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Abstract
Worldwide, raised blood pressure is estimated to affect 35–40% of the adult population and is a main conditioning factor 
for cardiovascular diseases and stroke. Animal models of hypertension have provided great advances concerning the patho-
physiology of human hypertension, as already shown for the deoxycorticosterone-salt treated rat, the Dahl-salt sensitive rat, 
the Zucker obese rat and the spontaneously hypertensive rat (SHR). SHR has been widely used to study abnormalities of 
the brain in chronic hypertension. This review summarises present and past evidence that in the SHR, hypertension causes 
hippocampal tissue damage which triggers a pro-inflammatory feedforward cascade affecting this vulnerable brain region. 
The cascade is driven by mineralocorticoid receptor (MR) activation responding to endogenous corticosterone rather than 
aldosterone. Increased MR expression is a generalised feature of the SHR which seems to support first the rise in blood 
pressure. Then oxidative stress caused by vasculopathy and hypoxia further increases MR activation in hippocampal neurons 
and glia cells, activates microglia activation and pro-inflammatory mediators, and down-regulates anti-inflammatory factors. 
In contrast to MR, involvement of the glucocorticoid receptor (GR) in SHR is less certain. GR showed normal expression 
levels and blockage with an antagonist failed to reduce blood pressure of SHR. The findings support the concept that MR:GR 
imbalance caused by vasculopathy causes a switch in MR function towards a proverbial “death” receptor.
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Hypertension and the Mineralocorticoid 
Receptor (MR)

High blood pressure (BP) shows an overall prevalence in 
40% of adults aged 25 and older, and is a conditioning factor 
for cardiovascular diseases and stroke. Within the myriad 
of factors involved in the pathogenesis of hypertension, 

mineralocorticoids and the mineralocorticoid receptor (MR) 
play a role in about 15% of patients with essential hyper-
tension (Martinez et al. 2009). The MR plays some role in 
primary hypertensive patients is also supported by pharma-
cological studies using the MR blockers spironolactone or 
eplerenone, which decrease both systolic and diastolic BP 
(Jeunemaitre et al. 1987; Tam et al. 2017). Hypertension 
research has greatly benefited from preclinical models, and 
in this regard, the spontaneously hypertensive rat (SHR), 
which reproduces several features of human essential hyper-
tension, has become a valuable tool for understanding patho-
genic factors involved in high blood pressure.

In this review, we summarise present and past evidence 
showing that high expression of MR and pro-inflammatory 
factors are at the forefront of hippocampal abnormalities 
found in SHR. The SHR phenotype include myelin loss, 
astrogliosis, oxidative stress, decreased neurogenesis, vas-
cular remodelling, enhanced brain angiotensin II system, 
mitochondrial dysfunction, decreased nitric oxide synthase 
(NOS), neuronal atrophy, microgliosis and neuroinflamma-
tion (Sabbatini et al. 2002; Tomassoni et al. 2004; Ueno 
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et al. 2004; Ando et al. 2004; Pietranera et al. 2006, 2010; 
Amenta et al. 2010; Benicky et al. 2011; Brocca et al. 2013; 
Avolio et al. 2018). In association with these pathological 
features, there is a role for the MR in SHR, because block-
age of this receptor with a specific antagonist decreased BP 
whereas a GR antagonist was ineffective (Rahmouni et al. 
2001). Concomitant to changes of steroid receptors, the hip-
pocampus of SHR showed an imbalance of pro-inflamma-
tory and anti-inflammatory factors, towards a prevalent pro-
inflammatory profile. The susceptibility of the hippocampus 
to MR activation, inflammatory factors and hypertension, is 
in line with the selective vulnerability to neurotoxic factors 
shown by this limbic region (McEwen 1994). Thus, findings 
in SHR further support that adrenal steroids may turn from a 
protective and anti-inflammatory function into a neurotoxic, 
proinflammatory role under adverse circumstances (Busillo 
and Cidlowski 2013; Sorrells et al. 2014).

Functional Aspects of Central MR and GR

Steroid binding to brain MR and GR occurs in a region, 
time and concentration-dependent manner (Reul and de 
Kloet 1985; Ahima et al. 1991; Gomez-Sanchez 2014). MRs 
show a restricted expression compared to GRs, and localise 
preferentially in neurons of the hippocampal pyramidal lay-
ers and gyrus dentatus, and in extra-hippocampal neurons 
involved in control of BP, salt appetite and sympathetic 
drive. In organs such as the kidney, the enzyme 11beta-
hydroxysteroid-dehydrogenase type 2 (HSD2) converts 
active glucocorticoids to inactive products, allowing MR to 
bind aldosterone and initiate transcription of factors involved 
in sodium reabsorption such as the epithelial sodium channel 
(ENac) and the Na,K-ATPase (Edwards et al. 1988a; Seckl 
1997; Gomez-Sanchez 2014).

However, the MR of the hippocampus imposes an inter-
esting paradox in receptor function, because it binds and 
responds to glucocorticoids rather than to the natural min-
eralocorticoid aldosterone. A responsible factor for this unu-
sual behavior is the absence in hippocampus of the HSD2 
isozyme that inactivates cortisol (in humans) and corticos-
terone (rats and mice). Instead, the hippocampus contains 
the HSD1 (11beta hydroxysteroid-dehydrogenase type I) 
isozyme that regenerates bio-active glucocorticoids and, 
therefore, amplifies their actions (Edwards et al. 1988b; 
Seckl 1997; Gomez-Sanchez 2014). Consequently, hip-
pocampal MR is occupied most of the time by glucocor-
ticoids, which levels in hippocampal cell nuclei measure 
10–50 times higher than those of aldosterone (Yongue and 
Roy 1987). Due to this property, the MR of hippocampus is 
largely occupied by corticosterone, a phenomenon that con-
tributes to the maintenance of the basal hypothalamic–pitui-
tary–adrenal axis (HPA) tone.

During stress or at the peak of the circadian rhythm, glu-
cocorticoids progressively occupy GRs to initiate the nega-
tive feedback mechanism that re-establishes basal HPA axis 
activity (Sapolsky et al. 1985; de Kloet 2014; Oster et al. 
2017). In other brain regions, the MR exerts additional 
functions. For instance, in the paraventricular hypothalamic 
nucleus (PVN), MR-expressing sympathetic neurons project 
to the spinal cord and participate in blood pressure control 
(Chen et al. 2014). MR-immunopositive cells are also found 
in neurons regulating salt appetite, blood pressure control 
and certain types of behavior, notably the nucleus tractus 
solitarii (NTS) (Geerling et al. 2006; Geerling and Loewy 
2006). Also the organum vasculosum of the lamina termi-
nalis (OVLT), various circumventricular organs, the median 
preoptic nucleus (MnPO), amygdala and the bed nucleus of 
the stria terminalis (BNST) are MR-immunopositive (Sapol-
sky et al. 1985; Ahima et al. 1991). Because these tissues 
express the enzyme HSD2, the preferred ligand of MR in 
these tissues likely is aldosterone, as reviewed by Joëls and 
de Kloet (2017) and de Kloet and Joëls (2017).

In contrast to MR, GR shows a more generalised dis-
tribution to neurons and glial cells: astrocytes, microglia 
and oligodendrocytes (Bohn et al. 1991; McEwen 1994; 
Sierra et al. 2008). The low affinity GR binds natural and 
synthetic glucocorticoids but not aldosterone, and is found 
in hippocampus pyramidal cell layers CA1, CA2, and gyrus 
dentatus but present in very low levels in the CA3 pyrami-
dal cells (Van Eekelen and De Kloet 1992). In the PVN, 
GR-expressing cells from parvocellular neurons exert a 
negative control of the ACTH secretagogues corticotrophin-
releasing hormone (CRH) and arginine vasopressin (AVP). 
The GR involved in the negative feedback suppression of 
ACTH synthesis and release following stress is found in the 
ACTH-producing cells of the anterior pituitary. The GR in 
higher brain regions including the hippocampus promotes 
various aspects of behavioural adaptation, and hence, the 
stress-induced drive towards HPA axis activation (de Kloet 
et al. 2005).

Participation of Adrenal Steroids and Central 
MR in Experimental Models of Hypertension

The function and expression of central MR has been studied 
in models of hypertension other than SHR. The deoxycor-
ticosterone acetate (DOCA) salt-treated rat has been tradi-
tionally employed to ascertain the role of adrenal steroids in 
hypertension and the control of salt appetite. In this regard, 
Janiak et al. (1990) have shown that icv administration of 
the MR antagonist RU 28318 attenuated the development 
of DOCA salt-induced hypertension, and Gomez-Sanchez 
et al. (1992) have demonstrated that RU 28318 also inhib-
ited the hypertension produced by peripherally injected 
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aldosterone or DOCA in the Dahl salt-sensitive (SS) rat. 
In the same venue, Van den Berg et al. (1994) have used 
DOCA-implanted Wistar rats drinking 0.9% NaCl solu-
tion to show that blockade of MR with RU 28318 reduces 
sympathetic outflow and attenuates the systolic BP. Thus, 
the involvement of central MR in the DOCA-salt model is 
strongly supported by experimental data. Brain MR is also 
involved in the natriogenic effect of DOCA, a condition-
ing factor for hypertension, whereas the role of GR in this 
behaviour is inconclusive (Vallee et al. 1995). In the last 
work, we have shown that high doses of DOCA given to 
male rats produce a salt preference, and increases binding of 
(3H)-corticosterone in whole hypothalamus, which contains 
regions responsible for natriogenesis.

The Dahl salt-sensitive (SS) rat model has also been used 
to discern the steroid and receptor involved in hypertension. 
Huang et al. (2009) have reported higher levels of aldoster-
one in hypothalamus of Dahl SS rats, and based on the hypo-
tensive effect of an aldosterone synthase antagonist, postu-
lated aldosterone as the hypertensinogenic MR ligand. Using 
qPCR for determination of aldosterone synthase, ELISA 
for steroid levels, and the aldosterone synthase inhibitor 
FAD286, Gomez-Sanchez et al. (2010) have concluded that 
aldosterone synthesis in brain of Dahl SS is higher than in 
Sprague–Dawley rats, although MR mRNA in several brain 
regions (brain stem, hypothalamus, hippocampus, cortex and 
cerebellum) measures lower in the latter strain.

More recently, it has been postulated that hypertension of 
the Dahl model followed a pathway involving the interac-
tion of MR and angiotensin II receptors in the subfornical 
organ, with projections to the PVN and rostroventrolateral 
medulla (Wang et al. 2016). However, other authors have 
argued that aldosterone synthesis by the brain occurs in too 
little amounts, if any, to be physiopathologically relevant 
(Funder 2009; Oki et al. 2012). Thus, the biological role of 
neuroaldosterone in BP regulation of the Dahl SS rat needs 
further investigation.

Recently, Evans et al. (2016) have shown that mutant mice 
with conditional knockout of HSD2 in the NTS increase 
their salt appetite (Evans et al. 2016). Spironolactone could 
not entirely block the increased salt appetite, since an addi-
tional angiotensin II antagonist is needed. When offered 
saline, the mice develop hypertension, which is abolished 
after removal of saline as drinking solution. Moreover, the 
pressor effect to phenylephrine remains enhanced and the 
baroreflex is impaired in the mutants offered saline, sug-
gesting an enhanced sympathetic drive, likely caused by 
additional corticosterone stimulation of the MR in the NTS 
after ablation of HSD2.

Hypertension is a major component of obesity and the 
metabolic syndrome. Obese subjects show 65–75% increased 
risk of high BP (Hall et al. 2015). There is some speculation 
supporting that obesity causes MR activation independent of 

aldosterone or angiotensin II (Hall et al. 2015). In the geneti-
cally obese Zucker rat, there is elevated plasma corticoster-
one, hyperactivity of the HPA axis in response to stress and 
decreased MR mRNA in all hippocampal regions (Mattson 
et al. 2004). The authors have speculated that increased HPA 
activity of the obese Zucker rat is due to lower levels of 
MR but not GR. Recent work has suggested that increased 
aldosterone synthesis plays a major role in obesity-related 
hypertension (Müller-Fielitz and Raasch 2013). Other 
authors have studied the diabetic obese Zucker rat; in this 
strain, they found increased MR mRNA levels in hippocam-
pus and hypothalamus(Jöhren et al. 2007). In obese humans, 
treatment with the MR antagonist spironolactone improves 
hippocampal-dependent memory (Rotenstein et al. 2015). 
Therefore, there is variability regarding the status of the MR 
in obesity-related hypertension.

The Neuroendocrine System of Hypertensive 
Rats, with Emphasis in SHR

Adrenal steroids exert multiple effects in the brain, which 
have been the subject of several reviews (McEwen 1994; 
Gomez-Sanchez 2014; Joëls and de Kloet 2017). Under 
physiological conditions, mineralocorticoids regulate cen-
tral cardiovascular responses, modulate ion fluxes and the 
sympathetic tone, interact with vasoactive neuropeptides, 
are involved in neurotransmission and neurogenesis, play 
a role in neuroendocrine feedback mechanisms and modu-
late memory and cognition (Ratka et al. 1989; Tanaka et al. 
1997; Joëls and de Kloet 2017). While several of these 
effects contribute to maintenance of a normal brain function, 
high levels of circulating mineralocorticoids and/or exces-
sive activation of MR produce undesirable effects, including 
the induction of salt appetite, damage to the vasculature, 
increased sympathetic drive, acceleration of brain aging, 
increased oxidative stress, neuroinflammation, decreased 
neurogenesis, increased susceptibility to ischemia and stroke 
and development and aggravation of hypertension, as dem-
onstrated in several experimental models and in patients 
with essential hypertension (Sabbatini et al. 2002; Pietran-
era et al. 2006; Lopez-Campistrous et al. 2008; Huang et al. 
2009; Martinez et al. 2009; Brocca et al. 2013; Gomez-
Sanchez and Gomez-Sanchez 2014).

In 1960, Okamato and colleagues developed the SHR 
as a genetic model of human hypertension. Unexpectedly, 
this strain shows a dysfunctional neuroendocrine system. 
For instance, the presence of intact adrenals and corticos-
terone are essential for the development of hypertension in 
young SHR, which as adults show alterations of the corti-
costeroid negative feedback mechanism and the response 
to stress (Hashimoto et al. 1989; Gómez et al. 1996). As 
further evidence of neuroendocrine abnormalities, SHR 
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demonstrates a higher number of AVP mRNA and vaso-
pressin V1aR-immunopositive cells in the magnocellular 
division of the PVN than WKY rats (Pietranera et al. 2004). 
In addition, MR activation appears to maintain hypertension 
in SHR, as shown by the blood pressure reducing effect of 
the MR antagonists RU28318 or spironolactone, whereas 
infusion of aldosterone increases blood pressure of adre-
nalectomized SHR, but not of the WKY normotensive rats 
(Kenyon et al. 1981; Rahmouni et al. 2001). In SHR main-
tained on the standard diet, the icv injection of RU28318 (10 
or 100 ng) has no effect on cardiovascular and renal func-
tions. However, the icv injection of 10 ng RU28318 in SHR 
after 3 weeks of high sodium intake (8% NaCl) causes a 
long-lasting decrease in systolic BP (Rahmouni et al. 2001). 
The presence of a dysfunctional MR in SHR is shown by 
increased binding capacity for this receptor in hippocam-
pus and hypothalamus, and by enhanced activation, DNA 
binding and increased mRNA expression in the heart and 
peripheral microcirculation (Koch et al. 1982; Sutanto et al. 
1992; Mirshahi et al. 1998; Konishi et al. 2003). Further-
more, the acetylation status of the MR changes its function 
in the heart of SHR, imposing an epigenetic modulation of 
receptor function (Kang et al. 2015).

The overactivation of MR in SHR accompanies other 
neurochemical alterations. For example, receptor overdrive 
and neuroinflammation may associate and aggravate the 
encephalopathy (Shen et al. 2015). Thus, the brain in hyper-
tension resembles the cardiovascular system in hypertension, 
where MR becomes a proverbial “death receptor” (Funder 
2004). The paradoxical activation of hippocampal MR by 
glucocorticoids signals a pro-phlogistic role of MR, more so 
if we deal with an overactivated receptor. As shown below, 
the serum and glucocorticoid-activated kinase1 (Sgk1), a 
marker of receptor functionality and involved in inflamma-
tion, was significantly elevated in SHR compared to Wistar 
Kyoto (WKY) rats. This finding supports an overactivated 
MR in SHR.

MR and GR Expression in WKY Rats and SHR

The neuroendocrine abnormalities of SHR include a dys-
functional regulation of adrenal steroid receptors in the 
brain. As far as 1968, Bruce McEwen found that exog-
enously administered corticosterone was preferentially 
retained by the hippocampus (McEwen et al. 1968); this 
early report was followed by the discovery of two recep-
tor system in this brain, known as MR and GR (Reul and 
de Kloet 1985; Arriza et al. 1988). We have studied the 
expression of these receptors as a first approach to under-
stand their role in the hippocampus of SHR. We employed 
10 month-old male SHR and WKY rats with mean blood 
pressures > 180 mm Hg (SHR) or < 120 mm Hg (WKY rats). 

Male rats were used because of a gender difference in BP, 
which is lower in female SHR than in males (Reckelhoff 
2001).

Striking strain differences were found by immunofluo-
rescence microscopy regarding MR and GR protein expres-
sion in the dorsal hippocampus (Fig. 1a). The top image 
of Fig. 1a shows that MR (green fluorescence) distributed 
throughout pyramidal cell layers (CA1, CA2, CA3) and 
gyrus dentatus, whereas GR (red fluorescence) was pre-
sent in the same regions with the exception of CA3. Visual 
comparison shows higher MR immunofluorescence stain-
ing and slightly higher GR staining in SHR vs. WKY rats 
(Fig. 1a). The merged images (yellow) showed enhanced 
co-localisation of both receptors in SHR hippocampus 
compared to WKY rats. This change is better appreciated 
in high power microscope images (Fig. 1a, lower image), 
which confirms abundant MR fluorescent cells in the CA1 
region, with a higher co-localisation with the GR in the SHR 
compared to WKY rats. Results were also reproduced for 
the CA3 region, as reported by Brocca et al. (Brocca et al. 
2017). Furthermore, quantitative analysis of dual immu-
nofluorescence staining for MR/GR positive cells in the 
CA1 region of SHR demonstrated higher % of MR + cells 
with co-expression of GR (Fig. 1b). Likewise, a higher % 
of MR + cells co-localised with the GR protein in the CA3 
region of SHR (Brocca et al. 2017). Figure 1c shows results 
of in situ hybridisation produced after exposing hippocampal 
sections to an oligonucleotide probe specific for MR (Pie-
tranera et al. 2012). The film autoradiograms show intense 
probe localisation in SHR but a weaker mRNA signal for 
WKY rats in most hippocampal pyramidal layers and gyrus 
dentatus. MR gene transcription determined by qPCR has 
demonstrated that SHR express about 2.5-fold higher MR 
mRNA levels in whole hippocampus compared to WKY rats 
(p < 0.01), in agreement with a previous report (Pietranera 
et al. 2012). In similarity with transcriptional data, MR-
immunoreactive protein in the CA1 and CA3 regions show 
larger total immunoreactive area / mm2 in SHR compared to 
WKY rats, as reported by Brocca et al. (2017). In contrast, 
GR mRNA levels in whole hippocampus were similar in 
both strains. However, differences in GR total immunoreac-
tive area were obtained in the CA1 region, favouring SHR 
over WKY rats. Thus, SHR are mainly distinguished from 
WKY rats by increased expression of MR mRNA and pro-
tein and enhanced co-localisation of MR/GR proteins in the 
hippocampus.

Measurement of steroid receptors was followed by deter-
mination of BP with and without the administration of recep-
tor antagonists. Figure 2 shows the expected increased BP of 
SHR vs. WKY rats. To block the receptors, we have injected 
icv 400 ng of the specific MR antagonist RU28318 (Van den 
Berg et al. 1994) or the specific GR antagonist CORCEPT 
113176 (Pineau et al. 2016) into anesthetized rats. Twelve 
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hours afterwards, measurement of BP by a tail cuff method 
show a significantly decreased BP in SHR receiving the anti-
MR RU 28318, whereas BP remained unchanged in animals 
receiving the anti-GR. These data involve MR but not GR 
in hypertension of SHR and confirms previous reports that 
blockade of MR with specific antagonists decreases BP (Janiak 
et al. 1990; Gomez-Sanchez et al. 1992, 2010). However, the 
MR-containing brain region responsible for the decreased BP 
following RU 28318 administration remains an open ques-
tion, because compounds given icv diffuse to many parts of 
the brain bathed by the cerebrospinal fluid. Accordingly, the 
circumventricular organs and the area postrema/NTS may be 
candidates for the hypotensive effect of the MR antagonists.

Expression of Pro‑inflammatory Factors 
in SHR and WKY Rats

Neuroinflammation is a consistent finding of SHR brain, 
involving several mediators (Sabbatini et al. 2002; Tomas-
soni et al. 2004; Benicky et al. 2011; Tayebati et al. 2016). 
Recent findings have shown up-regulation of caspase-1, 
IL1β, the NLRP-3 inflammasome and NFκB in brain areas 
controlling BP of SHR, supporting a role of inflammatory 
factors in hypertension (Avolio et al. 2018). In SHR, over-
activation of MR associates with this pro-phlogistic envi-
ronment involving inflammatory cells such as microglia. 

Fig. 1   Expression of the mineralocorticoid receptor (MR) in the 
hippocampus of spontaneously hypertensive rats (SHR) and Wistar-
Kyoto (WKY) normotensive rats. a: The upper 6 images represent 
low power immunofluorescence of MR (green) and the glucocorti-
coid receptor (GR, red). SHR show increased expression of MR pro-
tein vs. WKY rats as well as increased co-localisation of both recep-
tors (merge image, yellow). Inside bar: 600 µm. The lower 6 images 
in (a) correspond to high power view of the CA1 pyramidal cell layer. 
SHR show increased MR + cells (green) and increased co-localisation 

of both receptors (merge image, yellow) in this hippocampal region. 
Inside bar: 60 µm b: Quantitative analysis of immunofluorescent MR/
GR + cells show higher % of MR + cells co-expressing GR in SHR vs. 
WKY rats (Student´s “t” test : **p < 0.01). c: Film autoradiograms 
obtained by in  situ hybridisation using a radioactive MR oligonu-
cleotide probe in the dorsal hippocampus. SHR show a stronger sig-
nal compared to WKY rats. Reproduced with permision from Brocca 
et al. (2017) and Pietranera et al. (2012)
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In our study, labelling of microglia with the Iba1 antibody 
distinguished three main morphological phenotypes: (1) 
cells displaying a highly ramified processes and small 
soma, (2) cells showing a hypertrophied soma with less 
pronounced processes, and (3) a minority group consisting 

of ameboid-like cells. Counting of total Iba + cells (rami-
fied + hypertrophic + ameboid) have shown higher density 
in the CA1 and CA3 and hilar region of SHR compared 
to WKY rats. Quantitatively, higher numbers of ramified 
and hypertrophic microglia are present in the CA1, CA3 
and hilus of the dentate gyrus of SHR vs. WKY (Brocca 
et al. 2017). In WKY rats, hypertrophic microglia outnum-
bered the ramified form, whereas in SHR, ramified and 
hypertrophic microglia distributed equally. Thus, differ-
ences in microglia number as well as in the morphological 
phenotype indicate an activational state of microglia in the 
hypertensive brain.

As expected, microgliosis of SHR is accompanied by 
changes in the expression of pro-inflammatory and anti-
inflammatory markers. As an indicator of receptor func-
tionality, we have selected the MR and GR-target gene Sgk1 
(Anacker et al. 2013), whereas for neuroinflammation, we 
have measured the mRNA levels of pro-inflammatory factors 
including the cyclooxygenase 2 (Cox2), Nlrp3 inflamma-
some and tumor necrosis factor alpha (Tnfα). Conversely, we 
have also measured Tgfβ mRNA levels as a representative 
anti-inflammatory factor (Qian et al. 2008) and the NADPH-
diaphorase activity of nitric oxide synthase (NOS), consid-
ering its role in vasodilation and down-regulation after MR 
activation (Nagata et al. 2006).

Figure 3 shows that the hippocampus of SHR express 
fivefold higher levels of Sgk1 mRNA, compared to WKY 
rats. Cox2, an enzyme associated with vascular inflamma-
tion in SHR (Renna et al. 2013), increases twofold in the 
hippocampus of SHR vs. WKY rats, as is the mRNA for 
the inflammasome component Nlrp3 (Fig. 3). However, the 

Fig. 2   Effect of central administration of MR and GR antagonists 
on blood pressure of SHR and WKY rats obtained by tail cuff ple-
thysmography. Anesthetized male rats received icv 400  ng of the 
MR blocker RU 28318 or the GR blocker CORCEPT 113176 dis-
solved in 8  µl of 2% ethanol-0.9% NaCl. Controls received vehicle 
only. Coordinates from Bregma were: lateral: − 1.5, anteroposte-
rior: − 0.8 and ventral (z) − 4.2  mm. Blood pressure was measured 
12 h afterwards in vigil animals. Statistical analysis was carried out 
by ANOVA followed by the Newman-Keuls test: ###p < 0.001 vs. all 
groups; *p < 0.05 SHR vs. SHR + anti-MR; ***SHR + anti-MR vs. 
SHR + anti-GR. (n = 6 animals per group)

Fig. 3   Real-time PCR analysis of the mRNA of pro-inflammatory, 
anti-inflammatory factors and vasodilators in the hippocampus of 
SHR (grey columns) and WKY rats (white columns). mRNA expres-
sion, expressed as arbitrary units, showed significant increased levels 
for serum and glucocorticoid-activated kinase 1 (SGK1), cyclooxyge-
nase 2 (COX2) and NLRP3 subunit of the inflammasome in SHR vs. 

WKY rats (*p < 0.05). No changes were obtained for TNFα, whereas 
TGFβ and NADPH-diaphorase activity of nitric oxide synthase (rigth 
hand graph) were decreased in SHR vs. WKY rats (*p < 0.05). Statis-
tical analysis by Student’s ‘t” test. Reproduced with permission from 
Brocca et al. (2017)
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cytokine Tnfα mRNA of SHR is not significantly differ-
ent compared to WKY rats. In contrast, levels of the anti-
inflammatory molecule Tgfβ are reduced in SHR vs. WKY 
rats, and in consonance with previous findings (Hojná et al. 
2010), the NADPH-diaphorase activity of NOS becomes 
significantly lower in the hippocampal CA1 area of SHR 
vs. WKY rats (Fig. 3). In conclusion, the presence of micro-
gliosis and the imbalance between pro-inflammatory and 
anti-inflammatory factors and vasodilators reveal an inflam-
matory status in SHR. This finding is not unique to the hip-
pocampus, as inflammatory mediators are also up-regulated 
in other brain regions, heart, liver, kidney and vasculature of 
SHR (DeLano and Schmid-Schönbein 2004; Sun et al. 2006; 
Tayebati et al. 2016).

Final Remarks

Thus far, our experimental data has demonstrated that 
increased hippocampal MR expression and enhanced co-
localisation with GR associates with a preponderance of 
pro-inflammatory genes over anti-inflammatory factors. The 
higher transcription and translation of MR in hippocampus 
of SHR than WKY rats is in agreement with other studies 
and can be generalised to hypothalamus, heart, kidney and 
endothelial vasculature (Mirshahi et al. 1998; DeLano and 
Schmid-Schönbein 2004). Moreover, the high expression of 
the inflammatory target Sgk1 gene, supports the claim that 
a hyperactive MR behaves as a proverbial “death receptor” 
in fostering inflammation under adverse conditions (Funder 
2004). The enhanced hippocampus MR/GR colocalisation 
may signal receptor cooperativity at inflammatory genes, 
possibly through formation of MR:GR heterodimers (Mifsud 
and Reul 2016).

Oxidative stress caused by tissue damage may play a sig-
nificant role in the switch from MR physiology into patho-
physiology, because it can boost the activation of MR by 
endogenous glucocorticoids (Mihailidou et al. 2009; Young 
et al. 2010). Indeed, hippocampal MR binding of corticoster-
one is increased by about 60% after a systemic or icv chal-
lenge with IL-1 together with decreased affinity and increase 
in circulating corticosterone levels (Schöbitz et al. 1994). 
This increase in circulating corticosterone and MR capacity, 
plus the absence of the HSD2 isozyme may increase hip-
pocampal vulnerability and be a conditioning factor for the 
neuropathology exhibited by SHR. Interestingly, the SHR 
hippocampus resembles the diabetic skin, a tissue with low 
expression of the HSD2 isozyme, and where MR activation 
promotes the release of pro-inflammatory cytokines (Dong 
and He 2013).

Previous reports have suggested that imbalanced MR:GR 
stimulation increases hippocampal vulnerability and wors-
ens inflammation (de Kloet et al. 2005; Sorrells et al. 2014; 

Sasaki and Yoshizaki 2015).The analysis of pro-inflamma-
tory and anti-inflammatory factors in SHR supports this 
possibility. Of capital importance is the change of micro-
glia phenotype, consistent with a condition of chronic sub-
tle inflammation (Brocca et al. 2017). Thus, we propose a 
physio-pathological feedforward cascade starting (Fig. 4) 
with hypertension-induced damage to the vasculature, 
development of microgliosis and astrogliosis, production of 
pro-inflammatory mediators and oxidative stress leading to 
inappropriate MR hyperactivation. Neuronal damage result-
ing from vasculopathy-induced hypoxia and MR overacti-
vation stimulates release of pro-inflammatory factors from 
glial cells, which exacerbate oxidative stress and further 
activates MR.

However, some questions remain unanswered. As dis-
cussed at the beginning of this article, female SHR show 
lower BP than male SHR. This gender difference may be 
due to female estrogens, which exert a hypotensive effect 
or to androgen-induced increase in BP of SHR (Reckelhoff 
2001; Pietranera et al. 2008). Additionally, the activity of 
MR can be modified post-translationally, as shown by the 
inhibition of histone deacetylases (HDACs). This procedure 
increases MR acetylation and inhibits the transcription of 
several MR target genes in SHR (Kang et al. 2015). Further 
research should disclose if changes in epigenetic mecha-
nisms or receptor expression can explain gender differences 
in the BP of SHR.

Finally, we recognize that a successful translation requires 
a correlation with clinical findings. Available reports have 
shown the intervention of MR in some essential hyperten-
sive patients (Martinez et al. 2009) and in obesity hyperten-
sion (Hall et al. 2015) but most are based on the therapeutic 
value of the MR antagonists eplerenone and spironolactone 

Fig. 4   Diagram suggesting the involvement of MR in hippocampus 
neuroinflammation. Hypertensive vasculopathy produces microglio-
sis and astrogliosis, with both cell types sharing responsibility for the 
increased production of proinflammatory factors and oxidative stress, 
and hypoxemia with neuronal damage. In both cases, there is inap-
ropriate activation of MR, leading to additional glial activation and 
production of pro-inflammatory mediators. In this way, the inappro-
priate activation of the MR becomes part of a vicious cycle causing 
hippocampal neuropathology in the SHR
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(Jeunemaitre et al. 1987; Tam et al. 2017). In view of the 
emerging participation of MR in human pathology (Jaisser 
and Farman 2016), it is hoped that preclinical models clarify 
the association of brain inflammation, oxidative stress and 
vascular alterations with the activation and/or expression of 
human MR.
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