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Abstract
The enzymes required for aldosterone synthesis from cholesterol are expressed in rat and human
brains. The hypertension of Dahl salt-sensitive (SS) rats is mitigated by the intracerebroventricular
(I.C.V.) infusion of antagonists of the mineralocorticoid receptor (MR) and downstream effectors of
mineralocorticoid action, as well as ablations of brain areas that also abrogate mineralocorticoid–
salt excess hypertension in normotensive rats. We used real time RT-PCR to measure mRNA of
aldosterone synthase and 11β-hydroxylase, the requisite enzymes for the last step in the synthesis
of aldosterone and corticosterone, respectively, MR and the determinants of MR ligand specificity,
11β-hydroxysteroid dehydrogenase types 1 and 2 (11β-HSD1&2) and hexose-6-phosphate
dehydrogenase (H6PDH). A combination of extraction and ELISA was used to measure
aldosterone concentrations in tissue and urine of SS and Sprague–Dawley (SD) rats. Aldosterone
synthase mRNA expression was higher in the brains and lower in the adrenal glands of SS
compared with SD rats. The amounts of mRNA for MR, 11β-hydroxylase, 11β-HSD1&2 and
H6PD were similar. Aldosterone concentrations were greater in brains of SS than SD rats, yet, in
keeping with the literature, the circulating and total aldosterone production of aldosterone in SS
rats were not. The selective inhibitor of aldosterone synthase, FAD286, was infused I.C.V. or
subcutaneously in a cross-over blood pressure study in hypertensive SS rats further challenged by
a high-salt diet. The I.C.V. infusion of FAD286, at a dose that had no effect systemically,
significantly and reversibly lowered blood pressure in SS rats. Aldosterone synthesis in brains of
SS rats is greater than in SD rats and is important in the genesis of their salt-sensitive
hypertension.

Aldosterone acts through mineralocorticoid receptors (MR) in many cell types to modulate
diverse physiological processes. Among these are electrolyte and fluid homeostasis, blood
pressure, cardiovascular and renal function, tissue repair, activation of the central
sympathetic nervous system and modulation of salt appetite (Gomez-Sanchez, 2004). In
excess, mineralocorticoids produce hypertension. Ablation studies and selective infusions of
antagonists and agonists implicate MR in circumventricular organs, especially those of the
floor of the third ventricle, and the amygdala in the increase in central sympathetic drive,
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release of arginine vasopressin and salt appetite, and the decrease in baroreceptor sensitivity,
that contribute to the hypertension of mineralocorticoid–salt excess (Gomez-Sanchez, 1986;
Janiak & Brody, 1988; Gomez-Sanchez et al. 1990a; Janiak et al. 1990; Brody et al. 1991;
Gomez-Sanchez & Gomez-Sanchez, 1994, 2001). As expected, MR antagonists reduce
hypertension and end-organ pathology in humans with hyperaldosteronism. However, they
also reduce the blood pressure of some patients with normal plasma aldosterone and renin
levels (Carey et al. 1972) and ameliorate heart and renal failure, even in patients with normal
plasma aldosterone concentrations (London et al. 1977; reviewed by Pitt, 2004).

The Dahl salt-sensitive (SS) rat is a genetic model of salt-sensitive hypertension in which
plasma renin and aldosterone concentrations are normal or low compared with control rats
(Rapp et al. 1978; Baba et al. 1986) and are suppressed normally by high-salt diets (Pacha &
Pohlova, 1993). Notwithstanding, the hypertension in the SS rat resembles that of
mineralocorticoid–salt excess in that manoeuvres that prevent this form of hypertension also
prevent salt-induced hypertension in SS rats. These manoeuvres include ablation of the floor
of the third ventricle (Goto et al. 1981) and the central sympathetic nervous system
(Takeshita et al. 1979; Mark, 1991) and the inhibition of MR and MR action in the brain
(Gomez-Sanchez et al. 1992; Gomez-Sanchez & Gomez-Sanchez, 1994, 1995; Huang &
Leenen, 2005; Huang et al. 2005).

The MR has similar affinity for aldosterone and the main glucocorticoids, corticosterone and
cortisol. Since glucocorticoids normally circulate at levels 100–1000 times that of
aldosterone, there must be mechanisms to confer selectivity to the MR for aldosterone in
mineralocorticoid target tissues. To date, the best known mechanism is the conversion of
active corticosterone and cortisol to their inactive 11-dehydro metabolites by the enzyme
11β-hydroxysteroid dehydrogenase (11β-HSD) type 2 within the aldosterone target cell
(Stewart et al. 1987; Roland & Funder, 1996). However, the presence of 11β-HSD2 has not
been demonstrated in all tissues that are thought to be modulated by aldosterone, particularly
in pathological conditions (Gomez-Sanchez & Gomez-Sanchez, 1997). 11β-Hydroxysteroid
dehydrogenase type 2 (11β-HSD2) is a reductase, in most physiological circumstances, that
converts inactive 11-dehydro metabolites to active glucocorticoids in the presence of
reduced nicotinamide adenine dinucleotide phosphate (NADPH). Hexose-6-
phosphodehydrogenase (H6PDH) is required to regenerate NADPH from NADP+ in the
endoplasmic reticulum (ER). In the absence of NADPH or H6PDH to regenerate it, 11β-
HSD1 acts as a dehydrogenase (Atanasov et al. 2004; Banhegyi et al. 2004; Tomlinson et al.
2004). Both 11β-HSD enzymes are crucial for the regulation of intracellular concentrations
of cortisol and corticosterone, thus activation of both the glucocorticoid and the
mineralocorticoid receptors (Seckl & Walker, 2001). Original reports that little or no
significant amounts of 11β-HSD2 were expressed in the adult brain were due to its
expression in a relatively small number of cells, making it difficult to detect (Yu et al. 2002;
Geerling et al. 2006; Gomez-Sanchez et al. 2008). Geerling and co-workers have
demonstrated the colocalization of the MR and 11β-HSD2 in discrete neurons of the nucleus
tractus solitarii with immunohistochemistry (Geerling et al. 2006) and that more of such
neurons are found in Dahl SS, compared with Dahl salt-resistant (SR), Sprague–Dawley
(SD), Wistar and spontaneously hypertensive rats (Geerling et al. 2005). Mineralocorticoids
have been assumed to act through the MR to regulate the expression and activity of
components of the Na+,K+-ATPase and epithelial sodium channel subunits in the choroid
plexus to modulate the volume and electrolyte content of cerebrospinal fluid (CSF; Davson
& Segal, 1996; Huang et al. 2004, 2006). However, this was not demonstrated by others
(Takata et al. 1988). Moreover, the presence of 11β-HSD2 has not been confirmed in the
choroid plexus, while 11β-HSD1, along with H6PDH, have, suggesting that glucocorticoids
normally modulate CSF volume and electrolyte concentrations or that there is a different
mechanism conferring aldosterone specificity to these MR (Gomez-Sanchez et al. 2009).
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In search of a mechanism other than 11β-HSD2 that would allow aldosterone to compete
successfully with corticosterone for MR in target cells of the brain, we studied the
possibility of the extra-adrenal synthesis of aldosterone in or near aldosterone target
neurons. The requisite enzymes for aldosterone synthesis from cholesterol are expressed in
the normal human and rat brains (Mellon, 1994; Stromstedt & Waterman, 1995; Gomez-
Sanchez et al. 1996, 1997; MacKenzie et al. 2000; Yu et al. 2002), and low levels of
aldosterone are synthesized in normal rat brain in vitro and in vivo (Gomez-Sanchez et al.
1996, 1997, 2005a). However, the amounts of extra-adrenal synthesis of aldosterone are so
low in comparison with adrenal production that it has been impossible to measure reliably in
the adrenal-intact subject and its physiological relevance is difficult to ascertain.

In support of a pathological role of excessive steroid production in the brain, we found that
the intracerebroventricular (I.C.V.) infusion of the inhibitors of steroid synthesis, trilostane and
19-ethynyl-deoxycorticosterone, prevented the increase in blood pressure of SS rats upon
salt challenge (Gomez-Sanchez et al. 1997, 2005b). However, while suggestive, neither
inhibitor is selective for aldosterone synthase (AS); the reduction in blood pressure could
have resulted from any combination of a reduction in Deoxycorticosterone (DOC),
aldosterone or corticosterone. Until recently, there has been no evidence that aldosterone
synthesis in the brains of the SS rats is greater than in normotensive rats, primarily due to
the difficulty of measuring such an increase when steroidogensis is limited to a select few
cells in the brain (MacKenzie et al. 2002;Gomez-Sanchez et al. 2005a; Huang et al. 2009b).

In an attempt to elucidate why the hypertension of the SS rat appears to be driven by
activation of MR in the brain despite low or normal levels of circulating aldosterone, we
present new information about the expression of AS, the MR and the enzymes required for
MR selectivity for aldosterone in the brains of SS compared with normotensive rats, as well
as the effect of a recently developed selective AS inhibitor, FAD286 (Fiebeler et al. 2005),
on established hypertension in the Dahl SS strain.

Methods
Animal model

Sprague–Dawley (SD) and Dahl salt-sensitive (SS) rats were housed at the Jackson VA
American Association for the Accreditation of Laboratory Animal Care accredited animal
facility under the care of an American College of Laboratory Animal Medicine boarded
veterinarian; all protocols were approved by the Jackson VA Institutional Animal Care and
Use Committee. The inbred SS rats have been maintained in our laboratory as a closed
colony since breeding pairs were provided by Dr John Rapp, Medical College of Ohio, in
1984. Rats of the same sex born within 7 days of each other were used in each experiment.
Littermates were randomly assigned to all groups, with no more than two littermates in the
same group. Like both male and female SD rats receiving an excess of mineralocorticoids
(Gomez-Sanchez & Gomez-Sanchez, 1999), male and female SS rats consuming a standard
rat chow (0.3–0.4% NaCl) and tap water predictably develop hypertension with time. The
rate of blood pressure rise is exacerbated by high sodium consumption (Gomez-Sanchez et
al. 2005b). Rats were raised on tap water and a standard maintenance rodent chow with
0.4% NaCl (Teklad 8640; Harlan- Teklad, Indianapolis, IN, USA) ad libitum and salt
challenged by substituting 0.9% saline for water. Unlike our experience with high-salt
chows, young animals drinking physiological saline continue to gain weight at a normal rate.

Tissue samples
To obtain blood and brain samples, rats were anaesthetized with isoflurane delivered in
oxygen with a standard inhalant anesthetic machine, a blood sample taken by cardiac
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puncture within 2 min of the rat being picked up, the thorax opened, the vena cava cut, and
the rat perfused with heparinized saline through the left ventricle to remove blood. Brains
were immediately frozen whole or cooled in iced saline and divided into brainstem,
cerebellum, cortex, hippocampus and hypothalamus before freezing.

Real time RT-PCR
Real time RT-PCR was used to measure mRNA for CYP11B2 (coding for AS), CYP11B1
(for 11β-hydroxylase), 11β-hydroxysteroid dehydrogenase types 1 and 2 and hexose-6-
phosphate dehydrogenase (H6PDH), in different areas of the brain using primers described
by us (Gomez-Sanchez et al. 2003, 2006, 2008). Brains and adrenal glands from four SS rats
and six SD rats of the same age, but different dams, were used for Figs 1 and 2.

Aldosterone assays
Aldosterone assays were done as described by researchers in our laboratory (Gomez-
Sanchez et al. 2005a). Plasma (0.5 ml) was extracted in 5 ml dichloromethane, reconstituted
in 200–250 μl of ELISA buffer, and 50 μl used to measure aldosterone by ELISA using a
selective monoclonal antibody produced by us (Gomez-Sanchez et al. 1987b) and validated
by several other laboratories (Abayasekara et al. 1993; Yu et al. 2008; Ye et al. 2009). One
millilitre of urine was extracted in 5 ml dichloromethane, reconstituted in 330 μl of ELISA
buffer, and 50 μl used to measure aldosterone by ELISA. All assays were done in triplicate
and included blanks. The aldosterone concentration in brain, plasma and urine was measured
as previously described (Gomez-Sanchez et al. 2005a). Aldosterone concentrations were
expressed as picograms per gram of tissue, picograms per millilitre for plasma and
picograms per milligram of creatinine for urine. For the comparison of SS and SD brain
parts, each sample size (n) comprised the pooled brain parts from three animals, n = 8 (total
24 rats). Pairs of 11-week-old female rats were placed in metabolism cages for 3 days of
acclimation before the beginning of three consecutive 24 h urine collections; n = 9 (total 18
rats) for SS and n = 8 (total 16) for SD rats. Rats are social creatures. The advantage of using
female rather than male rats is that the females are small enough to fit comfortably in a
metabolism cage, reducing the stress of isolation and the time until stable daily
corticosterone output is obtained (Gomez-Sanchez et al. 1987a; Gomez-Sanchez & Gomez-
Sanchez, 1988, 1991a,b). Aldosterone excretion by female and male rats once they have
become accustomed to the metabolism cage is not different (Gomez-Sanchez & Gomez-
Sanchez, 1988). Potential differences due to oestrus cycle between groups were mitigated by
spanning the length of the oestrus cycle.

Blood pressure studies
Systolic blood pressure was measured by tail-cuff plethysmography (IITC Life Science Inc.,
Woodland Hills, CA, USA) in well-trained unheated male rats between 08.00 and 12.00 h,
two or three times per week in their cage room, a designated quiet zone with no other
animals, maintained at 25 ± 1°C. To minimize stress, no animal was restrained for more than
10 min at a time. If a rat did not settle within 2–3 min after entering the tube, it was provided
home cage time before trying to measure the pressure again (Gomez-Sanchez, 1994). The
time required for the rat to settle and relax its tail was noted. Body weight was recorded after
each blood pressure measurement. Intracerebroventricular (I.C.V.) cannulae and mini-osmotic
pumps (Alzet 2004, DURECT Corp., Cupertino, CA, USA) were placed under isoflurane
anaesthesia with buprenorphine (0.03-0.05 mg kg−1 sc, intra-operatively and q8-12 hr prn;
Bedford Laboratories, Bedford, OH, USA) for postoperative analgesia as described by us
(Gomez-Sanchez, 1986; Gomez-Sanchez et al. 1990a; Gomez-Sanchez, 1994; Gomez-
Sanchez & Gomez-Sanchez, 1995). All implants and the solutions were sterile. Saline (0.9%
NaCl) was substituted for water the day after the first pumps were placed. A selective
inhibitor of aldosterone synthase, FAD286, was received as a gift from the Novartis
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Institutes for BioMedical Research in 2005. We extrapolated from oral doses used in the
first published studies of FAD286 inhibitory activity to calculate the doses for infusion
(Fiebeler et al. 2005). FAD286 is not very soluble in an aqueous solution; it was first
dissolved in distilled propylene glycol, then diluted in physiological saline to make a 20%
propylene glycol solution for infusions. Control animals received 20% propylene glycol.
There were four groups of SS males: (1) 20% propylene glycol vehicle I.C.V. (n = 8); (2) 30 μg
h−1 FAD286 I.C.V. (n = 9); (3) 100 μg h−1 FAD286 I.C.V. (n = 8); and (4) vehicle I.C.V. and 100 μg
h−1 FAD286 S.C. After training and obtaining baseline blood pressures, I.C.V. cannulae were
placed, and infusions and high-salt consumption started at 15 weeks of age. Three weeks
later, the pumps and treatments were changed so that groups 1 (vehicle) and 2 (30 μg h−1

FAD286 I.C.V.) remained the same, but group 3 received vehicle I.C.V., instead of 100 μg h−1

FAD286 I.C.V., and group 4 received 100 μg h−1 FAD286 I.C.V., instead of vehicle I.C.V. and 100
μg h−1 FAD286 S.C. The elevated plus maze was designed to assess anxiety, but also allows
observation of gross ataxia, tremors or other motor abnormalities (Wright et al. 1992; Bitran
et al. 1998). The rats were tested on the elevated + maze as described by us (Gomez-
Sanchez et al. 2005b) once, near the end of the third week, to avoid training bias. Proper
positioning of the cannulae was ascertained by dye infusion at necropsy. Rats were
anaesthetized with isoflurane, a blood sample taken by cardiac puncture within 2 min of the
rat being picked up, the thorax opened, the vena cava cut, and the rat perfused with
heparinized saline through the left ventricle to remove blood of the beating heart, and the
kidneys, adrenals and heart removed for weighing.

Statistics
Differences between two groups were evaluated by Student's paired t test; more than two
groups were evaluated by analysis of variance for repeated measures, followed by a Tukey
contrast where appropriate (STATISTICA 6.0; StatSoft package, StatSoft, Inc., Tulsa, OK,
USA). Results are expressed as the means ± S.E.M.

Results
Results of the quantitative RT-PCR are shown in Figs 1 and 2. The mean value for the ratio
of mRNA of interest/GAPDH for the cerebellum of SD rats was arbitrarily assigned the
value of 1 and used to compare the mRNA levels for the rest of the samples. Figure 1 A and
B compares the amount of mRNA for CYP11B2 and CYP11B1, encoding the AS and 11β-
hydroxylase enzymes, respectively, in different brain regions and the adrenal glands of SS
and SD rats. Messenger RNA for AS was clearly expressed in all of the brain parts;
however, maximal expression of AS in the brain was less than 1/1000 of that in the adrenal
gland. Messenger RNA for AS tended to be greater in SS than in SD rats in all brain parts
and was significantly greater (P < 0.05) in the brainstem, hippocampus and cortex.
Messenger RNA for the 11β-hydroxylase in the brain parts was similar in the SS and SD
brainstem and hippocampus, and less in the SS rat hypothalamus and cerebellum (P < 0.01)
and cortex (P < 0.05). The patterns of AS and 11β-hydroxylase expression in the brain
differed. In both strains, the amount of mRNA for AS was greatest in the brainstem and
hypothalamus, while mRNA for 11β-hydroxylase was greatest in the cortex. Expression of
AS mRNA was significantly less (P < 0.05) and 11β-hydroxylase mRNA greater (P < 0.01)
in the adrenals of the SS compared with the SD rats.

Amounts of mRNA for MR, 11β-HSD1, 11β-HSD2 and H6PDH were similar in the brains
and adrenal glands of both strains (Fig. 2). As expected, the greatest MR mRNA expression
was in the hippocampus. Expression of 11β-HSD2 was greatest in the hypothalamus of both
strains; however, it was two orders of magnitude less than its expression in the adrenal
gland.
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Figure 3 A represents the 24 h urinary excretion of aldosterone expressed as picograms
aldosterone per milligram of creatinine per rat, averaged over 3 days, from nine pairs of SS
and eight pairs of SD female rats in each metabolism cage. The rats were acclimated for 3
days before the collections were started. Daily aldosterone excretion, reflecting total daily
production, was significantly greater in SD than SS rats (P < 0.01).

Figure 3 B is a comparison of the aldosterone content in the brainstem, hypothalamus and
cerebellum of 3-month-old male SS and SD rats. For these measurements, n = 8, with each n
comprising tissue pooled from three rats. Aldosterone in the hypothalamus of the SS rat was
significantly greater than that of the SD rat (P < 0.05).

Figure 4 shows the blood pressure results of a cross-over study in salt-challenged male SS
rats receiving continuous infusions of vehicle I.C.V., FAD286 I.C.V. or FAD286 S.C. Weight gain
did not differ between groups and was as expected for male SS rats between the ages of 3
and 5 months old, increasing from 374 ± 19 to 408 ± 23 g. There were no signs of
neurotoxicity or differences in behaviour or motor ability between groups. As expected at
this age, all rats were hypertensive before the beginning of the experiment. Within 13 days
after starting the high salt intake, the blood pressure of the SS rats receiving the I.C.V. infusion
of vehicle (dotted line and filled circles) was consistently and significantly greater (P < 0.05)
than their pressures recorded on three different days prior to the start of the experiment. The
blood pressures of the rats receiving I.C.V. vehicle + 100 μg h−1 FAD286 S.C., the largest dose
of FAD286 (open inverted triangles) were significantly greater than their pre-salt challenge
pressures within 8 days (P < 0.05) and remained significantly elevated, at the same level as
those of the rats receiving vehicle I.C.V. alone, during the first 3 weeks, demonstrating that the
systemic infusion of this dose of FAD286 did not lower the salt-sensitive increment in blood
pressure. The blood pressures of the rats receiving the infusion of the lower dose, 30 μg h−1

FAD286 I.C.V. (dotted line and open circles), initially increased significantly compared with
their initial blood pressures, then returned to their baseline by day 17 and remained at this
level for the duration of the experiment. The blood pressures of the rats receiving 100 μg h−1

FAD286 I.C.V. (filled inverted triangles) did not increase above their baseline for the first 3
weeks and were significantly different (P < 0.05) from the I.C.V. vehicle and 100 μg h−1

FAD286 S.C. groups by day 8. The pumps were changed at 22 days. Rats in group 3, receiving
100 μg FAD286 I.C.V. from the beginning (filled inverted triangles), maintained their pre-salt
challenge blood pressure until 5 days after their FAD286 I.C.V. was replaced with vehicle I.C.V.,
by which time their blood pressure had increased to a level similar to that of rats that never
received FAD286 I.C.V. Five days after the I.C.V. pumps of the rats who had initially received I.C.V.

vehicle + 100 μg h−1 FAD286 S.C. were changed to deliver 100 μg h−1 FAD286 I.C.V. (the S.C.

infusions were discontinued), their blood pressures decreased significantly to levels similar
to their pre-salt challenge pressures and to those of the other rats receiving FAD286 I.C.V.

Blood levels of aldosterone at the time that the experiment was terminated, 24 days after the
pump change, did not differ between groups (data not shown).

Discussion
Dahl SS rats become hypertensive with age on a standard rat chow; therefore, our
measurements, except those of the effect of FAD286 on the blood pressure, were made in
animals on a standard diet. While mRNA for AS in the brains of SS rats was greater than in
the brains of SD rats, the pattern of AS mRNA distribution in the brains of the normotensive
SD rats is concordant with the hypothesis that the synthesis of aldosterone in the brain
serves a regulatory function in normal cardiovascular physiology. Of the brain parts studied,
the greatest AS expression in both the normotensive SD and the SS rats was in the brainstem
and hypothalamus, areas shown by ablation and pharmacological studies to be important for
haemodynamic regulation by mineralocorticoids. The levels of aldosterone in the brainstem
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and cerebellum of both the SS and the SD rats are comparable to those found in the whole
brains of SD and Wistar rats on a standard salt diet (Gomez-Sanchez et al. 2005a), while the
content in the hypothalamus of the SS and SD rats was significantly greater, with that of the
SS greater than the SD. The infusion of FAD286 in younger non-hypertensive SS rats
prevented the rise in blood pressure upon salt challenge (Huang et al. 2009b) and reversibly
prevented the further increase in blood pressure in older hypertensive SS rats in this study.
The relative amounts of mRNA for the 11β-hydroxylase enzyme, responsible for the
production of corticosterone, tended to be the mirror image of those for AS in both SS and
SD rats; the highest expression being in the cortex. While mRNA does not always correlate
with protein or protein with active enzyme (Gomez-Sanchez et al. 2003), these data suggest
that the extra-adrenal synthesis of aldosterone in the brainstem and hypothalamus and of
corticosterone in the cortex may allow for ligands of the MR and glucocorticoid receptor
(GR) to be regulated independently of the systemic renin–angiotensin–aldosterone system
(RAAS) and hypothalamic–pituitary–adrenal axis (HPA). Unfortunately, owing to its
limited expression, at this time no one has reported a reliable way to quantify AS protein in
the brain. Immunohistochemistry using our antibody demonstrates that AS protein is
selectively expressed in pyramidal neurons of the hippocampus and Purkinje cells of the
cerebellum of normotensive rats (MacKenzie et al. 2000, 2002), and we have demonstrated
limited staining in the paraventricular nucleus and brainstem nuclei (E.P. Gomez-Sanchez,
unpublished observations).

The results of activation of MR in the brain, unlike those in the kidney, differ depending on
whether the ligand is a mineralocorticoid or glucocorticoid. Hippocampal MR are occupied
primarily by circulating levels of corticosterone, and replacement with aldosterone in the
adrenalectomized rat does not restore hippocampal function (De Kloet et al. 1983, 2000;
Reul & De Kloet, 1985; Gomez-Sanchez et al. 1990b). The biggest difference in AS mRNA
expression between the SS and SD rats was in the hippocampus. The SS rat is a
comparatively placid rat, which is easily handled and appears to learn, remember and adapt
to novel situations easily. The rudimentary tests performed in the FAD286 infusion studies
detected no overt changes in behaviour or cognition produced by the I.C.V. infusion of the
inhibitor. Extrapolating from a recent paper comparing aldosterone content in the
hypothalamus and hippocampus after I.C.V. infusion (Huang et al. 2009b), FAD286 probably
does not reach the hippocampus in effective doses. The implications of extra AS mRNA in
the hippocampus have yet to be studied. The significance of immunohistochemical evidence
of AS in hippocampal neurons in normotensive rat strains and greater AS mRNA in the
hippocampus and cortex of the SS compared with the SD rat awaits further studies.

The Dahl SS rat has often been compared with the Dahl SR rat. However, just as the SS rat
was bred for salt-sensitive hypertension, the SR rat was bred for resistance. Analysis of the
sequence of the AS gene indicates that the CYP11B2 of the SS rat is different from that of
the SR rat and the same as several different normotensive rat strains; the SR is the outlier
(Cicila et al. 1993; Ginn et al. 1993). The CYP11B2 gene fixed by inbreeding in the SR
genome is more efficient than the SS gene (Cover et al. 1995; Lloyd-MacGilp et al. 2002).
In addition, many physiological factors have been implicated in the hypertension of the SS
rat. Similarly, the SR rat may have an unknown number of genetic factors that produce its
resistance. Therefore, it was important to verify the differences in brain steroidogenesis
between the SS rat and a normotensive rat in addition to the SR rat (Huang et al. 2009b).

As expected from the literature (Rapp et al. 1978; Baba et al. 1986, Pacha & Pohlova, 1993),
total 24 h aldosterone synthesis in SS rats was lower than that of SD rats. Aldosterone levels
in blood increase with activity producing orthostatic changes that stimulate angiotensin II,
the most important regulator of aldosterone synthesis, and are influenced by the circadian
rhythm of adrenocorticotrophic hormone and increased by acute stress. Therefore,
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measurement of aldosterone excreted in the urine over 24 h in properly acclimated animals
is a more accurate indication of basal aldosterone synthesis than momentary blood levels.
Concordant with significantly less adrenal AS mRNA, 24 h aldosterone excretion in the
urine, normalized to creatinine excretion, was significantly less in SS compared with SD
rats, but aldosterone concentration in their brains was greater. Most of the aldosterone in the
brains of normotensive rats (SD and Wistar rats) is derived from the circulation (Gomez-
Sanchez et al. 2004, 2005a). The only known mechanism to sequester aldosterone is by
binding by the MR (Tsutamoto et al. 2000, 2003), and expression of MR mRNA is not
increased in the brains of SS compared with SD rats. The distribution and relative amounts
of MR mRNA in the different brain parts in our studies correlate well with autoradiographic
studies (Birmingham et al. 1979; Reul & De Kloet, 1985). If the increase in aldosterone
content were due to binding of circulating steroid to MR, one would expect that the
hippocampus would have a greater concentration than the hypothalamus. In a comparison of
SS and SR rats consuming a normal-salt diet, aldosterone concentrations in the hippocampus
and hypothalamus of were similar, and slightly lower than the plasma levels, in the 500 pg
ml−1 range (Huang et al. 2009b). Leenen and Huang's laboratories have reported significant
increments in the aldosterone content of the hypothalamus, but not hippocampus, in a rat
model hypertension due to the intracerebroventricular infusion of hypernatraemic artificial
CSF (Huang et al. 2008) and that aldosterone increases in the hippocampus to a greater
extent than in the hypothalamus in a model of myocardial infarction (Huang et al. 2009a).
The aldosterone concentration in the plasma and brains in these reports were in the 300–400
pg ml−1 and 300–700 pg g−1 ranges, respectively; values that indicate considerable acute
stress, increasing circulating aldosterone levels by at least an order of magnitude at the time
of sample collection (Gomez-Sanchez et al. 1976). Similar studies of brains at basal non-
stressed aldosterone levels will be of great interest because circulating stress levels of
aldosterone may mask basal levels in the different brain parts (Gomez-Sanchez et al. 2005a).

Similarly, the regulation of aldosterone production in the brain is still not understood in
either normotensive or SS rats because most of the brain aldosterone derives from the
circulation and the amount of aldosterone produced by the adrenal is huge compared with
that of the brain. Blood levels of aldosterone were found to be similarly suppressed by a
high-salt diet in SS, Wistar and SR rats; however, circulating aldosterone levels in the SS rat
were increased less by a low-salt diet compared with the Wistar and SR rats (Pacha &
Pohlova, 1993). We have confirmed reports that circulating aldosterone is stimulated and
suppressed as expected by low- and high-salt diets, respectively, in the SD and SS rat (E.P.
Gomez-Sanchez, unpublished observations). A high-salt diet was recently reported to have
significantly decreased aldosterone in the hypothalamus and hippocampus of SR rats, but
greatly increased aldosterone in the hypothalamus of SS rats without altering aldosterone in
the hippocampus (Huang et al. 2009b). Plasma aldosterone was not lowered by the high-salt
diet in this study; however, the levels were in the 600 pg ml−1 range, indicating acute stress,
which may have masked suppression. Notwithstanding, this difference between the
hypothalamic aldosterone content between the SS and SR rat is very interesting in light of
data published 35 years ago, which demonstrated that the mineralocorticoid binding capacity
of the hypothalamus of rats resistant to DOCA–salt hypertension is significantly less than
that of normal rats (Lassman & Mulrow, 1974).

Over 50 years of study demonstrate that the pathology in the Dahl SS rat is complex and
probably involves several genes and systems. Our present study and that of Huang et al.
(2009b) demonstrate that aldosterone synthesis in the brain, though very low, is greater in
the SS rat compared with the SD rat, and this increase is a component of their salt-sensitive
hypertension. While the requisite enzymes for aldosterone synthesis from cholesterol are
expressed in the human brain (Yu et al. 2002), the relevance of extra-adrenal synthesis of
aldosterone in the brain in normotensive rats in different physiological conditions and in
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other species has yet to be studied. Such studies will require the development of even more
sensitive methods to measure minute changes in aldosterone concentration against the
backdrop of normal circulating adrenal steroids.
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Figure 1. Real-time RT-PCR measurement of mRNA for the CYP11B2 and CYP11B1 genes that
code for aldosterone synthase and the 11β-hydroxylase enzymes, respectively, in different parts
of the brain and in the adrenal gland
The results are expressed as multiples of the mRNA/GAPDH of the cerebellum of the SD
rats assigned the value of 1. Bars indicate S.E.M.; *P < 0.05, **P < 0.01.
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Figure 2. Real-time RT-PCR measurement of mRNA for the genes coding for the
mineralocorticoid receptor (MR), 11β-hydroxysteroid type 1 and 2 enzymes (11β-HSD1&2) and
hexose-6-phosphate dehydrogenase enzyme (H6PDH) in different parts of the brain and in the
adrenal
The results are expressed as multiples of the mRNA/GAPDH of the cerebellum of the SD rat
assigned the value of 1. Bars indicate S.E.M.

Gomez-Sanchez et al. Page 14

Exp Physiol. Author manuscript; available in PMC 2011 April 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Average total aldosterone production and content in brain
A, average 24 h urine excretion of the 9 pairs of SS and 8 pairs of SD rats collected over 3
consecutive days (ratio of pg aldo (mg creatinine)−1 (24 h) −1). B, aldosterone concentration
(expressed as pg (g wet tissue weight)−1) in brainstem, hypothalamus and cerebellum of SS
and SD rats. Tissues were pooled from 3 animals; n = 8. Bars indicate S.E.M.; *P < 0.05, **P <
0.01.
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Figure 4. Results of a cross-over blood pressure study in SS rats with established hypertension
challenged with a high-salt diet
Systolic blood pressure was measured in unheated trained rats twice a week by tail-cuff
plethysmography. The I.C.V. infusions of vehicle or FAD286 were interchanged between
groups 3 and 4 after 22 days. Bars indicate S.E.M. For simplicity, statistical differences are
discussed in the text.
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