, was complex in that the patient was heterozygous and
had both wild-type and mutant alleles of the receptor. I am not aware of any subsequent studies on
the hormone-binding and signaling properties of this receptor.
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