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Abstract
The mineralocorticoid receptor (MR) mediates the actions of two important adrenal Key Words
corticosteroid hormones, aldosterone and cortisol. The cell signalling roles of the MR » aldosterone
in vivo have expanded enormously since the cloning of human MR gene 30 years ago and  » cortisol
the first MR gene knockout in mice nearly 20 years ago. Complete ablation of the MR » mineralocorticoid
revealed important roles postnatally for regulation of kidney epithelial functions, with receptors

» null mice

MR-null mice dying 1-2 weeks postnatally from renal salt wasting and hyperkalaemia,
with elevated plasma renin and aldosterone. Generation of tissue-selective MR-deficient
mice using Cre recombinase-LoxP gene targeting has made it possible to analyse mice
lacking MR only in specific cell types. Targeting renal-specific MR has differentiated
roles in specific compartments of the kidney. Ablating MR in neurons of the forebrain
reinforced important roles of the MR in response to stress, behaviour and anxiety, but
suggested a minimal role in maintaining basal HPA axis tone. Deletion of the MR in
macrophages and other cell types of the cardiovascular system clearly defined important
roles for the regulation of cardiovascular physiology and pathophysiology. Knockdown
of MR mRNA in vivo using antisense/siRNA approaches, and similarly MR overexpression,
has provided useful rodent models to study physiological roles of MR signalling in vivo.
More recently, targeted mutation of specific domains of the MR such as the DBD has
defined genomic vs non-genomic roles in vivo. New tissue-selective MR-null models

are required to define roles of MR signalling in other regions of the brain, the eye,
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Introduction

The mineralocorticoid receptor (MR) is an intracellular
steroid hormone receptor, and a member of the nuclear
receptor superfamily, that mediates the physiological action
of two important adrenal steroids, aldosterone and cortisol
(Funder 2010, Gomez-Sanchez & Gomez-Sanchez 2014).
Both steroids have important homeostatic roles in the body,
and the absence or excess of these steroids causes significant

clinical disease such as Cushing’s syndrome with excess
cortisol and hyperaldosteronism with elevated aldosterone
(Funder 2017). These conditions can now be treated with a
range of effective and specific GR or MR antagonists (Yang
& Young 2016). In the kidney and colon, aldosterone acts
via the MR to stimulate sodium reabsorption and potassium
loss to regulate electrolyte homeostasis. The MR is also
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expressed in a wide range of non-epithelial cells including
areas of the brain, adipose tissue, the heart and vessel wall.
Receptor selectivity for aldosterone is not always the case
in these cells allowing cortisol to regulate transcriptional
responses via a nuclear receptor in addition to GR.
Moreover, cortisol can have both agonist and antagonist
actions at the MR depending on cell context and whether
enzymatic ‘protection’ of the MR is present.

The diversity of cell signalling roles via the MR has
expanded enormously since the cloning of the human
MR and first mouse gene knockout of the MR nearly
20 years ago, to be discussed in detail in this review
(Arriza et al. 1987, Berger et al. 1998). Development of
specialised, genetically modified animal models that
interrogate the physiological role of the MR in specific cell
or tissue compartments has facilitated numerous studies
that have defined and dissected novel cell-type-specific
actions of the MR in vivo. This review will describe the
insights on the role of the MR and its signalling pathways
across a range of tissues and cells gained from analysis of
cell-type selective knockouts, modulation and mutation
of the MR gene in the mouse (summarised for specific
mouse models below in Table 1), that began almost
20 years ago in a small university town in Germany
(Berger et al. 1998).

Table 1 Phenotypes of tissue or cell-type-specific MR-null mice.
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The adrenal corticosteroids, MR signalling in
cells and MR antagonists

The «cells of the adrenal cortex synthesise the
corticosteroids aldosterone, cortisol and corticosterone
(rats, mice) and in humans, the adrenal androgens
androstenedione, dehydroepiandrostenedione sulphate
and 11p-hydroxyandrostenedione via a well-characterised
steroid biosynthetic enzyme pathway (Baker 2004).
Aldosterone synthesis in the adrenal is primarily regulated
by increasing the activity of the key biosynthetic enzyme
aldosterone synthase (CYP11B2), normally in response to
angiotensin II (Angll) or elevated plasma (K+). The adrenal
steroids act via binding to and activating either the
MR, glucocorticoid receptor (GR) or androgen receptor
(AR), which are all members of the steroid hormone
subfamily of nuclear receptors (McKenna et al. 2014). The
MR in target cells can be activated by aldosterone and
glucocorticoids with almost identical binding affinities;
unprotected MRs thus act primarily as a high-affinity
GR due to the much higher circulating and intracellular
concentrations of glucocorticoids. In aldosterone target
cells and tissues, specificity is afforded by the expression
of the 11p-hydroxysteroid dehydrogenase type II

(11p-HSD2) enzyme that efficiently metabolises

Tissue compartment

Complete null

Renal tubule

Renal nephron

Forebrain/CNS

VSMC

Endothelial cell

Cardiomyocyte

Myeloid/macrophage

Cre driver

None (all cells)

Aqgp2-Cre (CD and CNT)

Pax8-Cre (Nephron)

CamKIlI-Cre (Neurones)

SMA-CRE/ERT2
(smooth muscle)
Tie2-Cre

VE-Cad-Cre
MLC2a-Cre

MLC2v-Cre
LysM-Cre

Phenotype

Early postnatal death from
sodium and fluid loss

Survival to adult, elevated
RAAS activity

Survive with severe PHA-1,
die on Na+-deficient diet

Impaired learning and
memory, altered level of
anxiety

BP regulation in ageing,
altered vascular tone

Cell-specific effects

Elevated renin, high
aldosterone ENaC and
Na/K-ATPase normal

Na+/water loss on a low
Na-diet

Reduced renal ENaCa &
Na+/Cl- co-transporter
levels

Neural mossy-fibre

abnormalities, increased

GR levels in the brain

Induced VSM o5-integrin,

Aldo/salt

No DOC/salt cardiac fibrosis, no macrophage

recruitment

Obesity-induced dysfunction blunted inflammation

Improved cardiac remodelling (post-infarct)
Protected from DOC/salt cardiac fibrosis
Protected from DOC/salt fibrosis and hypertension,

protected

Protected from L-NAME/salt fibrosis but not

hypertension

Reduced macrophage recruitment in stroke and

Angll/L-NAME

Fibrosis, but not hypertension; protection from

atherosclerosis

Reference

Berger et al. (1998)

Ronzaud et al. (2007)

Canonica et al. (2016),
Terker et al. (2016)

Berger et al. (2006)

McCurley et al. (2012)
Rickard et al. (2014)
Schafer et al. (2013),
Jia et al. (2015)
Fraccarollo et al. (2011)
Rickard et al. (2012)
Rickard et al. (2009)
Bienvenu et al. (2012)
Usher et al. (2010)

Frieler et al. (2011),
Shen et al. (2016)
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intracellular cortisol or corticosterone to inactive steroids.
The MR, in contrast to the GR, which is ubiquitously
expressed, has a restricted expression pattern in
mammals, and is expressed in the epithelia of organs such
as the kidney, colon and salivary gland, where it primarily
acts as the receptor for aldosterone to regulate fluid and
electrolyte/solute homeostasis. Interestingly during the
neonatal period of a few weeks, renal MR expression
is very low causing an apparent renal resistance to
aldosterone with characteristic neonatal salt wasting
(Martinerie et al. 2009, 2011). The MR is also found in
non-epithelial tissues including the heart, hippocampal
and hypothalamic neurons, adipocytes, keratinocytes,
endothelial cells, vascular smooth muscle cells (VSMC),
and in a number of cell types of the immune system.
In many of these compartments/tissue types, the MR is
unprotected by 11p-HSD2 and is thus predominantly
occupied and in some circumstances activated by cortisol.
The classic mechanism of signalling for the activated
MR is similar to other steroid hormone receptors. Ligand-
bound and activated MRs translocate to the nucleus and
bind as a dimer via a zinc finger DNA-binding domain to
specific hormone response elements (HREs) in genomic
DNA, recruiting a complex group of transcriptional
coactivators to regulate a specific subset of target genes.
Although many coactivators have been described that
interact with most steroid hormone receptors, such
as the SRC1-3 family, a few MR-specific coactivators
have been identified such as FAF-1 and recently tesmin
(Obradovic et al. 2004, Rogerson et al. 2014). These
studies reveal the ligand-specific actions of the MR that
determine receptor selectivity and tissue-specific actions
to be reviewed in detail in this Anniversary Issue.
Important synthetic MR antagonists (MRAs), such
as spironolactone, finerenone and eplerenone, have
been developed and are currently utilised to treat ascites
and more recently in the management of heart failure
(Zannad et al. 2011). Despite the clear benefits of MRAs
for the treatment of heart failure, a better understanding
of the underlying mechanisms that account for these
beneficial effects is still lacking. Of note, the non-steroidal
MRA finerenone has recently been shown to prevent full
nuclear import of MR, and inhibit MR and coactivator
binding to genomic target genes (Amazit et al. 2015).
Moreover, concerns about elevated potassium resorption
with the use of current MRAs remain a key reason for their
limited use in the clinic. Therefore, to further understand
the role of the MR in vivo and to delineate MR-regulated
functions in specific cell types or compartments, genetic
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studies in animal model systems are required. The analysis
of MR loss-of-function alleles in vivo in mice has provided
enormous insight into the functional importance and
the roles of MR signalling in specific epithelial and non-
epithelial tissues and compartments.

Complete ablation of the mouse MR gene
in mice

The first MR-deficient or null mouse model was developed
almost 20 years ago by Schutz and coworkers using the
technology of gene-targeting in embryonic stem cells
(Berger et al. 1998). Mice lacking the MR developed relati-
vely normally to birth but during the first week postnatally
developed symptoms of pseudohypoaldosteronism,
losing weight with a failure to survive and eventually
died by day 10. MR-null mice displayed hyperkalaemia,
hyponatraemia and highly elevated renin, angiotensin
II and aldosterone. Additional analysis of the renin-
angiotensin—aldosterone system (RAAS) in 8-day-old
MR-null mice showed highly elevated renin expression in
the kidney with increased recruitment of renin-producing
cells. In the liver, angiotensinogen and AT1 receptor
mRNA levels were moderately elevated (Hubert et al.
1999). Interestingly, heterozygous MR mice showed no
alterations in any of the RAAS components tested. These
studies clearly demonstrated a critical requirement for MR
signalling in the kidney and presumably the colon in the
early postnatal period.

To enable the study of total MR-deficient mice into
adulthood, rescue of the urinary sodium and water loss was
attempted with twice-daily injections of sodium chloride
(3.85umol/g BW) until a body weight of 8.5g, whereby
mice were given saline to drink (Bleich et al. 1999). This
was sufficient to rescue most MR-deficient mice up to
an age of approximately 7 weeks. However, there was a
pronounced delay in the growth of MR-deficient mice until
approximately day 20, the renal renin-producing cells
were hypertrophic and hyperplastic, and plasma renin
and aldosterone levels were highly elevated indicating
the persistence of a renal salt losing defect (Bleich et al.
1999). The difficulty of maintaining these mice and their
complicated systemic defects made them unsuitable for
studies on the role of the MR in other tissue compartments
or cell types. Development of the Cre recombinase-LoxP
gene targeting technology at approximately the same
time was thus used to ablate gene expression selectively
in cells or tissue to allow the generation of tissue-selective
MR-deficient mice (Wintermantel et al. 2005).
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Three research groups have now created so-called
‘MR-floxed’ mice where 34 base-pair LoxP-Cre recombinase
binding sites have been positioned in the mouse genome
by homologous recombination to flank critical, but
different, exons in the MR gene. By crossing MR-floxed
mice with tissue-specific Cre recombinase transgenic
mice, targeted ablation of MR gene expression in specific
cell types was achieved (Berger et al. 2006, Rickard et al.
2009, McCurley et al. 2012). Two research groups used
mice harbouring LoxP flanked exon 3 of the MR gene
that encodes the first zinc finger of the MR DNA-binding
domain (DBD) (Berger et al. 2006, Rickard et al. 2009)
while the third flanked exons 5 and 6 encode the hinge
region and N-terminal part of the ligand-binding domain
(LBD) (McCurley et al. 2012). In each case, deletion of
these exons introduced a frameshift to the coding region
of the gene and introduction soon after of a premature
stop codon. The following sections will describe the
phenotypes and insights gained of new functional roles
of the MR from a growing number of studies analysing
tissue-selective MR-deficient or MR-null mice.

Epithelial cell-specific deletion of the
MR gene

The role of renal MR in collecting duct principal cells was
further investigated by Schutz and coworkers by crossing
MR-floxed mice with a Cre recombinase transgenic mouse
where Cre was driven by the Aquaporin-2 gene promoter
(Ronzaud et al. 2007). Loss of MR was restricted to
collecting ducts and late connecting tubules, and under a
standard diet MRAQP2Cre mutant mice survived postnatally
and developed normally to adulthood, although they
had elevated plasma aldosterone levels. When challenged
with a low sodium diet, however, the mice had increased
sodium and water excretion and loss of body weight.
Two more recent independent studies have deleted the
MR along the mouse adult nephron via a tamoxifen-
inducible Pax 8-Cre recombinase transgene from four
weeks (Canonica ef al. 2016) and eight weeks (Terker et al.
2016) of age. In contrast to the MRAQP2Cre mutant mice,
adult MRPax 8-Cre mice in both studies showed features of
severe PHA-1 on a normal sodium diet, significant weight
loss, high urinary sodium excretion, hyperkalaemia and
elevated plasma aldosterone. On a sodium-deficient diet,
nephron-specific MR-deficient mice in both studies rapidly
worsen with a more severe phenotype despite key MR
targets and electrolyte regulators ENaCa and the Na+/Cl-
co-transporter being downregulated in MR nephron
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mutant mice. In summary, loss of nephron MR closely
mirrored a severe form of human PHA-1.

No studies to date have reported MR deletion in
colonic epithelium but this could be achieved with a
number of gastrointestinal tract epithelium-specific Cre
mice (el Marjou et al. 2004). Deletion of the MR in a third
epithelial compartment, the skin, was recently reported
using a Keratin5-Cre recombinase transgenic mouse
crossed with the exon 3 MR-floxed mouse to delete the MR
in epidermal keratinocytes (Boix et al. 2016). MR epidermal
null mice displayed higher keratinocyte cell proliferation
and differentiation, and were resistant to glucocorticoid-
induced thinning of the epidermis. There was however
increased sensitivity to inflammatory skin damage, and
mice showed elevated cytokine induction. These results
demonstrated an important role for MR-mediated
signalling in the skin to maintain homeostasis and
cooperate with GR to mediate glucocorticoid responses.

Ablation of the MR in specific cellular
compartments of the cardiovascular system

Human clinical trials, such as RALES and EPHESUS
have demonstrated benefits of MR antagonism with the
treatment of patients with heart failure (Pitt et al. 1999,
2001). This led to renewed interest on the role of MR
signalling in cardiovascular physiology and function,
with a number of groups targeting the MR for ablation
in vascular smooth muscle (VSMC), cardiomyocytes,
endothelial and macrophages using specific
transgenic Cre recombinase approaches. Deletion of the
MR in VSMC compartments of adult mice was achieved
by Jaffe and coworkers using a tamoxifen-inducible SMA-
Cre-ER™2 transgenic mouse to delete exons 5 and 6 of
the MR gene in vascular smooth muscle (McCurley et al.
2012). These mice developed decreased blood pressure
without renal sodium defects or abnormalities in vascular
structure. Aged VSMC-MR-deficient mice had reduced
myogenic tone and other minor vascular abnormalities.
Subsequent studies showed vascular remodelling defects
and deficits in vascular tone but no change in the vascular
response in vitro to other acute pressor agents such as
AnglI (Pruthi et al. 2014, Amador et al. 2016).

Deletion of the MR in endothelial cells (EC) was
achieved by three groups using different Cre recombinase
approaches, one with Tie2-Cre recombinase and the
others a VE-cadherin Cre recombinase (Schafer et al.
2013, Rickard et al. 2014, Mueller et al. 2015). In the
first study using VE-cadherin-Cre, Schafer and coworkers

cells
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showed that endothelial cell MR are required for
obesity-induced vascular dysfunction by regulating the
production of oxidative stress and vascular inflammation
which in turn promotes vascular dysfunction. Rickard
and coworkers also investigated vascular functional
responses in vitro using Tie-Cre to generate EC-MRKO
mice (Rickard et al. 2014). In these animals, aortic rings
from unchallenged mice displayed deficits in vascular
nitric oxide response compared to WT large arteries
suggesting dysfunction of the nitric oxide relaxation
pathway. In a deoxycorticosterone (DOC)/salt model of
cardiovascular disease from the same group, EC-MRKO
mice were protected from macrophage infiltration and
pro-inflammatory responses in the myocardium with no
change in blood pressure responses (Rickard et al. 2014).
Mueller and coworkers also investigated blood pressure
control in VE-cadherin Cre EC-MRKO mice with telemetric
analysis and again showed no difference in normal blood
pressure parameters. However, responses to angiotensin
1I, endothelin-1 and thromboxane in vitro were impaired
indicating a modulatory, rather than a central, role
for EC-MR in pathological states such as hypertension
(Mueller et al. 2015). Vascular and cardiac responses were
similarly assessed following 16 weeks of a high-fat diet by
another group who demonstrated that EC-MR play a key
role in the activation of cardiac inflammatory and pro-
fibrotic responses leading to cardiac diastolic dysfunction
and aortic stiffness in female mice (Jia et al. 2015, 2016).
The role of cardiomyocyte MR was also examined
in cardiac remodelling by deletion of the MR with a
cardiac-specific myosin light chain 2a-Cre (MLC20q;
(Fraccarollo et al. 2011)) and the myosin light chain-
2v-Cre (MLC2v) (Rickard et al. 2012). Fraccarollo and
coworkers investigated the role of the cardiomyocyte MR
in the short and long term cardiac functional response
to coronary artery ligation. While loss of MR signalling
in cardiomyocytes had no effect on baseline cardiac
function, knockout animals subjected to experimental
infarct had improved scar generation in the necrotic
region, increased capillary density and less oxidative
stress/inflammation. At later time points, cardiac function
was significantly improved and the non-infarcted tissue
showed less remodelling overall demonstrating a clear
role for MR signalling in the detrimental remodelling in
the post-infarct heart. In contrast, Lother and coworkers,
using the same Cre recombinase and approach to generate
MR null mice, investigated a model of pressure overload
(TAC) and found that loss of cardiomyocyte MR did
not change the tissue hypertrophy or fibrotic response,
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but left ventricular function was significantly improved
(Lother et al. 2011).

These data support previous
that the various pathological roles of the MR do not
always present together and further reveal that the
specific role of the MR in pathology is cell context-
dependent. Investigation of cardiomyocyte tissue fibrosis
and inflammation in the reactive fibrosis model of
deoxycorticosterone/salt treatment over 8 weeks showed
MR-null mice to be once again protected (Rickard et al.
2012). Inflammatory cell infiltration, collagen deposition
and pro-inflammatory marker responses were all blocked
in these mice, while some anti-fibrotic factors (e.g.
decorin) were upregulated suggesting a direct role for
cardiomyocyte MR in the development of cardiac fibrosis.
Further study in an ischaemia-reperfusion injury model
showed that cardiomyocyte MR null also contributed to
electromechanical responses to cardiac hypertrophy and
damage at least in part due to changes in NHE-1 levels
and phosphorylation of Calcium/calmodulin kinase 2
(CamKs) (Bienvenu et al. 2015).

Finally the role of MR signalling in myeloid
monocyte/macrophage responses in cardiovascular
function and disease were assessed by two groups that
generated macrophage MR-null mice with the Lysozyme
M-Cre recombinase (Rickard et al. 2009, Frieler et al. 2011).
Deletion of MR from macrophages afforded complete
protection from cardiac fibrosis and hypertension in a
deoxycorticosterone/salt model of cardiovascular disease
(Rickard et al. 2009), in acute treatment of L-NAME/
Angll-mediated cardiac fibrosis (Usher et al. 2010) and
in chronic L-NAME/salt treated mice, a model of chronic
nitric oxide depletion (Bienvenu et al. 2012). A number
of differences were noted in the various studies, despite
the overall cardioprotective effects that most likely
reflect the particular model used. Rickard and Bienvenu
found no change in the recruitment of monocytes and
macrophages to the heart, but a change in the expression
of inflammatory and profibrotic markers including PAI-1,
TGFp and iNOS. Usher on the other hand reported a
significant reduction in tissue macrophages, an effect also
seen in two studies investigating macrophage MR null
mice subjected to experimental stroke (Frieler et al. 2012).

Taken together, these studies show that MR signalling
in the myeloid cell population is required for the pro-
inflammatory phenotype, and that loss of MR promotes
an alternative macrophage phenotype that has some
common markers with certain ‘M2’ macrophage subsets.
In an effort to determine the cellular mechanisms of

demonstrations
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MR signalling in monocytes/macrophages Usher and
coworkers performed microarray on peritoneal-derived
macrophages and showed MR null cells to have a gene
expression pattern that overlapped with GR and PPARy
agonist activity. Shen and coworkers (2016) isolated
cardiac tissue macrophages from vehicle and DOC/
salt treated mice and found that pro-inflammatory and
pro-fibrotic profiles were indeed lost but the alternative
activation profile was not pronounced (Shen et al. 2016).
Another group identified JNK signalling pathways to
be MR dependent and potentially NFkB signalling
(Shen et al. 2016, Sun et al. 2016). Thus in less than a
decade, there has been significant steps towards dissecting
and defining the cellular mechanisms of MR signalling
in the cardiovascular system. These studies underscore
observations from earlier studies showing that direct
effects of MR signalling in the heart were responsible
for cardiac disease progression, rather than secondary
hemodynamic effects of MR activation in the nephron
(Young & Funder 1996).

Gene-targeted ablation of the MR in regions
of the brain

The MR, unlike the ubiquitous GR, is expressed only in
neurons and particularly in the limbic system, where
MR are most abundantly expressed in the hippocampus;
they are also found in the lateral and medial septum and
regions of the amygdala (Kolber et al. 2008). Absence of
118-HSD2 in these regions means the MR are primarily
glucocorticoid activated and co-localisation of GR and
MR in neurons implies a complex signalling regulation of
neural target genes by glucocorticoids in particular, and
in the presence of 11p-HSD2 potentially by aldosterone
as well (de Kloet et al. 2005). Analysis of the brain in salt-
rescued, complete MR adult null mice showed decreased
granule cell density in the hippocampus and a market
reduction in granule cell neurogenesis (Gass et al. 2000).
This was in contrast to brain-specific GR-null mice where
neurogenesis in this region was unaltered. To further
dissect specific neural roles for MR in the brain Schutz
and coworkers deleted MR expression in the forebrain of
the mouse with a CaM-Kinase (CamKII) Cre recombinase
driven approach in MR-floxed mice (Karst et al. 2008,
Berger et al. 2006). Learning and behaviour tests of
mutant mice showed impaired learning, deficits in
working memory and some alterations in measures of
anxiety. These changes were associated with mossy-fibre
histological abnormalities and increased expression
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of the GR. Rapid responses to corticosterone in a well
characterised non-genomic pathway in hippocampal CA1
neurons were then assessed in brain hippocampal slices for
both brain-specific GR- and MR-null mice. In contrast to
the GR, MR were required for normal steroid agonist and
antagonist excitatory postsynaptic responses (Karst et al.
2005), consistent with MR involvement in both genomic
and non-genomic steroid actions in the brain.

To further address the role of the MR in corticosteroid
modulation in the brain of stress related disorders,
mice deficient for MR in forebrain (described above)
were tested for the effect of stress on emotional and
cognitive behaviours (Brinks et al. 2009). MR forebrain-
deficient mice had higher arousal and less exploratory
activity following 5min of restraint stress, and in a fear
conditioning test showed greater cue-related freezing.
There were also subtle defects in memory and 40% higher
levels of plasma corticosterone. Absence of forebrain MR
augmented anxiety related responses and clearly shows
the importance of corticosteroid hormone and receptor
balance for responses to stress. Two research groups have
generated transgenic mice overexpressing the MR in the
forebrain via the CamKII promoter, both increasing MR
levels by 25-40% (Lai et al. 2007, Rozeboom et al. 2007).
Both MR overexpression models showed no change in the
basal tone of the HPA axis but both had reduced anxiety-
like behaviour in open field tests. This was suggested
to be partially due to increased expression of serotonin
receptors in one of these transgenic lines (Rozeboom et al.
2007). Brain MR-overexpressing mice also displayed
enhanced spatial memory in the Morris water maze test
and alterations in their ability to recognise novel objects.
These studies questioned the role of MR in basal HPA axis
drive but further defined its role in the stress response,
anxiety and depressive behaviours.

Knockdown of MR levels in vivo by antisense
MmRNA or RNAi approaches

Analysis of MR signalling has also been assessed in
transgenic rodent models in vivo using a range of mRNA
knockdown approaches. Jassier and coworkers created
an inducible and cardiac-specific transgenic mouse that
expressed in antisense MR mRNA with the cardiac amyosin
heavy chain promoter under a doxycycline-dependent tTA
transactivator (Beggah et al. 2002). Within 2-3 months of
MR mRNA knockdown mice developed cardiac fibrosis and
severe heart failure, without development of hypertension
or elevated serum aldosterone. This phenotype was
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reversible upon removal of doxycycline and cessation
of antisense mRNA production. However, while these
data suggest a specific contribution of MR signalling to
the maintenance of normal cardiac physiology, and that
its absence leads to development of heart failure and
cardiac fibrosis, the more recent cell-specific MR deletion
studies do not show a similar phenotype. MR knockdown
approaches have also been attempted using shRNA and
siRNA treatments. Sun and coworkers injected MRshRNA
expressing adeno-associated viral particles to the tail vein
of adult mice and then assessed responses to cold-induced
hypertension (Sun et al. 2008). Mice were injected 48 h
before cold exposure and blood pressure measured weekly
for 4-5 weeks. Injection of MRShRNA AVV particles
blocked normal cold-induced elevation of blood pressure,
with no change in body weight, but increased food intake,
water intake and urinary output. There was evidence of
blunted RAAS responses but analysis of MR levels in the
kidney, heart and hypothalamic regions showed there was
only a moderate reduction in MR expression. The exact
mechanism of MRshRNA-mediated blockade of cold-
induced hypertension is thus as yet unclear.

Silencing MR in vivo using RNAi has also been
attempted in a transgenic rat model using a lentiviral-MR-
specific sShRNA injected into fertilised oocytes (Lim et al.
2008). Resulting transgenic rats at 3 weeks of age showed
reduced expression of MR mRNA in the kidney cortex and
hippocampus to levels between 5 and 40%. Similar to
complete MR-null mice MRshRNA rats had reduced body
weight, elevated plasma aldosterone, increased renin
activity and altered expression of renal MR target genes.
Most transgenic rats survived to adulthood providing a
rodent model of pseudo-hyperaldosteronism that could
be assessed in future studies. A more elegant RNAi-based
MR knockdown transgenic model has been recently
created by the same group using a doxycycline induced
MRshRNA approach in mice (Montes-Cobos et al.
2015). This transgenic model used the Tet-repressor to
block expression of an MRshRNA transgene that would
only become active when adult mice were treated
with doxycycline. Two weeks following treatment MR
expression was reduced by up to 80% of normal levels in
some tissues with a similar reduction in the expression
of a number of direct MR target genes. There was also a
marked elevation in plasma aldosterone and renin levels,
and increased urinary sodium excretion. In the heart,
collagen expression and deposition was also normal, and
no change in blood pressure was reported. To examine
the effect of modest MR reduction to cardiac overload
MRshRNA transgenic mice were surgically treated with
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TAC. Four weeks after surgery there was a significant
attenuation to the induced cardiac hypertrophy and
progression to heart failure. This inducible transgenic
MR knockdown mouse model will thus be very useful to
examine a range of cardiovascular, renal and neurological
roles for MR-mediated signalling in vivo. Finally, siRNA-
mediated knockdown of MR has been performed in
cultured mouse preadipocytes and is compared to similar
knockdown of the GR and a similar analysis in MR and
GR knockout or null adipocyte cell lines derived from
total GR- or MR-null embryos (Hoppmann et al. 2010).
Aldosterone-stimulated in vitro cultured white adipocytes
induced expression of pro-inflammatory markers such as
IL6 and PAI-1, suggesting that MR-mediated signalling
in adipocytes was pro-inflammatory. MR-null adipocytes
however failed to accumulate lipids.

Targeted mutation to domains of the
MR gene in vivo

To dissect the role of specific domains of steroid
hormone receptors, targeted subtle mutations have
been undertaken for the GR and MR genes. To separate
genomic (via DNA binding) vs non-genomic signalling
by the GR and MR in vivo, the DNA-binding domain of
both receptor genes have been mutated in vivo in mice
by gene-targeting approaches. In the first study on the
GR, exon 4 encoding the 2nd zinc finger of the GR DNA-
binding domain important for receptor or dimerisation
was mutated by a single A458T mutation (Reichardt ef al.
1998). The resulting so-called ‘GR-Dim’ mice were born
normally and survived from birth unlike complete
GR-null mice (Cole et al. 1995). Transrepression functions
of the GR remained intact, with a mild activation of the
HPA axis and a loss of glucocorticoid-induced apoptosis
in thymocytes. This also indicated that GR dimerisation
and potentially DNA binding was not required for
perinatal-specific glucocorticoid signalling, particularly in
the respiratory system which is compromised in GR-null
mice. An open question still remains, of whether this
GR dimerisation mutant mouse is capable of GR-specific
binding to genomic DNA via classic GREs, and therefore
regulating some target gene transcription in vivo. Recently,
a similar ‘MR-Dim’ mouse has been generated by gene
targeting where a single amino acid substitution of C603S
has been made in exon 3 of the mouse MR gene (Cole et al.
2015). Homozygous MR-Dim mice are born but failed to
thrive 4-5 days after birth, progressively lose weight and
die between days 10 and 13 postnatally, which is almost
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identical to the phenotype of complete MR-null mice.
Homozygous MR-Dim mice can be rescued by twice-
daily saline injections but are smaller than controls with
a reduced rate of growth. Similar to MR-null mice, there
is elevated plasma aldosterone and plasma renin activity.
These studies indicate that intact MR DNA binding is
required for normal aldosterone-mediated renal solute
and water transport shortly after birth. There are currently
no published studies in mice where potentially important
residues within the LBD of the MR have been tested by
mutation in vivo. However, a curious single amino acid
mutation in the human MR gene does shed some light
on the determinants of steroid binding. An activating
human MR mutation S810L in the LBD causes early
onset hypertension which dramatically increases during
pregnancy (Geller et al. 2000). This mutation caused a
constitutively active MR, potentially activated by cortisol
and further stimulated by progesterone, normally a
competitive MR antagonist, now acting during pregnancy
as an agonist of the MR (Rafestin-Oblin et al. 2003).

Summary and future perspectives

Over the past nearly 20 years, the cell-type-specific
ablation of the MR gene in mice for a range of tissues and
cell types has delivered important information on the
specific roles of MR-mediated cell signalling in normal
physiology and in the pathology of disease. Of particular
focus has been separating epithelial vs non-epithelial
roles, particularly in the kidney and specific cell types of
the cardiovascular system. Other tissue components yet to
be interrogated by MR ablation in a mouse model include
the eye, segments of the gastrointestinal tract, lung, skin,
breast epithelium and the gonadal organs. This should
provide a more detailed information for the assessment of
whole-body effects for the next generation of MR agonist
and antagonists, particularly those that separate renal vs
cardiac effects. Future transgenic studies require better
more tightly regulated Cre recombinase driver transgenic
mice that allow temporal induction by simple drugs
such as tamoxifen or doxycycline at different phases of
the life-cycle. Current worldwide transgenic networks
such as EUCOMM will soon provide a catalogue of Cre
recombinase driver transgenic mice specific for most cell
types and compartments of the mammalian body, which
can then be used to delete the MR gene when and where
required (Friedel et al. 2011). In the future, the CRISPR/
cas9 gene-editing system also promises to provide low-
cost and efficient generation of mice with subtle MR gene
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mutations to delineate MR domain-specific roles and
interactions, and to interrogate specific interactions with
nuclear coactivator and co-repressors in vivo (Ran et al.
2013). These approaches will improve our understanding
of complex unanswered questions such as determinants
of ligand specificity, the role of GR/MR heterodimer
interactions in vivo and the selective recruitment of
coactivator or corepressor complexes by different steroid
and non-steroidal ligands.
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