Molecular and Cellular Endocrinology 496 (2019) 110537

Contents lists available at ScienceDirect

Molecular and Cellular Endocrinology
journal homepage: www.elsevier.com/locate/mce

Aldosterone, STX and amyloid-β1-42 peptides modulate GPER (GPR30)
signalling in an embryonic mouse hippocampal cell line (mHippoE-18)

T

Peter D. Evans
The Signalling Laboratory, The Babraham Institute, The Babraham Research Campus, Cambridge, CB22 3AT, UK

A R T I C LE I N FO

A B S T R A C T

Keywords:
17β-Estradiol
Aldosterone
STX
Amyloid-β peptides
G-protein coupled estrogen sensitive receptor
(GPER)
GPR30
mHippoE-18 cells
Hippocampus
Cyclic AMP

The GPCR, GPER, mediates many of the rapid, non-genomic actions of 17β-estradiol in multiple tissues, including the nervous system. Controversially, it has also been suggested to be activated by aldosterone, and by the
non-steroidal diphenylacrylamide compound, STX, in some preparations. Here, the ability of the GPER agonist,
G-1, and aldosterone in the presence of the mineralocorticoid receptor antagonist, eplerenone, to potentiate
forskolin-stimulated cyclic AMP levels in the hippocampal clonal cell line, mHippoE-18, are compared. Both
stimulatory eﬀects are blocked by the GPER antagonist G36, by PTX, (suggesting the involvement of Gi/o G
proteins), by BAPTA-AM, (suggesting they are calcium sensitive), by wortmannin (suggesting an involvement of
PI3Kinase) and by soluble amyloid-β peptides. STX also stimulates cyclic AMP levels in mHippoE-18 cells and
these eﬀects are blocked by G36 and PTX, as well as by amyloid-β peptides. This suggests that both aldosterone
and STX may modulate GPER signalling in mHippoE-18 cells.

1. Introduction
Evidence is accumulating that many of the rapid, non-genomic actions of steroids may be mediated by speciﬁc membrane located receptors (Wehling, 2017). However, the speciﬁc identity of the receptors
for individual steroids is still highly controversial. One G-protein-coupled receptor (GPCR), GPER (GPR30) has been extensively characterized as a receptor for the rapid, non-genomic actions of estrogen in a
wide variety of cancer cell lines and in tissues, such as the brain
(Prossnitz and Arterburn, 2015; Barton et al., 2018; Hadjimarkou and
Vasudevan, 2018). In many cases, it has been shown to signal from the
plasma membrane (Cheng et al., 2011) but has also been suggested to
be able to signal from endoplasmic reticular membranes (Revankar
et al., 2005). The latter suggestion would not be problematic for lipid
soluble molecules, such as steroids. In addition, it should be noted that
a considerable number of non-steroid activated GPCRs are now thought
to be capable of activating a range of second messenger pathways from
endosomal locations (Irannejad et al., 2013; West and Hanyaloglu,
2015). A range of other steroids has been shown to signal to intracellular second messenger pathways via plasma membrane located
receptors. These include the mineralocorticoid hormone, aldosterone
(see Wehling, 2017). However, there have been suggestions that the
plasma membrane located receptor for aldosterone may actually be
GPER in some tissues (Gross et al., 2011, 2013; Batenburg et al., 2012;
Ashton et al., 2015) and renal cells (Ren et al., 2014; Feldman et al.,

2016). However, the suggestion has been questioned in the absence of
detailed pharmacological signalling studies and in the absence of convincing binding studies (Wendler and Wehling, 2011; Barton and
Meyer, 2015; Wehling, 2017).
GPER is able to activate a wide range of second messenger pathways
in diﬀerent cell types (see Srivastava and Evans, 2013; Prossnitz and
Arterburn, 2015; Alexander et al., 2017; Barton et al., 2018). It appears
to be able to regulate intracellular cyclic AMP levels in hippocampal
and other neuronal cells. In previous studies, we have characterized the
signalling properties of GPER in an immortalized embryonic hippocampal cell line, mHippoE-18 (Gingerich et al., 2010; Evans et al.,
2016). This preparation overcomes many of the diﬃculties associated
with the identiﬁcation of the molecular pathways activated by GPER in
intact brain tissue, in primary cultures of isolated hippocampal neurons
or in clonal cell lines over expressing the receptor (Gingerich et al.,
2010). GPER has a high expression level in mHippoE18-cells combined
with a moderate expression level of the classical estrogen receptors,
ERα and ERβ. We have shown that GPER activation in this preparation,
by either 17β-estradiol or the GPER agonist, G-1, can lead to a dosedependent increase in forskolin-stimulated cyclic AMP levels (Evans
et al., 2016). However, it does not seem to change the levels of activation of the mitogen-activated protein kinase (MAPK) pathway as
measured by the level of phosphorylation of ERK1/2 in these cells. The
GPER antagonists, G15 and G36, block these increases in forskolinstimulated cyclic AMP levels. They are also mimicked by the actions of
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same experiments and also to potentiate responses to agonists to more
accurately determine their threshold eﬀects (Insel and Ostrom, 2003). A
non-saturating 10 μM concentration of forskolin was used. Basal levels
of mHippoE-18 cell cyclic AMP were 5.1 ± 0.42 pmoles/mg protein
(n = 12) and these were raised to 160.9 ± 7.2 pmoles/mg protein
(n = 123) after exposure to 10 μM forskolin. Protein levels were determined using a Bradford assay.

tamoxifen and ICI 182,780, compounds which have been shown to
activate GPER in other tissues (Evans et al., 2016). In contrast, aldosterone produced a decrease in forskolin-stimulated cyclic AMP levels in
these cells at concentrations between 10−10 M and 10−9 M (Evans
et al., 2016).
The present study reports on a comparison of the molecular basis of
the eﬀects of G-1 on GPER in mHippoE-18 cells, with those of aldosterone. It also explores the question of whether the diphenylacrylamide
ligand, STX, can also activate GPER in these cells. In addition, it also
explores the modulation of GPER induced second messenger eﬀects by
various agonists in this preparation after exposure to soluble amyloid-β
peptides.

2.4. Statistics
Cyclic AMP levels are represented as a percentage of basal levels
determined from three appropriate control wells on each twelve well
dish. One-way analysis of variance (ANOVA) followed by Dunnett's
multiple comparison correction was used to test for signiﬁcance in
GraphPad Prism, with p < 0.05 considered signiﬁcant. All data are
shown as mean ± SEM. Each data point plotted was the mean of data
obtained from six to eight diﬀerent experiments for conditions where
cyclic AMP levels were increased and from at least three experiments
for conditions where increases in cyclic AMP levels were blocked, unless stated otherwise. Within each experiment, three separate replicate
wells were analysed for each condition and the cyclic AMP assays on
each of the wells was carried out in duplicate.

2. Materials and methods
2.1. Culture of mHippoE-18 cells
mHippoE-18 cells were obtained from VH Bio Ltd and maintained in
culture as recommended by CELLutions Biosystems Inc., Burlington,
Ontario, Canada. Brieﬂy, cells were grown in 1x Dulbecco's Modiﬁed
Eagle's medium (DMEM) with 10% fetal bovine serum (FBS – Hyclone
Fetal Bovine Serum Charcoal/Dextran Treated. Fischer Scientiﬁc
10611235), 25 mM glucose and 1% penicillin/streptomycin and
maintained at 37 °C with 5% CO2 in 12 well plates. Prior to incubation
cells were serum starved for 16 h overnight in DMEM minus phenol red
(21063-045 InVitrogen, Fischer Scientiﬁc).

2.5. Drugs

Conditioned medium was obtained from Chinese Hamster Ovary
cells stably expressing human APP751 Alzheimer disease associated
V751 mutant (7PA2 cells) (Koo and Squazzo, 1994) using the method of
Walsh et al. (2000, 2005). Before use medium was concentrated 10-fold
using YM-3 Centriprep ﬁlters (Amicon). 50 μl of concentrated conditioned medium was added to each well of mHippoE-18 cells containing
1 ml of DMEM minus phenol red for a 1 h pre-incubation.
Synthetic amyloid β1-42 was prepared using the protocol of Origlia
et al. (2009). Brieﬂy, 1 mg of peptide was suspended in 100%
1,1,1,3,3,3-hexaﬂuoro-2-propanol (HFIP, Sigma-Aldrich) and the HFIP
allowed to evaporate overnight in a fume hood. Twenty-four hours
prior to use, the aliquot was taken up into 50 μl of DMSO. This was
dispersed into 1 ml of DMEM minus neutral red to give a 100 μM stock
and left at 4 °C for 24 h to allow formation of soluble amyloid β1-42
oligomers. This synthetic amyloid β1-42 preparation has been characterized both biochemically and electrophysiologically, and shows
similar biological eﬀects as naturally secreted soluble amyloid β1-42
oligomers (Haass and Selkoe, 2007).

The drugs used in these experiments were obtained from the following sources:
17β-Estradiol, aldosterone, eplerenone, pertussis toxin (PTX),
wortmannin, BAPTA-AM and IBMX were purchased from SigmaAldrich (Poole, Dorset, UK); G-1, G15, G36, were purchased from Tocris
Bioscience (Bristol, UK). Forskolin was obtained from Abcam
Biochemicals (Cambridge, UK). Amyloid-β1-42 HCL was obtained from
rPeptide. We thank Professor Jeﬀrey Arterburn, New Mexico State
University, Las Cruces, New Mexico, USA for initial samples of G36. We
also thank Professors Martin Kelly and Philip Copenhaver, Oregon
Health and Science University, Portland, Oregon, USA for the sample of
STX.
All drugs were dissolved to give a stock solution of either 10−2 or
10−3 M in 100% ethanol, except for STX and BAPTA which were dissolved in DMSO to give stocks of 10−3 M. All experimental solutions
were obtained by appropriate dilution of stocks in phenol red free
DMEM containing 100 μM IBMX. Appropriate vehicle controls were
added to all basal wells on each 12 well plate. In no case did the ﬁnal
experimental solutions contain more than 1% DMSO. The ﬁnal concentrations of ethanol in the experimental solutions was from 1% to
1.3% depending upon the number of experimental drugs used in each
experiment.

2.3. Cyclic AMP determination

3. Results

Cyclic AMP levels in mHippoE-18 cells were determined as described previously in detail (Burman et al., 2009; Burman and Evans,
2010; Srivastava et al., 2005; Bayliss et al., 2013), except 100 μM isobutylmethylxanthine (IBMX) was used. Brieﬂy, cells were pre-incubated
with 100 μM IBMX for 20 min, followed by incubation with 10 μM
forskolin and 100 μM IBMX in the presence of increasing concentrations
of the various agonists for a further 20 min. In experiments where antagonists and inhibitors were used, mHippoE-18 cells were pre-incubated with 100 μM IBMX and various concentrations of antagonists
or inhibitors for 20 min. This was followed by incubation with varying
concentrations of agonist, antagonists or inhibitors, plus 10 μM forskolin and 100 μM IBMX for a further 20 min. Cyclic AMP levels were
measured using a [3H]-cyclic AMP (NET275, PerkinElmer) protein kinase A radiometric binding assay (Munirathinam and Yoburn, 1994).
Forskolin was used both to increase basal cyclic AMP levels to make
it easier to detect increases and decreases in cyclic AMP levels in the

3.1. G-1 and aldosterone activation of adenylyl cyclase activity in
mHippoE-18 cells

2.2. Preparation of soluble oligomers of amyloid-β peptides

In the present study, the dose-dependent increases in forskolin-stimulated cyclic AMP levels produced by G-1 in mHippoE-18 cells had a
threshold for a signiﬁcant eﬀect between 10−10 M and 3 × 10−10 M
(Fig. 1A). The G-1 stimulatory eﬀects were blocked in the presence of
10−6 M of the GPER antagonist, G36 (Fig. 1A). However, 10−6 M
eplerenone, a speciﬁc mineralocorticoid receptor antagonist, did not
signiﬁcantly aﬀect the dose-dependent stimulatory eﬀects of G-1 alone,
or the blocking of the eﬀects of G-1 in the presence of 10−6 M G36
(Fig. 1A).
In contrast, the slight inhibitory eﬀects of aldosterone alone on
forskolin-stimulated cyclic AMP levels were converted into a dose-dependent stimulation in the presence of 10−6 M eplerenone, with a
threshold for a signiﬁcant response between 10−8 M and 3 × 10−8 M
2
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Fig. 2. Eﬀects of PTX on (A) G-1 or G-1 plus G36 and (B) aldosterone alone
(ALDO), or in the presence of eplerenone (ALDO + EPL), forskolin-stimulated
cyclic AMP levels in mHippoE-18 cells. mHippoE-18 cells were pre-incubated
with PTX (100 ng/ml) overnight before exposure to 100 μM IBMX, plus or
minus 1 μM of either G36 or eplerenone as appropriate, for 20 min, followed by
incubation with varying concentrations of either agonist, plus or minus 1 μM
antagonist as appropriate, 10 μM forskolin and 100 μM IBMX for a further
20 min. The basal values in the absence of agonist and antagonist are shown as
100%. The dose-dependent agonist responses to G-1, aldosterone and aldosterone plus eplerenone, are shown for comparison. Values are signiﬁcantly
diﬀerent from basal as follows with experiment numbers in brackets: G-1, ALDO
and ALDO + EPL, see Fig. 1. G-1 + PTX, (n = 3), 1 nM p = 0.0496; 3 nM
p = 0.0316. (N = 3 for all other traces).

Fig. 1. Eﬀects of the GPER antagonist, G36, and the mineralocorticoid receptor
antagonist, eplerenone (EPL), on (A) G-1 and (B) aldosterone (ALDO) forskolinstimulated cyclic AMP levels in mHippoE-18 cells. mHippoE-18 cells were preincubated with 100 μM IBMX, plus or minus 1 μM of either antagonist, for
20 min, followed by incubation with varying concentrations of either agonist,
plus or minus 1 μM of either or both antagonists, 10 μM forskolin and 100 μM
IBMX for a further 20 min. The basal values in the absence of agonist and
antagonist are shown as 100%. Values are signiﬁcantly diﬀerent from basal as
follows, with experiment numbers (n) in brackets: G-1 alone (n = 8), 0.3 nM,
p = 0.0495; 1 nM, p = 0.0278; 3 nM, p = 0.0028 and 10 nM, p = 0.0462. G1 + EPL (n = 3), 0.3 nM, p = 0.05; 1 nM, p = 0.0240; 3 nM, p = 0.0248. G1 + G36 (n = 5). G-1 + G36 + EPL (n = 3). ALDO, (n = 7). ALDO + EPL,
(n = 8) 30 nM, p = 0.0352; 100 nM, p = 0.0112. ALDO + G36, (n = 3).
ALDO + EPL + G36, (n = 3).

not blocked by 10−6 M G36 and were not signiﬁcantly diﬀerent from
the inhibitory eﬀects produced by aldosterone in the presence of
10−6 M eplerenone plus 10−6 M G36 (Fig. 1B).
Exposure of mHippoE-18 cells to either 10−6 M G36 alone, or to
10−6 M eplerenone alone, did not produce any signiﬁcant changes in
cyclic AMP from control levels (G36 alone, 100.7 ± 3.1%; n = 45.
Eplerenone alone, 106.2 ± 3.8; n = 36).

(Fig. 1B). The apparent shoulder on the dose-response curve at lower
aldosterone concentrations, between 10−10 M and 10−8 M, appears due
to a small, consistent, higher aﬃnity component of the curve with
maximal values at diﬀerent aldosterone concentrations in diﬀerent
experiments, which did not quite reach the signiﬁcance threshold
(10−9 M, p = 0.0714; 3 × 10−9 M, p = 0.0746; 10−8 M, p = 0.0672).
In addition, both components of the stimulatory eﬀects of aldosterone
on forskolin-stimulated cyclic AMP levels in the presence of 10−6 M
eplerenone were blocked in the presence of 10−6 M G36 (Fig. 1B),
suggesting that aldosterone may be producing these stimulatory eﬀects
via an action on GPER. The inhibitory eﬀects of aldosterone alone were

3.2. Pathway of GPER activation of adenylyl cyclase activity in mHippoE18 cells
In the present study, the mechanism of activation of the increase in
3
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forskolin-stimulated cyclic AMP levels after GPER stimulation by different agonists has been investigated. The dose-dependent increases in
forskolin-stimulated cyclic AMP levels in mHippoE-18 cells initiated by
either G-1, or aldosterone in the presence of 10−6 M eplerenone, were
inhibited by pre-treatment with 100 ng/ml pertussis toxin (PTX) for
24 h (Fig. 2A and B). This suggests that these eﬀects were mediated by
GPER activation of a Gi/o pathway. The treatment with PTX did not
alter the inhibition of forskolin-stimulated cyclic AMP levels induced
after either exposure of the cells to G-1 in the presence of 10−6 M G36
or exposure of the cells to aldosterone alone. Exposure of mHippoE18 cells to 100 ng/ml PTX alone, did not produce any signiﬁcant
changes in cyclic AMP from control levels (PTX alone, 96.2 ± 4.7%;
n = 17).
The activation of the Gi/o pathway is usually associated with an
inhibition of the production of cyclic AMP. Thus, the possibility was
investigated that the G-1 mediated dose-dependent increases in forskolin-stimulated cyclic AMP levels in mHippoE-18 cells were the secondary result of increases in intracellular calcium levels. Such increases
in calcium have been shown to trigger the activation of one of the forms
of calcium/calmodulin-stimulated adenylyl cyclase known to be present
in hippocampal neurons (Ferguson and Storm, 2004). Exposure of
mHippoE-18 cells to 10−5 M BAPTA-AM blocked the dose-dependent
increases in forskolin-stimulated cyclic AMP levels initiated by either G1, or aldosterone in the presence of 10−6 M eplerenone, suggesting that
these increases were calcium dependent (Fig. 3A and B). This treatment
with BAPTA-AM did not alter the modest dose-dependent inhibition of
forskolin-stimulated cyclic AMP levels initiated by exposure of the cells
to aldosterone alone (Fig. 3B). However, the dose-dependent inhibition
of forskolin-stimulated cyclic AMP levels initiated by exposure of the
cells to G-1 in the presence of 10−5 M BAPTA-AM was increased in the
presence of 10−6 M G36, at G-1 concentrations between 3 × 10−10 M
and 10−8 M by an unknown mechanism. Exposure of mHippoE-18 cells
to 10−5 M BAPTA-AM alone, did not produce any signiﬁcant changes in
cyclic AMP from control levels (BAPTA-AM alone, 106.3 ± 4.5%;
n = 12). The reason for the above additivity of the eﬀects of BAPTA-AM
and G36 on the G-1 responses is unknown at present.
Many of the actions of GPER activation of the Gi/o pathway, in a
range of cell types, have also been shown to be linked to the activation
of the PI3Kinase/Akt pathway. Thus, the eﬀect of inhibition of the latter
pathway by exposure of the cells to 10−7 M wortmannin was examined.
Fig. 4 A and B show that exposure of mHippoE-18 cells to this concentration of wortmannin blocked the dose-dependent increases in
forskolin-stimulated cyclic AMP levels initiated by either G-1, or aldosterone in the presence of 10−6 M eplerenone (Fig. 4A and B). This
suggests that these increases were dependent also on the PI3Kinase/Akt
pathway in mHippoE-18 cells. The dose-dependent inhibitory eﬀects of
G-1 in the presence of wortmannin, were also increased in the presence
of 10−6 M G36 at concentrations between 3 × 10−10 M and
3 × 10−9 M by an unknown mechanism. The modest dose-dependent
inhibition of forskolin-stimulated cyclic AMP levels initiated by exposure of the cells to aldosterone alone was not blocked by wortmannin. Exposure of mHippoE-18 cells to 10−7 M wortmannin alone,
did not produce any signiﬁcant changes in cyclic AMP from control
levels (wortmannin alone, 104.6 ± 3.9%; n = 18).

Fig. 3. Eﬀects of BAPTA-AM on (A) G-1 and (B) aldosterone alone (ALDO), or in
the presence of eplerenone (ALDO + EPL), forskolin-stimulated cyclic AMP
levels in mHippoE-18 cells. mHippoE-18 cells were pre-incubated with 10 μM
BAPTA-AM, 100 μM IBMX, plus or minus 1 μM of either antagonist (G36 or
eplerenone), for 20 min, followed by incubation with varying concentrations of
either agonist, 10 μM BAPTA-AM, plus or minus 1 μM of either antagonist,
10 μM forskolin and 100 μM IBMX for a further 20 min. The basal values in the
absence of agonist and antagonist are shown as 100%. The dose-dependent
agonist responses to G-1, aldosterone and aldosterone plus eplerenone are
shown for comparison. Values are signiﬁcantly diﬀerent from basal as follows
with experiment numbers in brackets: G-1, ALDO and ALDO + EPL, see Fig. 1.
(N = 3 for all other traces). G-1 + BAPTA, 0.3 nM p = 0.050; 3 nM
p = 0.0088. G-1 + BAPTA + G36, 0.3 nM, p = 0.0046; 1 nM, p = 0.0034;
3 nM, p = 0.0011; 10 nM, p = 0.0092.

β1-42 peptide (Vitolo et al., 2002; Puzzo et al., 2005; Rebola et al.,
2017). Thus, the ability of soluble oligomeric forms of amyloid-β1-42 to
modulate the GPER induced increases in calcium-dependent forskolinstimulated cyclic AMP levels in mHippoE-18 cells was examined. The
dose-dependent stimulatory eﬀects of G-1 on forskolin-stimulated cyclic
AMP levels in mHippoE-18 cells were reduced by exposure to a 1 h preincubation with 2 nM soluble amyloid-β1-42 peptide and blocked by
exposure to a 1 h pre-incubation of either 20 nM soluble amyloid-β1-42
peptide or amyloid-β conditioned medium (Fig. 5A). Further, the two
components of the dose-dependent stimulatory eﬀects of aldosterone on
forskolin-stimulated cyclic AMP levels in mHippoE-18 cells in the presence of 10−6 M eplerenone were also blocked after exposure to 20 nM

3.3. The eﬀect of amyloid-β-peptide on GPER activation of adenylyl cyclase
activity in mHippoE-18 cells
Evidence is accumulating to suggest that some of the rapid eﬀects of
estrogen, on memory and cognition (Alexander et al., 2017) and on
neuroprotection (Gingerich et al., 2010; Tang et al., 2014; Alexander
et al., 2017) in the hippocampus, may be mediated by the activation of
GPER. In addition, several forms of synaptic plasticity, including longterm potentiation in the hippocampus, appear to require calcium-dependent increases in cyclic AMP levels (Xia and Storm, 2012), which
can be inhibited by the actions of soluble oligomeric forms of amyloid4
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Fig. 4. Eﬀects of wortmannin (WORT) on (A) G-1 or G-1 plus G36 and (B)
aldosterone alone (ALDO), or in the presence of eplerenone (ALDO + EPL),
forskolin-stimulated cyclic AMP levels in mHippoE-18 cells. mHippoE-18 cells
were pre-incubated with 100 nM WORT, 100 μM IBMX, plus or minus 1 μM of
either antagonist (G36 or eplerenone), for 20 min, followed by incubation with
varying concentrations of either agonist, 100 nM WORT, plus or minus 1 μM of
either antagonist, 10 μM forskolin and 100 μM IBMX for a further 20 min. The
basal values in the absence of agonist and antagonist are shown as 100%. The
dose-dependent agonist responses to G-1, aldosterone and aldosterone plus
eplerenone are shown for comparison. Values are signiﬁcantly diﬀerent from
basal as follows with experiment numbers in brackets: G-1, ALDO and
ALDO + EPL, see Fig. 1. (N = 3 for all other traces). G-1 + WORT, 10 nM,
p = 0.0312. G-1 + WORT + G36, 0.3 nM p = 0.0017; 1 nM, p = 0.0003;
3 nM, p = 0.0045; 10 nM, p = 0.0303.

Fig. 5. Eﬀects of Amyloid-β peptides on (A) G-1 and (B) aldosterone alone
(ALDO), or in the presence of eplerenone (ALDO + EPL), forskolin-stimulated
cyclic AMP levels in mHippoE-18 cells. AB CM represents Amyloid-β peptide
conditioned media and AB 2 and 20 nM represents diﬀerent concentrations of
synthetic Amyloid-β1-42 peptide. mHippoE-18 cells were pre-incubated for 1 h
in the presence of appropriate levels of amyloid-β peptide, prior to addition of
100 μM IBMX for 20 min. They were then incubated with varying concentrations of either agonist, plus appropriate levels of amyloid-β peptide, 10 μM
forskolin and 100 μM IBMX for a further 20 min. The basal values in the absence of agonist and amyloid-β peptide are shown as 100%. The dose-dependent agonist responses to G-1, aldosterone and aldosterone plus eplerenone, are
shown for comparison. Values are signiﬁcantly diﬀerent from basal as follows
with experiment numbers in brackets: G-1, ALDO and ALDO + EPL, see Fig. 1.
(N = 3 for all other traces). G-1 + (AB 2 nM), 1 nM, p = 0.056; 10 nM,
p = 0.0493. G-1 + (AB 20 nM), 1 nM, p = 0.0520. G-1 + (AB CM), 3 nM
p = 0.0568; 10 nM, p = 0.0320; 30 nM p = 0.0523; 100 nM p = 0.0392.

amyloid-β1-42 peptide (Fig. 5B). In contrast, the slight dose-dependent
inhibitory eﬀects of aldosterone alone were not blocked after exposure
to 20 nM amyloid-β1-42 peptide. Exposure of mHippoE-18 cells to 20 nM
amyloid-β1-42 peptide alone, did not produce any signiﬁcant changes in
cyclic AMP from control levels (amyloid-β1-42 peptide alone,
107.7 ± 4.4%; n = 39).

STX mimics many of the rapid non-genomic actions of 17β-Estradiol in
diﬀerent tissues, suggesting it might also function as a GPER selective
agonist (Lin et al., 2009; Prossnitz and Arterburn, 2015). However, in
some tissues STX might also activate additional membrane-based estrogen receptors, such as the postulated, but unidentiﬁed receptor, GqmER, since it still appears to be active in GPER knockout mice (Qiu
et al., 2006; Roepke et al., 2009; Kelly and Rønnekleiv, 2015). Thus, in
the present study, the eﬀects of STX on forskolin-stimulated cyclic AMP
levels in mHippoE-18 cells have also been assessed.

3.4. STX activation of adenylyl cyclase activity in mHippoE-18 cells
The diphenylacrylamide STX combines structural elements of both
4-hydroxytamoxifen and raloxifene, compounds which have been reported to be potent agonists of GPER (Prossnitz and Arterburn, 2015).
5
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PI3Kinase, since it is inhibited by wortmannin (Ruiz-Palmero et al.,
2013). In addition, GPER has been reported to elevate intracellular
calcium levels in a number of diﬀerent preparations (Revankar et al.,
2005) by pathways which have variously been described as being
completely (Filardo et al., 2000), or partially (Revankar et al., 2005),
blocked by PTX, suggesting a role for Gαi/o G-proteins.
GPER has been reported to increase cyclic AMP levels by a Gαs
activation of adenylyl cyclase in cancer cells (Thomas et al., 2005;
Filardo and Thomas, 2012), in ﬁsh oocytes (Pang et al., 2008) and in
vascular tissue (Lindsey et al., 2014). In contrast, the GPER mediated
cyclic AMP increases in mHippoE-18 cells are calcium sensitive. This is
consistent with GPER facilitation of calcium oscillations in GnRH neurons in the hypothalamus (Sun et al., 2010; Alexander et al., 2017) and
by the presence of the AC1 and AC8 forms of calcium/calmodulin-stimulated adenylyl cyclase in hippocampal neurones (see Ferguson and
Storm, 2004). Indeed, a calcium-dependent synthesis of cyclic AMP is
essential for long-term potentiation (LTP) in hippocampal neurones
(Chetkovich and Sweatt, 1993; Robertson and Sweatt, 1996;
Balakishnan et al., 2016). Thus, GPER might have an important role in
the modulation of hippocampal LTP.
The suggestion that the mineralocorticoid, aldosterone, can activate
GPER is highly controversial (see Wendler and Wehling, 2011; Barton
and Meyer, 2015; Hermidorﬀ et al., 2017; Ruhs et al., 2017; Wehling,
2017). In the present study, it has been shown that the aldosteronemediated inhibition of forskolin-stimulated cyclic AMP levels in
mHippoE-18 cells can be converted into a dose-dependent stimulation
in the presence of the speciﬁc mineralocorticoid receptor (MR) inhibitor, eplerenone. Further, this stimulation has many parallels with
the eﬀects of GPER activation by 17β-Estradiol, or the GPER agonist G1, in this preparation. They can all be blocked by the presence of the
GPER antagonist, G36. They are all sensitive to PTX, suggesting they are
mediated by a Gαi/o G-proteins. They are all blocked in the presence of
BAPTA-AM, suggestion they are calcium sensitive and they are all
blocked in the presence of wortmannin, suggesting an involvement of
PI3Kinase.
The above evidence raises the possibility that it might be possible to
demonstrate an interaction of aldosterone with GPER in this preparation, when the eﬀects of aldosterone on MR are blocked. In this context,
it is interesting to note that aldosterone can also induce a calcium-dependent increase in cyclic AMP levels in primary cultures of cardiomyocytes in the presence of the MR antagonist, spironolactone (Araujo
et al., 2016). Further, supporting evidence for an interaction between
aldosterone and GPER has been provided in studies from the cardiovascular system (Gross et al., 2011, 2013; Batenburg et al., 2012;
Ashton et al., 2015) and renal cells (Ren et al., 2014; Feldman et al.,
2016). In addition, cross talk between GPER and MR has been reported
in breast cancer cells (Rigiracciolo et al., 2015). Further, aldosterone
has also been reported to couple GPER to the activation of the MAPKinase pathway when the receptor is heterologously expressed in
HEK293 cells (Evans et al., 2014). However, deﬁnitive evidence that
aldosterone can actually bind to GPER in any preparation is lacking and
this represents a severe impediment to the acceptance of this hypothesis. Attempts to demonstrate the binding of aldosterone to GPER in
plasma membrane fractions from whole kidney tissue, or from
HEK293 cells expressing recombinant GPER, have been unsuccessful
(Cheng et al., 2014). However, this study has been criticized for not
providing all “the basic characteristics of binding parameters such as Kd
and binding capacity” and only providing displacement curves
(Wehling, 2017). Equally, the lack of binding of aldosterone to GPER in
studies on breast cancer cells (Rigiracciolo et al., 2015) has been criticized because they were only carried out on whole cells (Wehling,
2017). Thus, Wehling (2017) has suggested that the lack of deﬁnitive
evidence for the binding of aldosterone to GPER represents the strongest argument against GPER as an aldosterone receptor. However,
Wehling (2017) points out that it is not unusual that binding studies
cannot be reproduced in diﬀerent systems, or under the diﬀerent

Fig. 6. Eﬀects of the GPER antagonist, G36 (1 μM), PTX (100 ng/ml) or AB
20 nM on STX forskolin-stimulated cyclic AMP levels in mHippoE-18 cells.
mHippoE-18 cells were pre-incubated with either PTX overnight, or AB 20 nM
for 1 h, prior to addition of 100 μM IBMX 20 min. They were then incubated
with varying concentrations of STX, in the presence or absence of 1 μM G36 as
appropriate, plus 10 μM forskolin and 100 μM IBMX for a further 20 min. The
basal values in the absence of agonist and antagonist are shown as 100%.
Values are signiﬁcantly diﬀerent from basal as follows with experiment numbers in brackets: STX (n = 6) 10 nM, p = 0.0510; 30 nM, p = 0.0412; 100 nM,
p = 0.0324. (N = 3 for all other traces).

STX produced a dose-dependent increase in forskolin-stimulated
cyclic AMP levels in mHippoE-18 cells, with a threshold for a signiﬁcant
response occurring between 3 × 10−9 M and 10−8 M (Fig. 6). There
was again an apparent shoulder on the dose-response curve at lower
STX concentrations, between 10−10 M and 3 × 10−9 M. This also appears to be due to a small consistent higher aﬃnity component of the
curve with maximal values at diﬀerent STX concentrations in diﬀerent
experiments, which did not reach the signiﬁcance threshold. Both
components of the STX response were blocked in the presence of
10−6 M of the GPER antagonist, G36, suggesting the involvement of
GPER in this response of mHippoE-18 cells to STX. They were also
blocked by overnight pre-exposure to PTX (100 ng/ml) suggesting an
involvement of Gi/o G proteins. Additionally, they were also both
blocked by a 1 h pre-exposure to 20 nM amyloid-β1-42 peptide (Fig. 6).
4. Discussion
The G-protein coupled receptor sensitive to estrogen (GPER or
GPR30) in the immortalized hippocampal cell line, mHippoE-18, induces a rapid and dose-dependent, increase in forskolin-stimulated
cyclic AMP levels when stimulated by 17β-Estradiol or the GPER agonist, G-1 (Evans et al., 2016). In the present study, these eﬀects have
been shown to be sensitive to the presence of PTX, suggesting that they
are mediated via a Gαi/o pathway. They have also been shown to be
calcium-sensitive, since they are blocked after exposure to BAPTA-AM
(10−5 M) and to involve the PI3Kinase/Akt pathway, since they are
blocked by wortmannin (10−7 M). GPER is also coupled to a PTX sensitive Gαi/o pathway, which results in the activation of PI3Kinase, in a
number of cancer cell lines (Prossnitz and Barton, 2011; Filardo and
Thomas, 2012). This leads to the transactivation of the epidermal
growth factor receptor, which in turn leads to the stimulation of the
ERK signalling pathway. However, in mHippoE-18 cells 17β-Estradiol
did not produce consistent activation of the MAPKinase pathway, as
assayed by the level of phosphorylation of ERK1/2 (Evans et al., 2016).
Nevertheless, GPER has been suggested to increase neuritogenesis in
developing mouse hippocampal neurones via the activation of
6
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STX has been shown to have eﬀects on hippocampal neurons (Lebesgue
et al., 2010; Gray et al., 2016), evidence for the presence of Gαq-mER,
or ERX, in mHippoE-18 cells is not currently available.
Soluble oligomers of β-amyloid peptides, rather than formation of
amyloid-β plaques, appear to be responsible for many of the cognitive
defects associated with the early stages of mild cognitive impairment
and of Alzheimers's disease (Lue et al., 1999; Li et al., 2009; Harwell
and Coleman, 2016; Park et al., 2017). Such peptides are capable of
blocking the GPER-mediated rapid increases in forskolin-stimulated
cyclic AMP levels produced in mHippoE-18 cells by agonists, such as G1, aldosterone, STX and also 17β-Estradiol (data not shown). Exposure
to soluble oligomers of β-amyloid peptides also reduces the calciumdependent increase in cyclic AMP levels known to underlie LTP in
hippocampal cells (Vitolo et al., 2002; Xia and Storm, 2012). Thus,
GPER mediated calcium-dependent increases in cyclic AMP levels may
underlie some of the eﬀects of 17β-Estradiol on memory and learning
and on neuroprotection in hippocampal cells. The above results suggest
that soluble oligomers of β-amyloid peptides may be acting upon speciﬁc cell surface receptors in mHippoE-18 cells. The direct binding of βamyloid peptides to β2-adrenergic receptors has previously been suggested to produce time-dependent increases and decreases in cyclic
AMP levels and to stimulate receptor desensitization and internalization
in hippocampal cells (Wang et al., 2010, 2011). The β-amyloid peptides
do not bind to the catecholamine-binding site of the β2-adrenergic receptor but rather bind to an allosteric site involving the N-terminus of
the receptor. β-Amyloid oligomeric peptides have also been shown to
interact with α-7 nicotinic acetylcholine receptors to induce glutamate
release in hippocampal slices resulting in an NMDA receptor-mediated
reduction in EPSC frequency (Talantova et al., 2013). Nanomolar
concentrations of soluble oligomeric β-amyloid peptides have also been
shown to block hippocampal long-term potentiation, cause pyramidal
cell dendritic spine retraction and impair rodent spatial memory by
direct interactions with cellular prion protein, PrPc (Laurén et al.,
2009). However, it is not clear if the soluble oligomeric β-amyloid
peptides can interact directly with GPER, or produce their eﬀects on
calcium-dependent GPER-mediated stimulation of cyclic AMP levels in
mHippoE-18 cells by some modulatory actions on the pathways responsible for this eﬀect or by the induction of oxidative stress eﬀects
(Butterﬁeld and Boyd-Kimball, 2018).
Future studies, on computer aided docking on structural models of
GPER (Méndez-Luna et al., 2016, 2015), and on ligand binding, will
help resolve the controversial problems of whether aldosterone is
capable of mediating physiologically relevant eﬀects via GPER. In addition, further studies are required on the second messenger pathways
activated by a range of GPER agonists in various tissues, with diﬀerent
levels of expression of diﬀerent G-proteins and scaﬀold proteins. These
will provide information on the potential role of this receptor for the
development of novel therapeutic agents. These will be of use in the
control of the defects in synaptic plasticity associated with the actions
of soluble oligomeric forms of β-amyloid peptides in mild cognitive
impairment and in the early cognitive eﬀects associated with Alzheimer's disease.

conditions required to demonstrate speciﬁc binding of steroids to
membrane fractions (see Wehling et al., 1991; Wehling, 2017). For
example, the binding of 3H-ponasterone to a Drosophila GPCR
(DmDopEcR) that can be activated by both ecdysteroids and catecholamines, could not be blocked by catecholamines (Srivastava et al.,
2005). This was suggested to be due to the much higher aﬃnity of the
receptor for ecdysteroids compared with dopamine.
In view of the diﬃculties in demonstrating deﬁnitive binding of
aldosterone to GPER, one needs to consider other potential explanations for the results obtained with aldosterone in the present study, and
in other studies, where the aldosterone eﬀects have similar pharmacological properties to those of GPER activation. Perhaps GPER and MR
can form an obligate heterodimer, where both receptors are required to
produce physiological eﬀects. Indeed, the presence of such dimers has
been suggested in breast cancer cells (Rigiracciolo et al., 2015). However, in the mHippoE-18 cell preparation the aldosterone signalling in
the presence of the MR antagonist, eplerenone, would be diﬃcult to
explain on this basis. Alternatively, aldosterone and 17β-Estradiol (or
G-1), may bind to diﬀerent, or overlapping, binding sites on GPER,
which interact allosterically to modify receptor signalling. This could
account for the lack of mutual displacement activity in binding studies.
Further, perhaps aldosterone can only bind speciﬁcally to GPER in
speciﬁc cell types where the correct auxillary receptor binding proteins
are present in the cells. This could lead to the receptor displaying some
form of “biased agonism” or “agonist-speciﬁc coupling” (Evans et al
1995, 2014; Kenakin, 1995; Srivastava and Evans, 2013; Violin et al.,
2014) or “biased antagonism” (Azzi et al., 2003; Wisler et al., 2007). A
considerable amount of evidence suggests that GPER can interact with
other membrane located proteins, including other GPCRs (Akama et al.,
2013; Broselid et al., 2014) or auxillary proteins, such as receptor activity modifying proteins (RAMPs) (Lenhart et al., 2013). This would
emphasise the importance of carrying out future binding studies in
preparations where aldosterone exhibits pharmacological and signalling capabilities compatible with an interaction with GPER.
The mode of action of the diphenylacrylamide, STX, in mimicking
the diﬀerent rapid, non-genomic actions of 17β-Estradiol is controversial. In some preparations, STX has been suggested to be a possible activator of GPER (Lin et al., 2009; Prossnitz and Arterburn,
2015). However, GPER knock out studies (Prossnitz and Hathaway,
2015) looking at the eﬀects of STX, have also produced complex results.
Lin et al. (2009) found that the eﬀects of STX on endometrial cell
proliferation were blocked by GPER knockout. Alternatively, Qiu et al.
(2003, 2008) report that the eﬀects of STX on the modulation of hypothalamic activity were not blocked by GPER knockout. They postulate that in this preparation, STX activates an additional Gαq-linked
membrane located estrogen receptor, (Gαq-mER). However, this receptor has not yet been identiﬁed and sequenced. In addition, there
might also be species diﬀerences in the involvement of GPER and GαqmER in various rapid estrogen responses. Thus, in primates the 17βEstradiol-mediated rapid release of GnRH may be produced by an action through GPER and/or Gαq-mER (STX-R), whereas in mice it appears to involve ERβ and/or Gαq-mER (Terasawa and Kenealy, 2012).
In the present study, the apparent biphasic dose-dependent activation
of the calcium-sensitive forskolin-stimulated cyclic AMP levels by STX
in mHippoE-18 cells is completely blocked by the GPER antagonists,
G36 and G15 (data not shown). This suggests that these actions of STX
in this preparation are likely to be mediated by GPER, always presupposing that G15 and G36 do not block Gαq-mER in this preparation.
The above conclusion is also supported by the observation that
ICI182781 also produces a dose-dependent increase in forskolin-stimulated cyclic AMP levels in mHippoE-18 cells, since this compound is
thought to be an antagonist of the eﬀects of STX on Gαq-mER (Qiu
et al., 2003, 2008). However, the above observations do not mean that
STX cannot modulate other second messenger eﬀects in mHippoE18 cells by additional membrane located estrogen receptors, such as
Gαq-mER or ERX (Toran-Allerand, 2004). Nevertheless, even though
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