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Abstract
In addition to the classic genomic mechanism of steroid action mediated by activation of
intracellular nuclear receptors, there is now extensive evidence that steroids also activate receptors
on the cell surface to initiate rapid intracellular signaling and biological responses that are often
nongenomic. Recent progress in our understanding of rapid, cell surface-initiated actions of
estrogens, progestins, androgens and corticosteroids and the identities of the membrane receptors
that act as their intermediaries is briefly reviewed with a special emphasis on studies in teleost
fish. Two recently discovered novel proteins with seven-transmembrane domains, G protein-
coupled receptor 30 (GPR30), and membrane progestin receptors (mPRs) have the ligand binding
and signaling characteristics of estrogen and progestin membrane receptors, respectively, but their
functional significance is disputed by some researchers. GPR30 is expressed on the cell surface of
fish oocytes and mediates estrogen inhibition of oocyte maturation. mPRα is also expressed on the
oocyte cell surface and is the intermediary in progestin induction of oocyte maturation in fish.
Recent results suggest there is cross-talk between these two hormonal pathways and that there is
reciprocal down-regulation of GPR30 and mPRα expression by estrogens and progestins at
different phases of oocyte development to regulate the onset of oocyte maturation. There is also
evidence in fish that mPRs are involved in progestin induction of sperm hypermotility and anti-
apoptotic actions in ovarian follicle cells. Nonclassical androgen and corticosteroid actions have
also been described in fish models but the membrane receptors mediating these actions have not
been identified.
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1. Introduction
The majority of extracellular signaling molecules, including protein and peptide hormones,
and growth factors do not readily diffuse through the plasma membrane into the cell and
therefore exert their effects by activating specific receptors on the cell surface. Many of
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these receptors have a similar seven transmembrane (7-TM) domain structure, are coupled to
G proteins, and are members of the G protein-coupled receptor (GPCR) superfamily [19,
88,192]. Hormonal responses mediated by GPCRs in target cells involve activation of G
proteins and alterations in intracellular second messenger pathways [19,192]. Small
lipophilic molecules such as steroid hormones, thyroid hormones and vitamin D are the
exception as they can readily diffuse through the cell membrane [153] and exert their actions
through binding to intracellular receptors belonging to the nuclear steroid receptor
superfamily which act as ligand-activated transcription factors [236]. Hormonal activation of
nuclear receptors results in translocation of the hormone-receptor complexes to the nucleus
where they bind to hormone response elements on the promoter regions of genes and recruit
coregulators, resulting in alterations in the rates of gene transcription and translation
[126,133,236]. This classic genomic mechanism of steroid action involving new mRNA and
protein synthesis is relatively slow, typically occurring over a time scale of hours. This
mechanism is therefore fundamentally different from that of hormones acting through 7-TM
receptors, where the response is often nongenomic and involves rapid activation of
intracellular signal transduction pathways within a few minutes. Although most research has
focused on the classic (i.e. genomic) mechanism of steroid action, a growing body of
evidence has been obtained over the past 15–20 years that steroid hormones, thyroid
hormones and vitamin D, like the larger extracellular signaling molecules, also exert cell
surface-initiated, rapid (i.e. nonclassical) hormone actions through binding to membrane
receptors and activation of intracellular second messenger pathways [56,150,183,246].
Moreover, many of these nonclassical steroid actions are nongenomic. Some recent
advances in our understanding of steroid hormone actions initiated at the cell surface and the
identities of the membrane receptors that mediate them are briefly reviewed in this paper,
with examples from studies with fish models. Although nonclassical steroid actions
involving activation of second messengers have been also been described for receptors
residing in other cellular compartments such as the cytoplasm [22], they will not be
discussed in detail here.

2. Nonclassical steroid actions
Initial evidence that steroids, in addition t o their classic genomic actions, can also elicit
rapid, cell surface-mediated responses that are often nongenomic was obtained over 40 years
ago. Szego and Davis showed in 1967 that 17β-estradiol rapidly elevates cAMP levels in the
rat uterus [203]. On the basis of their results the authors proposed the existence of
membrane-associated steroid receptors, but another decade of research was required to
obtain direct evidence that specific estrogen binding sites are present on the cell surface
[175]. During the same period it was shown by Masui and Markert that progesterone
induction of oocyte maturation in amphibians does not involve transcription and can be
induced in enucleated oocytes, from which the authors concluded that the progesterone
receptor must reside outside the nucleus [129]. In the same year another group of
investigators reported that whereas progesterone in the external medium induced oocyte
maturation, microinjection of progesterone into oocytes was ineffective [195]. It was
subsequently demonstrated that progesterone linked to a polymer which cannot pass through
the cell membrane was an effective inducer of oocyte maturation [71]. The demonstration by
Sadler and Maller that progesterone inhibits adenylyl cyclase activity in isolated oocyte
plasma membranes provided further evidence that progesterone can act on the surface of
oocytes to induce an intracellular response [186]. In the following year these authors
identified progesterone binding sites on oocyte membranes by photoaffinity labeling [187].
Evidence for nongenomic actions of steroids and the existence of membrane receptors was
reviewed in the early 1980s [47,204], but the existence of nonclassical steroid actions was
not widely accepted and over the next 15 years only modest progress was made.
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Research interest in nonclassical steroid actions has increased dramatically since the
mid-1990s and has resulted in major advances in our understanding of this steroid
mechanism. Rapid activation of a broad range of second messengers and alterations in
intracellular ion concentrations have been described in a wide variety of cells for all classes
of steroid hormones [56,150,183,246], as well as for vitamin D and thyroid hormones
[37,148,189]. Some of these nonclassical steroid actions, such as progesterone-induced
increases in intracellular free calcium concentrations in mammalian sperm, are extremely
rapid, occurring within a few seconds of steroid addition [18]. Intracellular sites of steroid
action via nuclear steroid receptors to alter second messenger pathways have also been
described [22,138]. Thus, nuclear steroid receptors in an extranuclear location (e.g. cytosol)
as well as membrane receptors are involved in mediating these responses. Putative
membrane receptors implicated in mediating these cell-surface steroid actions include
nuclear receptor or nuclear receptor-like proteins [81,163,181,247], novel seven-
transmembrane (7-TM) and single-membrane receptors unrelated to members of the nuclear
receptor superfamily [55,182,222,260,262] and receptors with different characteristics from
those of any known receptors [109,178]. In addition, it has been demonstrated that steroids
bind to other classes of membrane receptors such as GABA, oxytocin and opioid-like
receptors to alter neuronal functions [65, 74, 152]. Direct, receptor-independent actions of
steroids on plasma membranes to alter their fluidity have been demonstrated, although this is
often observed only at high steroid concentrations [56]. Finally, recently identified
alternative mechanisms, such as those involving mitochondrial translocation of receptors,
may be important for mediating some nonclassical steroid actions [46]. Therefore, while the
importance of nonclassical steroid actions has recently become broadly recognized, the
diversity of mechanisms and putative receptors mediating these actions complicates their
investigation. The presence of nuclear receptors mediating classical steroid actions in most
of the cells where nonclassical steroid actions have been identified presents an additional
challenge in designing experiments that will yield unequivocal results.

Biochemical binding studies have identified steroid binding sites for all classes of steroids,
thyroid hormones and vitamin D on the plasma membranes of a broad range of cells, tissues
and animal models which have the characteristics of specific steroid membranes receptors.
For example, specific membrane receptors for estrogens have been identified in mammalian
brain, breast cancer tissues and fish testes [39,113,127,258], for glucocorticoids in
amphibian and bird brains and mammalian livers [152,191,235], for androgens in
synaptosomes and fish ovaries [27,234], for progestogens on fish and amphibian oocytes
[112,165], in bovine ovaries [179], and on mammalian and fish sperm membranes [11,213],
for progesterone metabolites in breast cancer cells [250], for vitamin D on intestinal
epithelial cells [148], and for thyroid hormones on erythrocytes [26]. However, the lack of
information until recently on the identity, functional characteristics and molecular structures
of membrane steroid receptors has slowed progress in understanding critical molecular
aspects of steroid actions via this alternative mechanism and a more widespread appreciation
of its significance [245]. In the past decade two putative novel 7-TM steroid receptors,
membrane progesterone receptor alpha (mPRα) and G-protein coupled receptor 30 (GPR30),
were discovered. In addition, several functional motifs have been identified on nuclear
receptors which are of potential importance in their membrane expression and intracellular
signaling [81,182,222,260,262]. Although considerable progress has been made in the past
few years, the functional characterization of mPRs, GPR30 and membrane–bound nuclear
steroid receptors is incomplete, and there is considerable controversy over their importance
in mediating nonclassical steroid actions [104,107,155,210,212,261].
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3. Nonclassical estrogen actions and estrogen receptors
In addition to their classic genomic actions, estrogens also rapidly activate intracellular
signaling pathways in a wide variety of cell types and target tissues through binding to
receptors on the cell membrane or attached to it. Cell surface-initiated, rapid estrogen
actions identified in mammalian models include increases in cAMP and MAPkinase activity
in estrogen-responsive breast cancers [3], and calcium flux in the developing human oocyte
[209]. Some rapid estrogen actions, such as those identified in vascular endothelial cells
[102], rat pituitary cells [247], as well as some of those in breast cancer cells [168,181],
appear to be mediated by nuclear estrogen receptors (ERs) or truncated forms of the ER
expressed near the cell surface. In addition, there is a growing body of evidence that some
rapid nongenomic estrogen actions in several other cell and tissue models, including
hypothalamic and hippocampal neurons [77,178], rat pancreatic islets [144], adipocytes
[96], and human breast cancer cells [59], do not involve ERs and instead seem to be
mediated by novel membrane estrogen receptors.

3.1 GPR30
The potential involvement of the orphan GPCR-like protein, GPR30 (G protein-coupled
receptor 30) in mediating estrogen actions was first proposed by Filardo and coworkers
based on their observations that estrogens cause rapid activation of second messengers
(cAMP, ERK) in a human breast cancer cell line, SKBR3 cells, that lack ERα and ERβ, but
express GPR30 [59]. Subsequently, our research group and Prossnitz’s independently
demonstrated in 2004 that human GPR30 (or GPER) displays high affinity estrogen binding
and has the binding characteristics of a membrane estrogen receptor [182,222]. Estrogen
was shown to act through human GPR30 on SKBR3 and GPR30-transfected cells to activate
a stimulatory G protein (Gs), resulting in increased adenylyl cyclase activity and cAMP
production by their plasma membranes [60, 222]. In addition, estrogens have been shown to
act through GPR30 to release epidermal growth factor EGF-related ligands and transactivate
the EGF receptor (EGFR) [57,59,60,61]. The development of a purported selective GPER
agonist, G-1, that does not activate ERs, has greatly facilitated research on GPR30 functions
in many estrogen target tissues that co-express ERs [21]. Extensive research on GPR30 over
the past five years has implicated the putative receptor in the development or progression of
breast, endometrial, and ovarian cancers [1,58,197], and in a broad range of physiological
functions in mammals, including neurotransmitter and neuroendocrine regulation [149,254],
protection against autoimmunity [243], trauma-hemorrhage of the liver [91], ischemic stress
in the heart [164], lipid metabolism and cardiovascular tone [78], insulin secretion [128],
and primordial follicle formation [244].

3.2 Fish Models
Nonclassical estrogen actions have also been described in teleost gonads and gametes.
Estrogen was found to decrease hCG-stimulated androgen synthesis in Atlantic croaker
testis via a cell surface-initiated, nongenomic mechanism, because it was induced by 17β-
estradiol conjugated to BSA, which cannot pass through the cell membrane, and was not
blocked by transcription and translation inhibitors [85][113]. A high affinity (Kd 1.6 nM),
low capacity, displaceable, and specific 17β-estradiol binding site was identified on croaker
testicular membranes with the characteristics of an estrogen membrane receptor [113]. The
testicular estrogen membrane receptor also binds diethylstilbestrol (DES) and the
antiestrogens, tamoxifen and ICI 182,780, and has a ligand binding specificity similar to the
ER in the cytoplasm in this species [113,114]. However, the observation that ICI 182,780
does not act as an antiestrogen, but instead decreases testicular androgen production,
suggests that the membrane estrogen receptor mediating these effects may be unrelated to
the ER. The identity of this receptor remains unknown since its binding characteristics differ
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from those of GPR30 which is abundantly expressed in croaker and zebrafish testes
[111,161].

3.2.1 Estrogen inhibition of oocyte maturation—Recently we discovered a
nonclassical action of estrogens to inhibit spontaneous as well as gonadotropin and
maturation inducing steroid-induced oocyte maturation in croaker and zebrafish oocytes
[161,158]. Although there had been a few earlier reports of inhibitory effects of estrogens on
oocyte maturation in teleost fishes [93], the potential role of estrogens in regulating the onset
of oocyte maturation in teleosts had not been explored further. The finding that treatment of
follicle-enclosed croaker and zebrafish oocytes with aromatase inhibitors caused marked
increases in spontaneous oocyte maturation in vitro, which was reversed by estrogen
treatment, provided further evidence that oocyte maturation was under inhibitory control by
estrogens [158,159,161]. Subsequent experiments with denuded zebrafish oocytes
demonstrated that estrogens of follicular cell origin exert their effects directly on the oocytes
to inhibit meiotic maturation [159,174]. In addition, experiments with BSA-conjugated 17β-
estradiol and a transcription inhibitor showed that the estrogen action is via a cell surface-
mediated, nongenomic mechanism [174].

3.2.2 Role of GPR30 in inhibition of oocyte maturation—Clear evidence has been
obtained that this inhibitory action of estrogens on oocyte maturation is mediated by GPR30.
The receptor protein is expressed on the surface of Atlantic croaker and zebrafish oocytes
but is absent in the surrounding follicle cells [158,159] (Figure 1A, B). GPR30 has been
cloned from a croaker cDNA library and the recombinant protein expressed on HEK-293
cells has the characteristics of human GPR30, including high affinity (Kd 2.7 nM), low
capacity, displaceable binding specific for 17β-estradiol and the purported GPR30-specific
agonist, G-1, but not for the ER ligand, DES [161, 222]. These steroid binding
characteristics are almost identical to those of the estrogen receptor characterized on croaker
oocyte plasma membranes [161]. The finding that G-1 and the ER antagonist ICI 182,780
mimics the inhibitory effects of 17β-estradiol on oocyte maturation, whereas the ERα- and
ERβ-selective agonists PPT (propylpyrazole) and DPN (diarylpropionitrile) are ineffective
[161, 212], further supports a role for GPR30 in mediating these effects. Finally, the
demonstration that knockdown of GPR30 expression by microinjection of GPR30 antisense
oligonucleotides into zebrafish oocytes blocked the inhibitory effects of estrogens on oocyte
maturation [161] (Figure 2A), whereas microinjection with ER antisense was ineffective,
confirms that GPR30 and not ERα is the intermediary in this nongenomic inhibitory
estrogen mechanism [159].

The signal transduction pathways activated by estrogens through GPR30 in croaker and
zebrafish are the same as those described earlier in human breast cancer cells [159,161,222].
Binding of 17β-estradiol or G-1 to croaker and zebrafish GPR30 results in activation of a
stimulatory G-protein (Gs) and increased cAMP production, presumably through G-protein
alpha subunit activation of adenylyl cyclase (AC) [159,161]. An action of endogenous
estrogens to maintain high levels of cAMP in teleost oocytes through a GPR30/Gs alpha
subunit/AC/cAMP pathway is a plausible mechanism through which they could maintain
meiotic arrest. Induction of oocyte maturation in fish and amphibians by progestins involves
a marked decrease in cAMP levels [95,186], whereas pharmacologically-induced increases
in cAMP levels prevent progestin-induced oocyte maturation [40,124,125]. Similarly,
estrogens attenuate the progestin-induced decrease in cAMP levels and the induction of
oocyte maturation in croaker and zebrafish [159,161]. Moreover, cAMP levels in zebrafish
oocytes are decreased by removal of the follicle layer and inhibition of aromatase activity,
both of which are associated with increases in spontaneous maturation [159,161]. Whereas
all these results support a role for Gs alpha subunit signaling and increased cAMP levels in
maintaining meiotic arrest, a recent study also implicates G protein βγ subunit-dependent
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signaling involving transactivation of epidermal growth factor receptor (Egfr) in this
estrogen action in zebrafish oocytes, similar to that identified earlier in human breast cancer
cells [59,174]. Both egfr mRNA and Egfr protein were detected in denuded zebrafish
oocytes. The effects of specific inhibitors and stimulators of different components of the
EGFR pathway on the inhibitory actions of estrogens on oocyte maturation were examined
[174]. Both the intracellular tyrosine kinase (Src) inhibitor,PP2, and a matrix
metalloproteinase (MMP) inhibitor, ilomastat, which prevents the release of heparin-bound
epidermal growth factor, increased spontaneous oocyte maturation, whereas the MMP
activator, interleukin-1α, decreased spontaneous OM. Several inhibitors of EGFR (ErbB1)
and extracellular-related kinase 1 and 2 MAP2K1/2 (MEK1/2) also increased spontaneous
OM. In addition, 17β-estradiol and the GPR30 specific ligand, G-1, increased
phosphorylation of Mapk3/1, and this was abrogated by simultaneous treatment with the
EGFR inhibitor. On the basis of these results it is proposed that estrogen binding to GPR30
results in activation of a stimulatory G protein (Gs). The Gs βγ subunit transactivates Egfr
through Src and MMP which results in the phosphorylation of Mapk3/1 to inhibit oocyte
maturation [174] (for pathway see Figure 5A). This is the first evidence that epidermal
growth factor receptor signaling in vertebrate oocytes can prevent meiotic progression.

4. Nonclassical progestin actions and progestin receptors
Nonclassical progestin actions have been identified in gametes, neural tissues, and
reproductive tissues as well as in nonreproductive tissues such as vascular smooth muscles
and lymphocytes. The nongenomic actions of progestins to induce meiotic maturation of
amphibian and fish oocytes are well known and have been studied extensively over the past
30 years [94,125, 145,147,229]. Two progestins, 17,20β-dihydroxy-4-pregnen-3-one (DHP)
and 17, 20β, 21-trihydroxy-4-pregnen-3-one (20β-S) have been identified as the major
maturation inducing steroids (MIS) in teleosts [145,146,226]. In contrast, the physiological
importance of progesterone as the MIS in amphibians has recently been questioned by Lutz
et al. [120]. These investigators showed that testosterone can also induce meiotic maturation
of Xenopus oocytes and is the major steroid produced by late maturation stage ovarian
follicles [120]. Progestins also exert nonclassical actions to induce maturation of vertebrate
sperm [228]. Progesterone and 20β-S induce hypermotility of mammalian and fish sperm,
respectively, within a minute of hormone addition [9, 90,119,211,223,241], which is
associated with equally rapid changes in intrasperm cAMP and Ca2+ levels [211,239]. In
addition progesterone induces the acrosome reaction in mammalian sperm [241], but it
remains unclear whether the acrosome reaction and sperm hypermotility share a common
progesterone-mediated pathway [10,154]. All of these progestin actions are nongenomic
because sperm are considered to be transcriptionally inactive. The brain is a major site of
rapid actions by progesterone and progestin neurosteroids [8]. For example, the secretion of
luteinizing hormone is down-regulated within a few minutes of progesterone administration
in progesterone receptor knockout (PRKO) mice [194]. Similarly, the teleost progestin, 20β-
S, rapidly decreases gonadotropin releasing hormone secretion from Atlantic croaker
hypothalamic tissue slices in vitro [223]. Progesterone also induces rapid changes in sexual
behavior and protein kinase C activation in the hypothalamus in rodents [8,38]. In addition
to the well-known genomic actions of progestins on apoptosis and cell survival, they have
also been shown to influence these processes in cancer cells and ovarian follicle cells
through nongenomic mechanisms [17,44,49]. Smooth muscle cells in nonreproductive
tissues such as the colon and cardiovascular system are also sites of nonclassical
progesterone actions [142,253]. The results of several studies also suggest that progesterone
causes immunosuppression via a nonclassical mechanism [35,48].

The identities of the receptors mediating many of these nonclassical progestin actions
remain unclear. Binding moieties with the characteristics of progestin membrane receptors

Thomas Page 6

Gen Comp Endocrinol. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



have been described in a variety of vertebrate tissues and cells including fish and amphibian
oocytes [16,103,112,116,165,256], bovine ovaries and luteal cells [134,179], rat Leydig
cells [185], mammalian and fish sperm membranes[18,54,118,176,213,227], pig liver
microsomes [136], and for progesterone and progesterone metabolites in breast cancer cells
[45,250]. However, progesterone has also been shown to act on receptors intracellularly to
induce rapid signaling cascades inside the cell [12,22,66,231]. Despite extensive research on
oocyte maturation in amphibians, considerable controversy surrounds the identity of the
steroid receptor mediating this nongenomic steroid action, and nuclear progestin receptor
(PR) or PR-like receptors [12,231], the androgen receptor (AR) [120], as well as a novel
membrane progestin receptor, mPRβ [97], have been proposed as intermediaries. The PR
has been clearly implicated in the activation of intracellular second messengers in a variety
of cells, including breast cancer cells [22,193]. Some rapid responses to progesterone such
as lordosis persist in PRKO mice and progesterone signaling in human T cells which lack
the PR, suggesting they are mediated through novel progesterone membrane receptors [64,
43]. In addition, antiapoptotic nonclassical actions of progestins on granulosa cells have
been described that do not involve the PR [44,49,171,208]. A variety of receptor proteins
have been implicated in these cell-surface initiated progestin actions including GABAA and
oxytocin receptors that can also bind progesterone in neural tissues [65,74], and two novel
receptor families which are unrelated to any previously described receptor proteins,
membrane progestin receptors (mPRs) and progesterone membrane receptor component 1
(PGRMC1) in granulosa and breast and ovarian cancer cells [44,45,170,171].

4.1 Membrane progestin receptors (mPRs)
In 2003 we reported the discovery of a novel cDNA which encoded a 352 amino acid 40kDa
protein in spotted seatrout ovaries with the characteristics of the MIS membrane receptor
regulating oocyte maturation, named membrane progestin receptor alpha (mPRα) [262]. In
addition we identified homologous genes to seatrout mPRα in other vertebrates [260].
Several important criteria were met in these initial studies for preliminary designation of
mPRs as functional membrane progestin receptors. The protein has a plausible structure
because hydrophilicity and transmembrane analysis of the deduced amino acid sequence
showed the protein has seven transmembrane domains, which is characteristic of GPCRs
and other cell-surface receptors [19]. Immunocytochemistry of seatrout ovarian follicles
using a seatrout mPRα antibody showed the protein is localized primarily on the oocyte
plasma membrane, as expected for a membrane receptor. Importantly, specific progestin
binding characteristic of a hormone receptor (progestin specificity, high affinity, limited
capacity, displaceable) to the recombinant protein produced in a bacterial (E.coli) expression
system [262], and subsequently confirmed in membranes prepared from human breast
cancer cells (MDA-MB-231 cells) transfected with the seatrout cDNA [221] was clearly
demonstrated. Moreover, progestins, but not estrogen and androgens, caused rapid induction
of signal transduction pathways in mPR-transfected cells which involved activation of
MAPkinase (Map2k) and down-regulation of adenylyl cyclase activity [262]. Subsequent
studies have confirmed that both wild-type and recombinant seatrout mPRα is coupled to
and activates an inhibitory G protein, consistent with its identity as the MIS receptor [210,
221]. Evidence was obtained for gonadotropin-induced upregulation of the seatrout mPRα
during oocyte maturation, which supports its proposed biological function as the receptor
mediating this progestin action [262]. The requirement for mPRα for oocyte maturation was
confirmed in zebrafish in which oocyte maturation in response to the MIS, DHP, was
blocked by microinjection of morpholino antisense oligonucleotides to zebrafish mPRα
[262] (Figure 2B).

In a second paper published in the same year we reported the identification of 13 closely-
related genes in other vertebrates that could be separated into three clades on the basis of
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sequence identity and phylogenetic analysis, called α, β and γ subtypes [260]. The three
mPRs showed differential expression in reproductive tissues such as the ovary, testis,
placenta, uterus, brain, and nonreproductive tissues such as the kidney and intestinal tissues
in mammals [260]. The mPRs belong to the progestin and adipoQ receptor (PAQR)
vertebrate family of 7-TM proteins, with no structural or sequence homology to nuclear
steroid receptors, or GPCRs [206,221]. Specific progestin receptor binding has been
demonstrated with recombinant vertebrate mPRα (PAQR7), mPRβ (PAQR8), mPRγ
(PAQR5) and two additional members of the PAQR family, mPRδ (PAQR6) and mPRε
(PAQR9) produced in prokaryotic (E.coli), mammalian, and yeast expression systems by
several research groups [6,7,82,97,196,221,233,260,262]. The recombinant mPRs expressed
in mammalian expression systems display high affinity binding (Kd 3–7 nM). Most of the
research conducted to date on the characteristics and functions of mPRs have focused on the
alpha subtype which is the most abundant mPR expressed in a wide range of human tissues
[106,206,210]. Experiments with pertussis toxin as well co-immunoprecipitation studies
have shown that in nearly all the tissues and cells examined, mPRα activates and is coupled
to an inhibitory G protein (Gi), and progestin activation of the Gi α subunit causes down-
regulation of adenylyl cyclase activity [44,100,194,210,221]. In contrast, recent studies
indicate mPRα is coupled to a stimulatory olfactory G protein (Golf) in croaker sperm and
cAMP production by sperm membranes is rapidly increased after progestin addition [239].
The βγ subunit of the inhibitory G protein also participates in signal transduction through
mPRα, since upregulation of PI3K/Akt, MAPkinase and p38MAPkinase has been reported
after progestin treatment in cells expressing wild-type and recombinant mPRα
[44,82,100,157]. Limited studies with mPRβ, which is often co-expressed in the same cells
as mPRα [43,194] suggest it is also coupled to an inhibitory G protein (Gi) [100]. Currently,
information is lacking on the signal transduction pathways activated through mPRγ, mPRδ
and mPRε.

The presence of functional mPRs and mPR-dependent signaling in mammalian cells, such as
myometrial cells, lymphocytes, hypothalamic GnRH neurons, sperm and breast cancer cells,
suggests they mediate progestin functions during labor, in immune responses, in the
neuroendocrine control of the reproductive cycle, in sperm motility, and the development of
breast cancer, respectively [45,100,160,194,228]. Evidence has been obtained that
progesterone inhibits the transition of human breast cancer cells from epithelial to the
invasive mesenchyme type through mPRs [263], and signals through mPRs in ovarian
cancer cells [33]. However, in many cases definitive proof that mPRs regulate these
processes is lacking. For example, human sperm motility and male fertility is related to the
abundance of the mPRα protein on the sperm midpiece [228], like it is in fish species [239],
but selective knockdown of mPRα expression with siRNA to confirm its role in progestin
stimulation of hypermotility cannot be used with sperm because they are transcriptionally
inactive. The recent identification of a selective mPR agonist that does not activate the
nuclear PR, Org OD-02-0, has provided a valuable new tool for investigating mPR-specific
functions in vertebrate cells and tissues [101].

4.2 Progesterone receptor membrane component 1 (PGRMC1)
Progesterone receptor membrane component 1 (PGRMC1) is a 194 amino acid 26–28kDa
protein with a single transmembrane domain which was cloned from porcine smooth muscle
cells and has an identical terminal amino acid sequence to a steroid binding protein purified
earlier from porcine livers [55,136]. PGRMC1 and the closely related PGRMC2 belong to
the membrane-associated progesterone receptor (MAPR) family [31]. The PGRMC1 gene
has been cloned by other investigators and given many other names relating to its wide
variety of proposed functions including axonal guidance during embryogenesis, steroid
synthesis and metabolism, cholesterol regulation, alteration of reproductive behaviors,
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endocytosis, a component of a progesterone receptor with plasminogen activator inhibitor
RNA binding protein-1 (PAIRBP-1), and an adapter protein [31,115]. Extensive studies in
granulosa cells indicate an involvement of PGRMC1 in progesterone inhibition of apoptosis
[171]. Recently, the protein has also been implicated in apoptosis in ovarian cancer cells
[170]. PGRMC1 has been shown to interact with a variety of proteins in addition to
PAIRBP-1 including SCAP and Insig-1, which are involved in sterol synthesis [31,210], and
steroidogenesis activator polypeptide [115]. A surprising variety of ligands have been shown
or suggested to bind to PGRMC1, including heme [141,200], cholesterol and steroids with
21 carbons, glucocorticoids and progestins [31]. However, the ability of PGRMC1 alone to
bind progesterone and act as a progestin membrane receptor has not been clearly
demonstrated [115,210,231]. Although transfection of PGRMC1 into CHO cells [54] and
overexpression in spontaneously immortalized granulosa cells (SIGCs) caused an increase in
specific [3H]-progesterone binding to the microsomal fraction [54], no specific [3H]-
progesterone binding was detected to recombinant PGRMC1 produced in a prokaryotic
(E.coli) expression system, whereas the recombinant protein was able to bind heme,
suggesting a functional protein was produced by this recombinant expression system [140].

4.3 Fish Models
Nonclassical progestin actions have been identified in fish oocytes, sperm, ovarian follicle
cells, and hypothalamus [210]. One of the most extensively investigated and well
characterized models of nongenomic steroid actions initiated at the cell surface is the
induction of oocyte meiotic maturation in fish and amphibians by progestin hormones
[125,147]. Investigations on the effects of steroids on oocyte maturation in fish began in the
1960s and over the following decade progestogens and 11-deoxycorticosteroids were
identified as the most effective steroids [72]. Evidence that this steroid action is nongenomic
and does not require new mRNA synthesis was first reported in 1969 by Dettlaff and
Skoblina who showed that a transcription inhibitor does not block progesterone induction of
oocyte maturation in sturgeon [42]. In contrast, nonclassical progestin actions on sperm,
ovarian follicle cells and the hypothalamus have only been identified within the past 15
years [44,211,216,223].

4.3.1 Oocyte maturation—As discussed in an earlier section (3.22), progestin induction
of the final phase of oocyte maturation in fish, called the germinal vesicle breakdown phase
[167], is associated with a decrease in cAMP levels [95,147]. Several lines of evidence
suggest this decrease in cAMP is mediated through activation of a pertussis toxin-sensitive
inhibitory G protein (Gi), and subsequent down-regulation of adenylyl cyclase activity
[156,229,255]. First, it was shown that treatment with pertussis toxin blocks both the
progestin (20β-S) down-regulation of adenylyl cyclase activity and induction of GVBD
[156]. Then it was demonstrated that 20β-S treatment increases [35S]GTPγS binding to
ovarian membranes which was immunoprecipitated with antibodies directed against the
alpha subunits of inhibitory G (Gi 1–3) proteins, indicating that 20β-S activates an inhibitory
G-protein [156]. The ligand binding affinity of receptors coupled to G proteins is reduced by
agents such as pertussis toxin and GTPγS that uncouple the G proteins from the receptor
[151]. Therefore, the finding that progestin binding to ovarian membranes was reduced by
pretreatment with pertussis toxin and GTPγS, suggests that the MIS receptor is directly
coupled to inhibitory G-proteins [156,255]. These results suggest that the resulting down-
regulation of adenylyl cyclase activity leads to a reduction in protein kinase A (Prka)
activation. Inhibition of Prka is reported to be sufficient to induce oocyte maturation in the
Indian catfish [80], whereas the cell permeable protein kinase inhibitors were ineffective in
inducing or enhancing 20β-S-induced oocyte maturation in Atlantic croaker [157]. However,
in croaker and striped bass inhibitors of the phosphatidylinositol 3-kinase (Pi3k)/Akt signal
transduction pathway block 20β-S-induced oocyte maturation [157,248]. Based on these
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results it was proposed that the βγ subunits of the heterotrimeric G protein also recruit Pi3k
to the plasma membrane to catalyze the formation of phosphatidylinositol-3,4,5-
trisphosphate (PIP3). PIP3 in turn binds to serine/threonine kinase Akt resulting in its
activation and subsequent alteration of down-stream effectors such as phosphodiesterases
(Pde), which breakdown cAMP [157]. Thus, MIS binding to its receptor and activation of an
inhibitory G protein could potentially lead to decreased intracellular concentrations of
cAMP via multiple signaling pathways to release the oocytes from meiotic arrest and
complete maturation. Finally, preliminary evidence has been obtained that Erbb2 signaling
is also involved in DHP-induced oocyte maturation in zebrafish, since the ERBB2
inhibitors, AG879 and RG13022, attenuated the DHP stimulation of GVBD of zebrafish
oocytes [174].

A high affinity (Kd 3.5nM), limited capacity (Bmax 0.1–1.0 pmole/g ovary), displaceable,
specific binding site for progestins in fish ovarian plasma membranes with rapid rates of
association and dissociation, characteristics typical of steroid membrane receptors, was first
described in spotted seatrout [165]. The receptor showed greatest binding affinity for 20β-S,
the MIS in seatrout [165,226]. Moreover, a close correlation was seen between the relative
binding affinities of various progestins for the seatrout progestin membrane receptor and
their agonist or antagonist activities in a GVBD bioassay [215], further evidence of its
identity as the MIS receptor in this species. Receptors with high binding affinities for
progestins have since been identified in ovarian and oocyte membranes prepared from
rainbow trout, arctic char and yellow tail [16,180,256]. As expected, the receptors in
rainbow trout and arctic char show higher binding affinities for the salmonid MIS, DHP,
than for any other progestins [16,256]. A several-fold increase in receptor concentrations
was observed in spotted seatrout ovaries during GVBD in vivo [224]. Interestingly, this
increase in seatrout receptor concentrations is associated with the development of oocyte
maturational competence (i.e. ability to respond to 20β-S and complete GVBD) and is
induced by gonadotropin treatment [167,224]. Moreover, similar increases in ovarian or
oocyte MIS membrane receptor concentrations have been observed in rainbow trout, arctic
char and yellowtail after gonadotropin treatment [16,180,256]. These studies showing that
the increase in progestin receptor concentration coincides with the oocytes becoming
responsive to the MIS suggests that the control of MIS receptor abundance is an important
physiological process regulating the induction of oocyte maturation in teleost fishes.

4.3.2 Role of mPRs in the control of oocyte maturation—The evidence presented
in the original paper on mPRs that MIS induction of oocyte maturation in teleosts is
mediated through these receptors [262] has been supported by the results of subsequent
studies in several teleost models in which both mPRα and mPRβ have been shown to be
involved [82,83,84,223,232,233]. The mPRα protein is expressed on the plasma membranes
of seatrout, croaker, goldfish and zebrafish oocytes (Figure 1C) and its expression is
upregulated in these species during oocyte maturation [83,232,237,260]. This upregulation
of mPRα by gonadotropin during the initial phase of oocyte maturation is associated with
the development of maturational competence [166,167]. Strong evidence that mPRα is
involved in the development of oocyte maturational competence has been obtained from
studies which showed that microinjection with antisense oligonucleotides to mPRα into
zebrafish and goldfish oocytes during the priming phase blocked the subsequent GVBD
response to the MIS in these species, DHP [232,260] (Figure 2B). Parallel studies in
zebrafish with antisense oligonucleotides to mPRβ, which is also present in zebrafish
oocytes [83], suggest it is also involved in priming of zebrafish oocytes [84,223]. However,
overexpression of mPRα accelerated maturation of zebrafish oocytes, whereas
overexpression of mPRβ did not (Figure 3A) [84]. Interestingly, the acceleration of oocyte
maturation occurred in the absence of MIS treatment and was accompanied with Erk
phosphorylation (Figure 3B) [84]. Other studies using pharmacological agents that
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selectively activate mPRα or inhibit G-protein and second messenger pathways are
consistent with the hypothesis that MIS induction of oocyte maturation is mediated by
mPRα and involves activation of a pertussis toxin-sensitive inhibitory G protein (Gi) and its
associated second messengers [156]. Both recombinant seatrout mPRα and the wildtype
receptor in seatrout oocyte membranes co-immunoprecipitate with Gi proteins [210,221],
suggesting they are coupled to Gi. This is supported by experiments showing that treatment
of seatrout oocytes and cells expressing the recombinant receptor with 20β-S caused a
decrease in the production of cAMP, presumably due to down-regulation of adenylyl cyclase
activity, a progestin action blocked by pretreatment with pertussis toxin, a specific inhibitor
of Gi activation [157,262]. Importantly, microinjection of seatrout oocytes with pertussis
toxin also blocked progestin induction of oocyte maturation [157]. It is concluded from
these studies that the MIS induces oocyte maturation in teleosts by activating mPRα, and in
some species also by activating mPRβ, which is coupled to an inhibitory G protein, resulting
in a decline in cAMP levels in the oocyte, thereby releasing it from meiotic arrest and
permitting maturation to proceed.

4.3.3 Sperm motility—Recently a rapid, cell surface-mediated, nongenomic action of
MISs to induce sperm hypermotility upon release into the surrounding water was discovered
on Atlantic croaker sperm [211,216,223]. Fish sperm have to be hypermotile, which
involves a high rate of turning, in order to enter the oocytes through the micropyle, a
specialized pore in the fish oocyte plasma membrane, and fertilize them. Treatment of
croaker and flounder sperm with physiologically relevant concentrations (10–200 nM) of
20β-S for 1–5min caused concentration-dependent increases in the percentage of motile
sperm, sperm velocity and sperm turning rate (hypermotility) [223,238,239]. This
stimulatory action on sperm motility is specific for 20β-S and several less potent progestins
and is associated with rapid increases in cAMP and intrasperm calcium levels
[211,238,239]. Similar stimulatory effects of 20β-S on sperm motility have been reported for
two closely related species, red drum and spotted seatrout, and also a flatfish species,
southern flounder [238,239,240], suggesting that this mechanism of progestin induction of
sperm hypermotility is widespread amongst teleosts. Recent studies have shown that
membrane adenylyl cyclase is rapidly activated in croaker sperm by 20β-S, resulting in
increased cAMP levels within 1 minute, and that treatment with blockers of adenylyl cyclase
prevent both the increase in cAMP levels and the increase in sperm motility in response to
20β-S treatment [239]. Interestingly, the 20β-S-induced increase in adenylyl cyclase activity
in croaker sperm is associated with activation of a member of the stimulatory G protein
family, the olfactory G protein (Golf) on the sperm midpiece [239]. Hormonal activation of
olfactory G proteins had not been reported previously in any vertebrate tissues.

4.3.4 Role of mPRs in sperm motility—Clear evidence has been obtained that this
direct effect of 20β-S on fish sperm to induce hypermotility is mediated by mPRα. Progestin
membrane receptors with high affinity, limited capacity progestin binding with steroid
specificities consistent with their identities as mPRα have been biochemically characterized
on the plasma membranes of Atlantic croaker, spotted seatrout and southern flounder
[213,216,227,238,239]. In addition, mPRα mRNA is expressed in croaker, seatrout and
flounder sperm [238,239,240], and the mPRα protein has been detected on the sperm
membranes of these three teleost species [219,227,238,240,262]. The mPRα proteins are
localized primarily to the midpiece of croaker (Figure 1E), seatrout and flounder sperm
[238,239,240] consistent with their proposed role in mediating progestin stimulation of
hypermotility. The finding that there is a loss in the binding affinity of [3H]-20β-S to croaker
and flounder sperm membranes after uncoupling of G proteins by pretreatment with excess
GTPγ-S [238,239], and that 20β-S treatment causes G protein activation [239,240], suggests
the progestin receptors on sperm are coupled to G proteins, as has been shown for mPRs in
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other tissues [210]. However, mPRα is coupled to an olfactory stimulatory G-protein (Golf)
in croaker sperm and is expressed on the sperm midpiece (Figure 1E) [239], whereas it has
been shown to couple to a pertussis toxin-sensitive inhibitory G protein, Gi, in all the other
tissues investigated [210]. Importantly, the abundance of the mPRα protein on croaker,
seatrout and flounder sperm is related to their motilities, with sperm displaying low motility
having lower concentrations of the mPRα protein than sperm exhibiting high motility
[238,239,240]. In addition, hormonal upregulation of mPRα protein expression on croaker
sperm membranes by in vivo treatment with a gonadotropin releasing hormone analog is
associated with increased sperm motility [239]. Taken together, these results suggest a major
role for mPRα in mediating progestin stimulation of fish sperm motility through activation
of a stimulatory G protein.

4.3.5 Anti-apoptotic actions and the role of mPRα—The MIS, 20β-S, has also been
shown to activate signal transduction pathways in Atlantic croaker ovarian follicle cells to
inhibit apoptosis [44]. A high affinity, low capacity single binding site has been identified
on the plasma membranes of croaker granulosa/theca cell co-cultures that displays high
binding affinity for 20β-S, progesterone and the specific mPR agonist Org OD 02-0, but low
binding affinity for the potent PR agonist, R5020, suggesting that the progestin binding is
mediated solely through mPRs. Studies showing that specific [3H]20β-S membrane receptor
binding was significantly reduced by treatment with pertussis toxin, which causes
uncoupling of inhibitory G proteins from receptors resulting in decreases in their ligand
binding affinities [44], is consistent with its identity as mPRα [210,251].
Immunocytochemistry revealed that the mPRα protein is primarily localized on the plasma
membranes of both granulosa and theca cells (Figure 1D). Treatment with 20β-S caused a
rapid pertussis toxin-sensitive decrease in cAMP levels, suggesting that mPRα is coupled to
an inhibitory G protein (Gi), which was confirmed in a co-immunoprecipitation experiment.
Thus the signaling mediated through mPRα in croaker granulosa and theca cells involving
activation of an inhibitory G protein is similar to that observed in most other vertebrate cell
models [210]. The inhibition of serum starvation-induced cell death and apoptosis of
granulosa and theca cells induced by 20β-S was mimicked by Org OD 02-0, but not by
R5020, indicating that the apoptotic action is mediated through mPRα and not through PR.
Knockdown of mPRα and PR by transfection with siRNAs for the receptors confirmed that
the antiapoptotic action of 20β-S is mediated through mPRα. Finally, 20β-S caused rapid
phosphorylation of Erk and Akt in the follicle cells which is a potential mechanism by which
mPR inhibits apoptosis, since both ERK and Akt are known to be involved in apoptotic
pathways in mammals [199].

5. Nonclassical androgen actions and membrane receptors
Rapid, cell surface-initiated, nongenomic androgen actions and the membrane receptors
thought to mediate them have been described in a variety of vertebrate tissues [62,137],
although these nonclassical androgen actions have received less attention than those for
estrogens and progestins. Rapid increases in intracellular calcium levels have been reported
in mouse T cells which lack a nuclear androgen receptor (AR) in response to BSA-
conjugated testosterone which cannot pass through the cell membrane, suggesting this
response is mediated through a novel membrane receptor [252]. The calcium response is
inhibited by a pertussis toxin-sensitive pathway, suggesting the involvement of an inhibitory
G protein [108,252]. Rapid alterations in intracellular calcium levels have also been
observed in a variety of other cells including vascular tissue, cardiac myocytes and skeletal
muscle [50,172,242], and human prostate and neuroblastoma cell lines [51,121]. Androgens
also influence other second messengers such as regulation of intracellular levels of
diacylglycerol (DAG), inositol-3-phosphate (IP3), cAMP and phosphorylation of ERK
through a cell-surface mediated mechanism [108,137]. These rapid, nongenomic androgen
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responses have been implicated in a wide range of responses including apoptosis and actin
polymerization in prostate cancer cells [86,98,162] neurite outgrowth [51], and protection
against myocardial ischemia [32]. However, some of these effects were only observed at
high androgen concentrations so their physiological significance remains unclear [137].

Androgen binding to plasma membranes has been partially characterized in T cells and also
in mammalian endothelial cells, osteoblasts, prostate cells, glial cells and macrophages
[5,14,98,108]. Rapid, nongenomic actions have been observed in cells that express the AR
and can be modulated by AR ligands such as flutamide, suggesting they may be mediated
through the AR [73,259]. However, nonclassical androgen actions initiated a the cell surface
have also been observed in cells that do not express the AR, indicating the likely presence of
membrane androgen receptors unrelated to the AR [13,14,86].

5.1 Fish Models
Nonclassical androgen actions have also been identified in teleost ovaries and follicle cells.
Androgens inhibited gonadotropin-stimulated 17β-estradiol production from Atlantic
croaker ovarian fragments in vitro, while treatment with the nuclear AR antagonist,
cyproterone acetate, did not reverse the androgen inhibition [28]. The finding that BSA-
conjugated dihydrotestosterone exerted similar inhibitory effects on estrogen production
suggests this androgen action is initiated at the cell surface. Furthermore, co-treatment with
actinomycin D did not block the inhibitory response, indicating that the androgens are acting
through a nongenomic mechanism [28]. Recently, testosterone has also been shown to
promote apoptosis of croaker granulosa/theca cells through a cell surface-mediated
mechanism that probably does not involve the AR because AR agonists such as mibolerone
were ineffective [15]. Taken together, these findings suggest the presence of a nontraditional
androgen receptor in croaker ovaries.

The first comprehensive biochemical characterization of the binding characteristics of an
androgen membrane receptor was conducted with Atlantic croaker ovarian tissue [27]. The
ovarian membrane protein has a high affinity (Kd−15.3 nM), limited capacity (Bmax2.8
pmol/mg protein) and a displaceable single binding site specific for androgens, all
characteristics of steroid receptors. These binding characteristics differ somewhat from those
of an androgen-binding moiety detected on rainbow trout olfactory membranes (Kd 0.5 nM,
Bmax 30–60fmol/mg protein [177]. The steroid specificity of the croaker ovarian membrane
receptor differs from that of the ARs, showing no affinity for R1881 and mibolerone,
whereas they bind to the AR previously characterized in the ovary of this species with
relative binding affinities of 62% and 42%, respectively [27,201,202]. Surprisingly, the
membrane androgen receptor displays high binding affinity for progesterone, although
R5020 and RU 486 and the fish MISs 20β-S and 17,20β-DHP do not compete for androgen
binding to the receptor [27,219]. Moreover, the rates of ligand association/dissociation to the
membrane receptor are much more rapid than they are to the AR, further suggesting that the
membrane bound androgen receptor is unrelated to ARs. Testosterone treatment of ovarian
cell membranes causes G protein activation [27], in agreement with the earlier findings in T
cells [108], indicating that the membrane androgen receptor might be a G protein-coupled
receptor (GPCR). Separation of solubilized ovarian membrane proteins on a DEAE column,
and subsequent determination of the approximate molecular weight of the major protein
present in the eluted fraction containing the androgen binding activity indicates it has a
molecular weight of approximately 40kDa, within the molecular weight range of GPCRs
[219]. Currently the identity of the ~40kDa protein in croaker ovaries with androgen binding
activity is being investigated.
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6. Nonclassical corticosteroid actions and membrane receptors
The rapid response of the hypothalamus-pituitary-adrenal axis to stressors, particularly those
that are life-threatening, is often necessary for survival and adaptation to changing
environmental conditions. It is not surprising therefore that a wide range of rapid,
nongenomic responses to the corticosteroid stress hormones have been reported, particularly
in neural tissues [41,123,207]. For example, corticosteroids suppress courtship behavior in
roughskinned newts within a few minutes [143]. They also cause rapid changes in neuronal
activity, monoamine levels [117], second messengers, vasopressin secretion and CRF-
induced ACTH secretion [89]. Rapid corticosteroid actions have also been reported in
lymphocytes and neutrophils [20,110]. Corticosteroids act via nonclassical mechanisms to
induce a variety of intracellular responses including activation of PI3K [79] and
phosphorylation of protein kinase B, Akt, c-Src and MAPKs [130,198]. High concentrations
of corticosteroids have been shown to directly affect membrane fluidity in lymphocytes,
breast cancer cells and kidney epithelial cells [20]. However, the most cell surface-initiated
corticosteroid actions identified to date in the brain are likely mediated through membrane
receptors, since specific corticosteroid binding sites have been identified on the plasma
membranes of neuronal cells in salamanders, birds and mammals [30,152,207,234]. The
identity of the membrane corticosteroid receptor(s) remains unclear. A nuclear
glucocorticoid receptor (GR)-like protein has been detected using GR antibodies on the
membrane of lymphoma cells [68,69], whereas the specificity of the corticosteroid receptor
on salamander neuronal membranes differs from that of the GR in that corticosterone
binding is inhibited by nalaxolone, an opioid antagonist [52]. Binding of corticosterone to
the salamander neuronal membrane was modulated by guanyl nucleotides and is associated
with a 63kDa protein, suggesting that the receptor is unrelated to the GR and is coupled to a
G protein [53,151]. Similarly, the finding that glucocorticoid modulation of voltage-gated
Ca2+ currents in mammalian neurons is blocked by pertussis toxin and protein kinase C
inhibitors, suggest this action involves an inhibitory G protein and PKC [87].

Nonclassical actions of aldosterone have also been described in a variety of aldosterone
targets including renal cells, vascular smooth muscle cells, cardiomyocytes and the
gastrointestinal tract [67,105,116,132,190,230]. For example vasoconstriction of glomerular
arterioles occurs within 5 minutes of aldosterone treatment [2]. Signaling pathways such as
epsilon protein kinase c, protein kinase D and Src kinase are rapidly activated in renal cells
[29,132,139]. Aldosterone-induced initial trafficking of the epithelial sodium channel which
involves c-Src-dependent transactivation of EGFR [230]. Membrane binding sites for
aldosterone have also been identified on leucocytes and livers [4,116,135]. The majority of
studies suggest these effects are mediated by the classical mineralocorticoid receptor (MR)
[29,132,139], and are supported by studies of Grossmann et al. who showed MR-transfected
cells were responsive to nongenomic aldosterone actions [76]. On the other hand, the finding
that the effects of aldosterone are not blocked by the MR antagonist spironolactone and
persist in MR-knockout mice suggests at least some of these nonclassical aldosterone
receptor actions are mediated through a novel membrane receptor [85,249]. A recent study
has implicated the putative membrane estrogen receptor, GPR30, in aldosterone mediated
phosphorylation of ERK and JNK [75]. However, aldosterone binding sites have not been
demonstrated on GPR30 so the nature of its purported involvement in nonclassical
aldosterone signaling remains unclear.

6.1 Fish Models
Euryhaline teleosts often experience marked changes in environmental salinity, particularly
in estuaries which have large tidal ranges, which are associated with transient disturbances
of the osmolality and ionic composition of the blood. These fishes rapidly restore
homeostasis by hormonal regulation of the drinking rate and the loss or gain of salts across
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epithelial tissues. Adaptation to freshwater (hypo-osmotic environment) is chiefly controlled
by prolactin [188], whereas adaptation to sea water (hyper-osmotic environment) is
regulated primarily by cortisol and the growth hormone signaling pathway [131]. Recent
studies with a euryhaline species, Mozambique tilapia, indicate that cortisol can rapidly
down-regulate the secretion of prolactin from the pituitary gland through a nonclassical
mechanism of corticosteroid action, thereby facilitating adaptation to hyper-osmotic
environments. Borski and co-workers demonstrated that prolactin secretion from tilapia
pituitaries was significantly reduced within 20 minutes of incubation with cortisol [23]
(Figure 4). A cortisol-induced reduction in prolactin secretion was also observed in the
presence of the protein synthesis inhibitor cyclohexamide [24], and was mimicked with a
plasma membrane impenetrable ligand, cortisol-21 hemisuccinate conjugated to BSA [25],
indicating that cortisol is acting through a nongenomic action initiated at the cell surface. In
addition, significant reductions in Ca2+ and cAMP levels in prolactin cells (lactotrophs) are
observed within 20 minutes of incubation with cortisol, suggesting that cortisol decreases
the activity of these osmotically sensitive cells [23,24]. Interestingly, this reduction in
intracellular Ca2+ activity is associated with a reduction of voltage-gated calcium channel
activity [92]. These findings suggest that cortisol can decrease lactotroph functions within
20 minutes in addition to its well-known actions on epithelial ion transport, causing the
freshwater adaptation mechanisms mediated by prolactin to be rapidly down-regulated,
thereby accelerating the restoration of osmotic and ionic homeostasis.

7. Cross-talk between steroid signaling pathways involving membrane
receptors
7.1 mPRs and PR

Evidence has been obtained by Karteris and collaborators that activation of mPRs alters
transactivation activity of the PR in human myometrial cells [100]. PR transactivation was
demonstrated by assessing binding of the PR to a glucocorticoid-responsive element (GRE)
linked to a luciferase reporter vector. Dexamethasone, progesterone and R5020 caused
transactivation of the PR, as expected, in myocytes with high levels of PR expression.
Pretreatment with pertussis toxin, which prevents Gi signaling through mPRs, partially
blocked the response to progesterone, but not to the other two steroids which do not bind to
the mPRs. Furthermore, the transactivation responses to progesterone were greatly
attenuated in myocytes treated with siRNAs for mPRα and mPRβ [100]. These studies
demonstrate that progesterone acts through an mPR-dependent pathway as well as through
PR to transactivate the PR in human myocytes. The authors proposed that activation of
mPRs during early pregnancy amplifies progesterone actions through PR-B to maintain the
myometrium in a quiescent state. These results provided the first evidence that novel steroid
membrane receptors can influence the transactivation activities of nuclear receptors.
Potential alteration of PR transactivation through mPRs was also detected in myometrial
cells at term through altering the expression of co-activators. Treatment of these myocytes
which have elevated mPR expression with progesterone conjugated to BSA caused transient
down-regulation of SRC2 mRNA and protein expression, which was attenuated in cells that
had been transfected with siRNA for mPRα but not mPRβ. These results suggest that the
progesterone-induced down-regulation of the SRC2 gene is at least partially mediated
through mPRα and could contribute to the functional progesterone withdrawal in the human
myometrium during labor [100].

7.2 mPRs and GPR30
Recently, evidence has been obtained for reciprocal regulation of mPRs and GPR30 by
estrogens and DHP in zebrafish oocytes to regulate the onset of oocyte maturation [159].
Treatment with 17β-estradiol and the GPR30 agonist, G-1, caused a rapid down-regulation
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of mPRα protein expression and an increase in GPR30 protein in zebrafish oocyte
membranes, whereas treatment with DHP and the mPR-selective agonist Org OD 02-0
caused an opposite effect, increasing mPRα expression and decreasing that of GPR30. These
changes in protein levels were accompanied by parallel changes in mPRα and GPR30
mRNA expression. On the basis of these results and earlier studies, a model has been
proposed for the dual control of the onset of oocyte maturation in teleosts by progestins and
estrogens acting through GPR30 and mPRα, respectively, at different phases of oocyte
development [159] (Figure 5). During the first phase at the end of vitellogenic oocyte
growth, and at the beginning of the LH surge in some species, the ovarian follicles produce
large amounts of estrogens and minor quantities of progestins, resulting in activation of the
inhibitory pathway regulating oocyte maturation, but not the stimulatory pathway. The
estrogens act through GPR30 to activate a stimulatory G protein (Gs) resulting in stimulation
of adenylyl cyclase activity and increases in cAMP production. The high levels of cAMP
maintain meiotic arrest of fish oocytes, possibly through downstream signaling molecules
such as protein kinase A. A recent study shows that the βγ subunits of Gs also contribute to
this inhibition through transactivation of Egfr through Src, MMP and HBEgf [174]. In
addition, estrogens upregulate GPR30 expression to potentiate the inhibitory pathway and
down-regulate mPRα expression to block the stimulatory one through activation of GPR30
via unknown pathways. As a result, the oocytes remain in meiotic arrest (Figure 5A). In the
second phase during oocyte maturation several hours later, the steroidogenic pathway has
switched to the production of progestins and estrogen production has declined. The increase
in progestin concentrations causes upregulation of mPRα expression resulting in activation
of the stimulatory pathway controlling oocyte maturation. At the same time progestins
through mPRα cause down-regulation of the GPR30 expression, which together with the
reduction in estrogen levels, causes suppression of the inhibitory pathway. As discussed
previously, progestin binding to mPRα results in activation of an inhibitory G protein (Gi)
and decreases in adenylyl cyclase activity and cAMP levels leading to inhibition of protein
kinase A, thereby releasing the oocyte from meiotic arrest and allowing oocyte maturation to
proceed [156,229,255]. In croaker, the βγ subunits of Gi are also involved in mediating the
stimulation of oocyte maturation through activation of a Pi3k/Akt-dependent pathway,
resulting in upregulation of phosphodiesterase activity and increased degradation of cAMP
[157]. There is also preliminary evidence for an involvement of EGFR2 signaling [174].
MAPkinase (Map2k) is also activated resulting in Mapk3/1 phosphorylation during oocyte
maturation [84,157]. However, both the receptor mediating this signaling pathway and its
role in progestin induction of oocyte maturation are unclear at present [84,157,220] (Figure
5B).

8. Current controversies
It is perhaps not surprising that considerable controversy exists in this emerging field,
particularly the physiological roles of novel putative steroid membrane receptors such as
mPRs and GPR30 whose functions as steroid receptors were first proposed only 6–8 years
ago [182, 222,262]. It has often proven to be difficult to induce sufficient cell-surface
expression of recombinant hormone receptors in mammalian expression systems in order to
demonstrate specific receptor binding and signal transduction [210,261]. Typically, cell
surface expression of hormone receptors is highly regulated, with only a small proportion of
the total present on the cell membrane, and knowledge of the adaptor proteins and culture
conditions that promote cell-surface expression is often lacking [173]. Expression of
putative steroid receptors represents a particular challenge because high amounts of specific
binding to the receptor are required to distinguish it from the relatively high levels of
nonspecific binding of these lipophilic molecules to the lipid-rich cell membranes.
Continued selection over 6–8 weeks of stably transfected cells showing high protein
expression mPRα on the cell membrane (e.g. by limiting dilution or by cell sorting) was
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found to be necessary to demonstrate progestin binding and signaling with seatrout mPRα
[210]. Consequently several research groups have not been able to demonstrate cell surface
expression of mPRs and GPR30 in recombinant homologous expression systems, as well as
the accompanying specific steroid receptor binding in the plasma membrane fractions
[104,155]. Even if these researchers had obtained significant surface expression of the
putative receptor proteins, it is unlikely that specific receptor binding could have been
demonstrated because nonstandard receptor protocols for both mPR and GPR30 were
employed, which have been shown to be ineffective for measurement of these receptors
[210,212]. On the basis of these negative results, Brosens and coworkers and Otto et al. have
forcibly argued that mPR and GPR30 do not function as steroid membrane receptors,
respectively, but they did not provide any data suggesting alternative functions for these
proteins. Of course, negative data alone do not provide a strong basis for rejecting a
hypothesis, particularly when they challenge the independent findings showing specific
steroid binding of the recombinant proteins produced in prokaryotic, yeast and mammalian
expression systems from several laboratories, such as those obtained for mPRs
[6,7,82,196,221,233,260,262]. The possibility that mPRs bind progestins is now
acknowledged by the Brosens group, although the ability of mPRs to activate through G
proteins is still questioned in their recent review [70]. Similarly, the ability of GPR30 to
bind estrogens and act as an intermediary in estrogen activation of signal transduction
pathways has been independently confirmed by several research groups
[59,91,111,161,182,222,243]. However, despite the existence of a large body of
experimental data supporting a role for GPR30 as an intermediary in the rapid, nongenomic
actions of estrogens, this proposed function of GPR30 as a membrane estrogen receptor has
been challenged by several research groups on the basis of their negative results
[99,107,155,168]. Based on the results of a recent study it was proposed that estrogen
signaling in SKBR3 breast cancer c ells expressing wild-type GPR30 and in HEK293 cells
transfected with human GPR30 is mediated through a N-terminal truncated variant of ERα,
named ERα-36, not through GPR30 [99]. However, this conclusion is not supported by
unpublished findings in our laboratory.

9. Role of comparative endocrinology
Comparative endocrinology studies in which the characteristics of novel putative steroid
membrane receptors are compared between representatives of distantly-related vertebrate
groups can be valuable for resolving many of these current controversies and for
determining the fundamental, evolutionarily conserved functions of these proteins. For
example, a comparison of the functional characteristics of recombinant spotted seatrout and
human membrane progestin receptor alphas (mPRα) expressed in human breast cancer cells
showed that both are expressed on the plasma membrane and display similar high affinity,
specific progestin binding typical of steroid receptors [221]. Also, it was demonstrated that
the seatrout and human mPRαs activate the same signal transduction pathway in these cells
through an inhibitory G protein (Gi), resulting in down-regulation of adenylyl cyclase
activity, and are directly associated with Gi proteins [221], consistent with the results of
studies with wildtype mPRαs in seatrout and human cells [100,156,210]. Finally, a
comparison of the relative binding affinities of mammalian and teleostean progestin
hormones for recombinant human, seatrout, zebrafish and goldfish mPRαs expressed in the
same human breast cancer cell line revealed that in each case the recombinant receptor
showed highest binding affinity for the physiologically important hormone in that species
and showed low binding affinity for the other vertebrate progestin hormones
[82,210,221,233]. Thus, human mPRα shows highest binding affinity for progesterone,
seatrout highest affinity for 20βS, and zebrafish and goldfish greatest binding affinity for
DHP. The finding that these four recombinant proteins expressed in the same expression
system have different progestin specificities suggests that specific progestin binding is an
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intrinsic property of these proteins, consistent with their proposed functions as progestin
receptors [210].

A similar comparative approach has been used to investigate whether recombinant Atlantic
croaker GPR30 has similar receptor and signaling characteristics as recombinant human
GPR30 when it is expressed in the same cell line [161,222]. The receptor binding
characteristics of plasma membranes from human- and croaker-transfected HEK-293 cells
are very similar in that both display high affinity (human: Kd 3.3 nM, croaker: Kd 2.7 nM)
specific 17β-estradiol binding characteristic of estrogen receptors [212]. Moreover, both
human and croaker GPR30 are coupled to stimulatory G proteins (Gs) and activate adenylyl
cyclase [161,222]. Finally, the estrogen binding, signaling and physiological functions of
GPR30 occur in zebrafish oocytes which lack any truncated forms of any ERα, arguing
against a role for ERα-36 in estrogen nonclassical actions in other vertebrates. Our findings
suggest that the estrogen binding and estrogen signaling functions of GPR30 arose early in
vertebrate evolution, more than 200 million years ago, and are fundamental, conserved
physiological functions of GPR30 in vertebrates.

10. Concluding remarks
Over the last decade there have been significant advances in our understanding of
nonclassical steroid actions and the membrane receptors that mediate them. Two novel
putative 7-TM receptors, mPRα and GPR30, have been identified and their ligand binding,
G protein interactions, and signaling pathways investigated in detail. However, the
characterization of these novel 7-TM receptors is incomplete and questions remain
concerning their functional characteristics and their physiological roles in steroid hormone
regulation of reproductive and nonreproductive processes in health and disease. For
example, the structural requirements for steroid binding and G protein coupling to these
putative 7-TM receptors are unknown. Site-directed mutagenesis of amino acids potentially
involved in ligand binding to mPRs and GPR30 is currently being conducted in order to
develop and evaluate plausible models of their ligand binding pockets. A mechanistic
explanation of the sites of ligand and G protein interactions with mPRs and GPR30 at the
molecular level is one of the most critical remaining criteria that need to be met in order to
fully establish them as steroid membrane receptors.

Knowledge of the mechanisms by which mPRs and GPR30 are transported to the cell
membrane, how receptor abundance on the cell membrane is regulated, and how they are
internalized and cycled upon ligand binding is also required in order to understand how the
receptors function in target cells. Recent studies suggest that internalization of mPRs and
GPR30 involves clathrin-dependent and trans-Golgi-proteasome pathways, respectively [34,
63]. Only limited information is currently available on the hormonal regulation of these 7-
TM receptors and its functional significance. In addition to regulation of mPR and GPR30
abundance by estrogens and progestins [100,159,222,262], there is recent evidence that
members of the growth factor beta (TGF-β) superfamily also regulate mPR expression in
zebrafish oocytes [205]. It is necessary to demonstrate distinct and critical functions for
mPRs and GPR30 in regulating reproductive and other processes in vertebrates in order to
establish their physiological importance. However, studies on the functions of these
receptors are frequently complicated by co-expression of ERs and PRs, and by PGRMC1 or
ERα36. Specific agonists are potentially valuable pharmacological tools for investigating
novel 7-TM receptor-dependent functions in cells expressing multiple receptors, but the
specificity of the GPR30 agonist, G-1, has been questioned [99]. Although selective down-
regulation of these receptors using siRNA and antisense oligonucleotides have proven
valuable for demonstrating their critical roles in oocyte maturation and other processes [161]
(Figure 2), gene knockout in mice models has not been successfully employed with these
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receptors to date. Conflicting and equivocal results have been obtained after knockout of
GPR30 [122]. This knockout approach is complicated for the mPRs, because there are five
subtypes (α,β,γ,δ,ε; PAQR5–9) that could potentially assume the functions of the deleted
gene, and has not been attempted to date. It is anticipated that significant progress will be
made within the next few years in addressing many of these questions concerning the roles
of mPRs and GPR30 as steroid membrane receptors of physiological importance.

Nonclassical steroid actions mediated by nuclear steroid receptors have not been identified
in fish models to date. A comparative approach could resolve some of the questions
concerning the functional motifs proposed for nuclear receptor localization to the cell
membrane and activation of Src [22,169]. The presence of the palmytilation motif in the
ligand binding region of human nuclear steroid receptors proposed to be involved in their
association with the cell membrane [169], has not been investigated in nonmammalian
vertebrate species [261]. The proline rich motif in the amino terminal of human PR-B
involved in activation of Src [22] is not conserved in other species [261]. Investigations of
whether nuclear steroid receptors mediate nonclassical steroid actions in fish models and the
functional motifs involved would provide an indication of the importance and conservation
of this proposed mechanism of nonclassical steroid action in vertebrates.

The relationship between initial nonclassical steroid actions in target cells and the longer
term classical steroid responses needs to be better understood. Some nonclassical steroid
actions such as rapid changes in behavior or gamete function seem to be largely independent
of genomic steroid actions. In other cell models such as signaling in myometrial cells and
apoptosis in granulosa cells the limited evidence available suggests both steroid mechanisms
act together in a coordinated fashion. However, for the majority of nonclassical steroid
actions described to date, the integration of this initial cellular response with the slower
classical one involving changes in gene transcription and translation remains unclear.

Finally, there is a growing body of evidence that xenobiotic chemicals which cause
endocrine disruption through binding to nuclear receptors can also interfere with steroid
actions mediated through membrane receptors including mPRs and GPR30
[36,184,214,217,218,225,233,257]. Therefore, it is important that environmental
toxicologists and regulatory agencies also consider endocrine disruption through
interference with nonclassical steroid actions when investigating environmental
contaminants and making regulatory decisions.
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Figure 1.
Immunofluorescent localization of GPR30 (A,B), mPRα (C–E) and olfactory G protein
(Golf, F) in teleost oocytes, ovarian follicles and sperm using specific GPR30, mPRα and
Golf antibodies. A. GPR30 localization on late-stage vitellogenic zebrafish oocytes in
ovarian tissue cryosections. Scale bar=100 µm. B. Co-staining with DAPI of nuclear DNA
of zebrafish follicular cells. Reproduced from Pang and Thomas, Dev. Biol. 342 (2010)
194–206 [159], Figure 2, with permission. C. mPRα localization on zebrafish oocytes using
a mPRα antibody. Insert, high magnification showing mPRα on oocyte membrane.
Reproduced from Hanna et al. J. Endocrinol. 190 (2006) 247–260 [82], Figure 2, with
permission. D. mPRα localization in Atlantic croaker granulosa and theca cell cultures using
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the mPRα antibody and DAPI nuclear staining. Scale bar= 10 µm. From Dressing et al.,
Endocrinology 151 (2010) 5916–5926 [44], Figure 1, with permission. E, F.
Immunocytochemistry of Atlantic croaker sperm using mPRα (E) and Golf (F) antibodies
and DAPI nuclear staining. Scale bar=5µm. From Tubbs and Thomas, Endocrinology 150
(2009) 473–484 [239], Figure 7, with permission.
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Figure 2.
Effects of microinjection of antisense morpholino oligonucleotides to GPR30 (A) and mPRα
(B) on maturation (% GVBD) of fully grown zebrafish oocytes in response to hormonal
treatments. A. Oocyte maturation in response to DHP and inhibition by 17β-estradiol. Veh:
no hormonal treatment, DHP: 10 nM DHP alone, E2+DHP: 10 nM DHP + 110 nM 17β-
estradiol, anti: zebrafish GPR30 antisense, m-anti: GPR30 mis-antisense. *, P<0.05
compared to respective mis antisense control group. + P< 0.05 compared with DHP treated
groups. From Pang et al., Endocrinology 149 (2008) 3410–4326 [161], Figure 9, with
permission. B. Oocyte maturation in response to 50 nM DHP. CTL, control uninjected
oocytes, buffer, injected with buffer alone, anti, zebrafish mPRα-antisense, m-anti, zebrafish
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mPRα-mis-antisense. From Zhu et al, Proc. Natl. Acad. Sci. 100 (2003) 2231–2236 [262],
Figure 7, with permission.*, P<0.05 compared to other treatments groups..
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Figure 3.
Effects of overexpression of mPRα, mPRβ and PR in mature zebrafish follicle-enclosed
oocytes on spontaneous oocyte maturation (A) and the activities of meiotic signaling
molecules (B) in the absence of exogenous DHP stimulation. A. Oocyte maturation (GVBD)
was assessed 5h following microinjection with the receptor transcripts. Controls (Con) were
injected with EGFP transcripts. UN: uninjected controls. * significantly different (P<0.05)
from Con and UN control groups. B. Western blot analysis of MAPK activity (p-ERK:
phosphorylated MAPK) and production of cyclin B protein. Total ERK was used as a
loading control. Reproduced from Hannna and Zhu, Mol. Cell. Endocrinol. 37 (2011) 80–90
[84], Figure 4, with permission.
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Figure 4.
Time-course effects of 200 nM cortisol (A) and 50 nM cortisol (B) on the release of
[3H]prolactin from tilapia rostral pars distalis in a perifusion system. Prolactin release was
induced by perifusing hypo-osmotic medium at time 0 and maintaining it until the end of the
experiment. The response to hypo-osmotic treatment alone is shown as solid squares. The
introduction of cortisol in shown by the arrows and the response is shown as solid circles. *,
P <0.05, **P<0.01 compared to hypo-osmotic treatment alone. Reproduced from Borski et
al., Proc. Natl. Acad.Sci. 88 (1991) 2758–2762 [23], Figure 2 with permission.
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Figure 5.
Proposed model of the dual control of the onset of oocyte maturation in teleosts by estrogens
and progestins acting through GPR30 and mPRα, respectively, at different stages of oocyte
development. Phase 1: vitellogenesis and beginning of preovulatory LH surge. Phase 2:
oocyte maturation. ? : evidence for pathway preliminary or equivocal. Details of model are
described in the text. Redrawn from Pang and Thomas, Dev Biol. 342 (2010) 194–206
[159], Figure 8, and Peyton and Thomas, Biol. Reprod. 85 (2011) 42–50 [174], with
permission.
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