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Abstract 

Mapping Brain Aldosterone and its Biosynthesis Using Mass Spectrometry 

Ian Whitaker, Master of Science, 2016 

Thesis Directed by John M. Hamlyn, Ph.D., Professor in the Department of Physiology  

Aldosterone is the primary mineralocorticoid steroid produced by the zona glomerulosa 

layer of the adrenal cortex. The primary actions of aldosterone on the kidney are well 

characterized while aldosterone has significant effects in other tissues. The presence of 

mineralocorticoid receptors in the brain, central infusion studies, and well documented 

behavioral and cognitive effects of hyperaldosteronism led to speculation that the brain is 

also a significant target site for aldosterone. However, circulating aldosterone is actively 

excluded by the blood brain barrier. To better understand the role of aldosterone in the 

brain, novel mass spectrometry approaches were used to determine the presence and 

amounts of the steroid within discrete brain regions. Aldosterone concentrations were 

found to be markedly elevated in discrete CNS areas (hotspots) but low in others. Tracer 

studies with 3H-DOC showed that aldosterone is locally synthesized within the CNS at 

sites that likely overlap with and contribute to hotspots in the brain. The biosynthesis and 

actions of local CNS aldosterone represent an independent control system of relevance to 

salt balance, blood pressure and cognition.  
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Background 

Discovery of Aldosterone 

In 1855 Thomas Addison observed that the destruction of what he termed the “suprarenal 

capsules” was fatal to his patients (Addison 1855). These observations led eventually to 

the discovery of the steroidal compound now known as aldosterone. Almost 50 years 

after Addison’s initial observations, William Osler was able to improve a patient affected 

by Addison’s disease by giving an extract made from hog adrenals (Osler 1896). 

Subsequently, Biedl identified the adrenal cortex as the source of the “vital” fraction that 

extended the longevity of patients whose adrenals no longer functioned (Biedl 1913). In 

the 1920’s it was noted  that plasma Na+ levels would rise and K+ levels would fall after 

adrenalectomy. Additionally, the negative effects of adrenalectomy were lessened by 

dietary NaCl supplements but were worsened by administration of K+ salts (Baumann 

and Kurland 1927).  

 

In the 1930’s, several different crystalline compounds from the adrenal cortex were 

successfully isolated.  However, a non-crystalline residue often remained that possessed 

sodium retaining activity (Grollman 1939). It remained unclear whether this residue was 

a new steroid or rather the residual activity of a previously identified steroid. In 1952, 

Simpson and Tait developed a new assay to detect radioactive sodium and potassium in 

urine (Simpson and Tait 1952a). With this assay they observed that a commercially 

available bovine adrenal extract, “eucortone” contained sodium conserving activity that 

greatly exceeded any previously identified steroid (Simpson et al. 1952b). Shortly after, 

Simpson and Tait used a toluene-propylene glycol chromatography system and found that 
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the active material migrated in the same fraction as cortisol. The existence of a new 

steroid remained unclear until 1953, when Simpson and Tait used a benzene-water-

methanol system to successfully separate the unknown compound from cortisol. Simpson 

and Tait called the compound “electrocortin” but later changed the name to aldosterone 

since it was the first naturally occurring steroid aldehyde (Simpson et al 1953).  

  

The IUPAC name for Aldosterone is 11-β, 21-dihydroxy-3, 20-dioxo-4-pregnene, 18-al.  

It is the 18-aldehyde of corticosterone. Aldosterone occurs naturally in the d (+)-

enantiomer and exists in at least three biological isomers:  the 18-aldehyde of 

corticosterone, the 11-18 hemiacetal, and the 20 hemiketal. The 18-aldehyde of 

corticosterone as well as the 11-18 hemiacetal are the most prevalent isomers (Fig. 1). 

Within the circulation, the 11-18 hemiacetal is thought to be most prevalent as it is the 

most stable at physiological pH (Ross 1975). It is unclear if the 20 hemiketal has any 

physiological significance. 

 

Figure 1. Structure of Aldosterone. The hemiacetal (right) predominates in the circulation. 

 

Aldosterone is synthesized within cells located in the outermost layer, the zona 

glomerulosa, of the adrenal cortex. This layer is positioned between the adrenal capsule 
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and the glucocorticoid secreting zona fasciculata. The width of the zona glomerulosa 

varies greatly between animals, species, and even individuals. In humans, the zona 

glomerulosa is intermittent, forming an incomplete layer around the adrenal. 

Additionally, the zona glomerulosa actively secretes Aldosterone on demand with no 

tissue storage; the tissue content is only about 0.39 μg/g of tissue (Neher 1958). \ 

 

Aldosterone is synthesized via a pathway that begins with cholesterol. The zona 

glomerulosa contains more lipid droplets than other cortical areas of the adrenal. These 

lipid stores exchange with plasma cholesterol at a slow pace. Aldosterone synthesis 

begins when cholesterol is transported from the cytosol through the outer mitochondrial 

membrane to the inner mitochondrial membrane by a protein called steroidogenic acute 

regulatory protein (StAR). This transportation step is the rate limiting step for 

steroidogenesis (Stocco 2001).  

 

Once cholesterol reaches the inner mitochondrial membrane, the cytochrome P450 side 

chain cleavage enzyme (CYP11A1) catalyzes 20-hydroxylation, followed by 22-

hydroxylation. This enzyme then cleaves the bond between C20 and C22 which produces 

pregnenolone and isocaproic acid (Lieberman and Lin 2001). The pregnenolone is 

transported to the cytosol where 3β-hydroxysteroid dehydrogenase (3β-HSD) converts it 

to progesterone. 3β-HSD catalyzes the dehydrogenation of the 3β-hydroxyl group and the 

isomerization of the double bond at C5 to Δ4. This reaction occurs on the cytosolic side 

of the endoplasmic reticulum membrane. Afterwards, CYP21A catalyzes 21-

hydroxylation of progesterone to form 11-Deoxycorticosterone or DOC (Shinzawa et al. 
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1988).  DOC is then converted to aldosterone (see Fig. 2) by aldosterone synthase 

(CYP11B2) on the surface of the inner mitochondrial membrane in three distinct steps. 

First, CYP11B2 catalyzes the 11β-hydroxylation of DOC to form corticosterone (B). 

Then corticosterone undergoes 18-hydroxylation to form 18-hydroxycorticosterone. 

Finally, 18-hydroxycorticosterone is converted to aldosterone through 18-

methyloxidation.  

 

 

Figure 2. The Biosynthetic Pathway for Aldosterone from Deoxycorticosterone (DOC). The 

primary pathway is from DOC via corticosterone. Only the CYP11B2 enzyme can catalyze the 

terminal step. Image take from the paper entitled Construction of 3D models of the CYP11B 

family as a tool to predict ligand binding characteristics by Roumen et al. 2007. 
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A large variety of compounds are known to modulate aldosterone synthesis. These 

include adrenaline, vasoactive intestinal polypeptide, serotonin, ouabain, atrial natriuretic 

peptide, dopamine, heparin, and adrenomedullin. However, plasma angiotensin II, plasma 

potassium, and plasma ACTH are the principal regulators of aldosterone production 

(Quinn and Williams 1988). Angiotensin II production is controlled through the renin-

angiotensin system. Renin is synthesized and released by juxtaglomerular cells in the 

kidney when there is either decreased intravascular volume or reduced sodium 

concentration in the ascending limb of the nephron. Once renin is released it converts 

angiotensinogen released by the liver to angiotensin I. Angiotensin I is then converted by 

angiotensin converting enzyme (ACE) to angiotensin II. Angiotensin then binds to 

angiotensin II Type 1 G-protein receptors where it stimulates expression of genes 

involved in aldosterone synthesis as well as acutely raising aldosterone secretion. 

Additionally, increases in the extracellular potassium concentration within the 

physiological range depolarize the zona glomerulosa cells and stimulate aldosterone 

synthesis. The depolarization opens voltage-dependent calcium channels, increases 

intracellular calcium and stimulates calmodulin and CaM kinases.  The effects are an 

acute stimulus to aldosterone secretion and an increase in CYP11B1 transcription which 

leads to sustained increases in aldosterone synthesis and secretion. Finally, acute 

increases in plasma ACTH stimulate aldosterone synthesis while chronic ACTH excess 

often suppress aldosterone synthesis. The mechanisms by which ACTH elicits these 

changes remain poorly understood. 
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In addition to the adrenal cortex, other tissues possess the enzymatic machinery necessary 

for aldosterone synthesis. The evidence consists of the existence of aldosterone 

synthesizing enzymes, the transcription of aldosterone synthesizing genes, and/or the 

actual production of aldosterone. Tissues thought to synthesize aldosterone include 

cardiovascular tissue, the central nervous system, kidney, and adipose tissue.  However, 

the evidence is often conflicting and the idea of extra adrenal biosynthesis remains highly 

controversial. Along with this it is unclear if the entire biosynthetic pathway from 

cholesterol is required or whether intermediates of adrenal origin such as DOC may fuel 

the terminal steps of aldosterone biosynthesis at extra-adrenal sites.  Another 

consideration is that aldosterone synthase requires electrons to function properly. These 

electrons reduce the iron at the center of the heme core. These electrons are produced and 

supplied through the adrenodoxin/adrenodoxin reductase coenzyme system. It follows 

that any tissue capable of synthesizing aldosterone would be have to co-express 

aldosterone synthase, adrenodoxin, and adrenodoxin reductase. 

 

Neurosteroids   

One of the more convincing extra-adrenal sites of aldosterone biosynthesis is the central 

nervous system (CNS). Indeed, the term “neurosteroids” was first introduced by Etienne 

Baulieu to describe the possible biosynthesis of steroids within the brain (Baulieu 1981). 

Neurosteroids control a variety of behavioral and metabolic activities within the CNS. 

They affect the regulation of food intake, water intake, aggression, temperature, sexual 

behavior, anxiety, and depression and have generated a great deal of interest as causes of 

mental disease. These CNS steroids are produced from the precursors progesterone, 
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deoxycorticosterone, or testosterone. These precursors are often synthesized within 

peripheral tissue and are able to readily cross the blood brain barrier. Once in the brain, a 

series of enzymes convert the precursors into functional neurosteroids within discrete 

regions. In addition, many regions within the CNS possess enzymes for de novo 

steroidogenesis (Agís-Balboa et al. 2006) including the CYP450 cholesterol side chain 

cleavage enzyme, 3β hydroxysteroid dehydrogenase, and CYP21A.  The rate limiting 

step for CNS de novo steroid biosynthesis is the activity of a protein called StAR 

(steroidogenic acute regulatory protein), a transport protein that regulates cholesterol 

transfer within the mitochondria, as well as the translocator protein (TPSO). Both 

proteins are widely expressed throughout the brain. TPSO activity is controlled by 

various ligands, and represents a probable control mechanism for steroidogenesis within 

the brain. The specific TPSO ligand (XBD173) promotes neurosteroid synthesis 

(Rupprecht et al. 2009). In addition, many different neurotransmitters and neuropeptides 

including GABA, dopamine, glutamate, melatonin, vasotocin, and NPY stimulate or 

inhibit steroidogenic enzymes in the brain. However, the majority of these data are from 

birds and amphibians, and the exact mechanisms by which neurosteroid synthesis is 

regulated in mammals remains uncertain. 

 

Neurosteroids exert their physiological effects via classical genomic as well as non-

genomic actions. The traditional view of steroid action involved the binding of the 

relevant ligand to nuclear steroid receptors. The activated nuclear receptors then altered 

the transcription of key genes over long periods of time. Neurosteroids appear to function 

primarily via the rapid regulation of neuronal excitability by altering ion channels and 
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membrane receptors (Reddy 2003). This is evidenced by the rapid onset of neurosteroid 

effects (Joels 1997), the lack of affinity for nuclear steroid receptors (Rupprecht et al. 

1993), and the persistence of neurosteroid effects despite nuclear receptor knockout 

(Reddy et al. 2004). Many neurosteroids alter synaptic as well as tonic inhibition by 

GABA receptors. Some neurosteroids such as allopregnenolone are positive allosteric 

regulators of GABA-A receptors (Akk et al. 2009). While some sulfated neurosteroids 

such as DHEAS are inhibitory modulators of GABA-A receptors (Park-Chung et al. 

1999). Importantly, these effects are seen at physiological concentrations of 

neurosteroids. In addition to GABA, neurosteroids have also been shown to alter NMDA 

receptors as well as σ receptors in the brain (Maurice et al. 1996). Through these actions, 

neurosteroids alter neuronal firing and signaling within the brain.  

 

Primary Tissue Targets of Aldosterone. Physiological and Pathological Roles. 

The primary target of aldosterone are epithelial cells in the collecting duct of the kidney, 

the colon, and the parotid gland. Once aldosterone reaches these targets cells, it passes 

through the plasma membrane into the cytosol where it binds to mineralocorticoid 

receptors (MR). This binding causes the MR to undergo a conformational change and 

causes dissociation of the MR from a complex of proteins and cofactors. Once 

dissociated, the MR dimerizes with another activated MR and enters the nucleus. The 

MR dimer then binds to steroid responsive elements and either activates or represses gene 

transcription. In addition, the activated MR dimer can affect other nuclear proteins that 

also alter gene transcription. In polarized epithelia, activation of MR events raises the 

number of basolateral Na+/K+ pumps and tends lower the  intracellular sodium 
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concentration. At the same time, apical epithelial sodium channels (ENaC) are 

upregulated and this enhances the flow of sodium from (tubular) fluid on the apical side 

of the epithelium down an electrochemical gradient into the epithelial cells (Asher et al. 

1996).  The enhanced movement of sodium also enhances the flow of water and other 

ions into the epithelial cells through osmotic forces. Additionally, potassium flows down 

its electrochemical gradient from the epithelial cell into the tubular fluid of the kidney or 

colon. The net effect of aldosterone action is the recovery of sodium and water from, as 

well as increased excretion of potassium into, the urine and stool. With excessive 

aldosterone, the enhanced recovery of renal and colonic salt and water can raise blood 

volume and lead to sustained increases in systemic blood pressure. 

 

In addition to the classical effects, aldosterone has rapid, non–genomic actions. These 

were first observed in human red cell membrane ghosts that, by definition, do not possess 

a nucleus (Hamlyn and Duffy 1978). Further work in nucleated cells established that the 

rapid effects of aldosterone were not blocked by inhibitors of transcription or translation 

(Falkenstein et al. 2000, Harvey et al. 2001, Lösel et al. 2004). In some cells types, 

aldosterone activates protein kinase signaling cascades and evokes rapid changes in 

intracellular calcium concentration (Grossmann et al. 2005). Paradoxically, some of these 

effects can be blocked by spironolactone (an MR antagonist) while others are not. The 

latter observation suggested the possibility of a new membrane bound receptor for 

aldosterone.  Another issue is that the rapid effects of aldosterone tend to be more 

prominent in system removed from the in vivo environment, which has led some to 

question the physiological relevance of the phenomenon (Dooley et al. 2012).  



10 
 

Aldosterone and Corticosterone (glucocorticoid) Receptors 

MR as well as the glucocorticoid receptor (GR) are both part of the same nuclear receptor 

family of proteins. MR are highly expressed primarily within the limbic structures of the 

brain while GR are expressed throughout the entire central nervous system 

(Viengchareun et al. 2007). Both MR and GR bind to the same DNA sequences termed 

glucocorticoid response elements (GRE) (Trapp 1996). The MR can bind both 

mineralocorticoids as well as glucocorticoids with high affinity. Further, MR have a 10-

fold higher affinity for glucocorticoids than GR. However, because glucocorticoids such 

as cortisol circulate at concentrations at least 100 times greater than aldosterone, it is 

widely assumed that the MR are almost always occupied by glucocorticoids (Kloet 

2000). The inference that MR are always activated led many to question their purpose.  

 

In classical mineralocorticoid target cells such as those in the kidney, MR are protected 

from glucocorticoids by the enzyme 11β hydroxysteroid dehydrogenase 2 (HSD). This 

enzymes converts the glucocorticoids cortisol and corticosterone into their 11 ketones 

that cannot bind and activate MR or GR. Thus, 11βHSD2 prevents circulating 

glucocorticoids from overwhelming the MR and allows the much smaller changes in 

circulating aldosterone to have profound transcriptional effects in primary target tissues 

such as the kidney. However, within the adult human CNS, 11βHSD2 is found only 

within small local areas that include the ventromediolateral hypothalamus, vestibular 

nucleus, the NTS, and the subcommissural organ. The MR in these structures may be 

able to respond to local changes in aldosterone. Yet another confounding issue is that the 

related enzyme 11β-HSD1 is found throughout the adult brain. This enzyme, once 



11 
 

classically considered to be a reductase that converted inactive cortisone back into active 

cortisol, is now is known to function also as a dehydrogenase. The reductase activity of 

11β-HSD1 is dependent on the generation of NADPH by another protein hexose-6-

phosphate dehydrogenase (H6PDH). In tissues that do not express H6PDH, 11β-HSD1 

acts as a dehydrogenase and could protect MR from glucocorticoids. However, it is 

difficult to ascertain 11β-HSD1 activity in vivo. With cells in vitro, other enzymes alter 

the regeneration of NADPH and lead to activity atypical of in vivo behavior. For this 

reason, it remains unclear whether 11β-HSD1 can protect MR from glucocorticoids in the 

brain. 

 

Actions of Aldosterone and Corticosterone Receptor Antagonists in the Brain  

While the biosynthesis and mechanisms of aldosterone action in the brain remain highly 

controversial, it is clear that aldosterone has observable central effects. 

Hyperaldosteronism, or primary aldosteronism, is associated with cognitive changes as 

well as depression. (Sonino et al. 2006). Aldosterone has direct effects on neuronal 

excitability via MR (Datson et al. 2001) and also affects cerebrovascular blood flow in a 

regiospecific manner (Rigsby et al. 2005).  

 

Some of the first evidence of aldosterone function in the brain resulted from ablation 

studies. These studies showed that the paraventricular nucleus (PVN), circumventricular 

organs, and brainstem all played a role in the hypertension evoked by excess aldosterone-

salt (Buggy et al. 1978). These results were confirmed when the administration of 

minuscule amounts of MR agonists (aldosterone) into the cerebral ventricles caused 



12 
 

sustained increases in blood pressure without affecting circulating aldosterone levels 

(Gomez-Sanchez 1986). Subsequently, it was shown that the sympathetic nervous system 

is activated by CNS aldosterone and contributes to the peripheral vasoconstriction and 

hypertension (Gabor et al. 2013). Moreover, blockade of brain MR (with antagonists or 

siRNA) prevents most of the effects of aldosterone in the CNS (Lemarié et al. 2009). 

 

In addition to cognitive changes and changes in sympathetic output, aldosterone also 

regulates salt appetite. High aldosterone levels evoke increases in sodium appetite even 

when the organism has enough dietary salt (Hall and Hall, 1969). Interestingly different 

regions of the brain are responsible for the effects of aldosterone. When aldosterone is 

administered into the lateral brain ventricles, hypertension is observed without an 

increase in salt appetite. However when aldosterone is administered into the fourth 

ventricle, salt appetite increases without hypertension (Gomez-Sanchez 1988, Formenti et 

al. 2013). These and other results demonstrate that blood pressure regulation is a result of 

MR activation in hypothalamic areas, while salt appetite is regulated through MR in the 

medulla and amygdala. 

 

MR are also expressed in areas of the brain which do not play a role in blood pressure 

regulation or in cardiovascular regulation. These MR have effects on memory, learning, 

and affect (Groeneweg et al. 2012). MR are necessary for the normal long term 

potentiation thought to underlie learning and memory (Maggio et al. 2012). Thus, the 

central effects of aldosterone and MR are perhaps the strongest evidence that aldosterone 

serves a physiological purpose in the brain.  
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Penetration of Peripheral Aldosterone and Corticosterone into the Brain. 

Numerous studies have demonstrated the ability of radioactive steroids administered 

systemically to enter the brain. Testosterone, estradiol, progesterone and corticosterone 

readily cross the blood brain barrier.  On the other hand, aldosterone and cortisol do not 

enter (Figure 3) and this is most surprising because MR and GR are widespread in the 

brain and the hydrophobic qualities of aldosterone certainly allow rapid diffusion across 

cellular plasma membranes. Aldosterone is excluded from the CNS by the MDR1-type P-

glycoprotein. This molecule actively pumps a variety of compounds, including 

aldosterone, across the cerebral vascular endothelium back into the circulation (Ueda et 

al. 1992).  

Figure 3. Uptake of the Common Steroids by the Brain. Aldosterone and cortisol the main 

mineralocorticoid and glucocorticoid hormones are effectively excluded from most brain regions 

(Reproduced with permission from Pardridge and Meitus 1979). 

 

However, there are local CNS and related areas not fully protected by the blood brain 

barrier or that are located outside the CNS. These areas include the pituitary gland, the 

median eminence, the area postrema, the preoptic recess, the paraphysis, the pineal gland, 



14 
 

and the endothelium of the choroid plexus. The extent to which these areas experience 

variations in circulating aldosterone and cortisol is not clear.    

 

Aldosterone Biosynthesis in the Brain 

The existence of aldosterone biosynthesis in the brain remains highly controversial. There 

have been many conflicting reports both for and against CNS biosynthesis. The enzymes 

for de novo steroid synthesis are present throughout the brain. The upstream enzymes in 

the pathway, P450 SCC, 3β-HSD and CYP11A have all been found in different brain 

regions. Further down the pathway, RT-PCR shows CYP11β2 transcripts in rat brain 

tissue (Strömstedt and Waterman, 1995). However, some have argued that the levels of 

gene expression are too low (100-1000 fold lower than adrenal) to have any real 

significance while others failed to detect CYP11β2 transcripts in the rat brain (Mellon 

and Deschepper 1993). One explanation for these conflicting findings is that brain 

aldosterone is important for its local effects within the brain. As a result biosynthetic 

gene expression may be too low to be detected by current genomic approaches. 

 

To date, the most provocative direct evidence for aldosterone biosynthesis in the CNS 

comes from a single report in which minced tissues from several rat brain regions 

(hippocampus, hypothalamus, brain stem, and cerebellum) converted 3H-DOC to 

“aldosterone” in a metyrapone-sensitive manner (Gòmez Sánchez et al. 1997).  The 

relative amounts of 3H-aldosterone (and 3H corticosterone) produced per mg tissue were 

highest in the hippocampus. Critically, other than co mobility with authentic aldosterone 

in thin layer chromatography, no definitive analytical studies with mass spectrometry or 
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NMR were attempted (the tiny absolute amounts of labeled materials produced precluded 

such analyses). Immunohistochemical studies detected the CYP11β2 protein in the rat 

brain (Mackenzie et al. 2002) and aldosterone itself was detected in the rat CNS after 

adrenalectomy; this implies  the existence of a complete biosynthetic pathway starting 

from cholesterol  that need not rely exclusively on the conversion of adrenal-derived 

brain-permeable intermediates (i.e., DOC) (Gomez-Sanchez et al. 2005). Nevertheless, 

many view the low levels of central aldosterone biosynthesis as evidence of limited or no 

physiological relevance. This view flies in the face of the evidence mentioned before that 

aldosterone excess and deficiency as well as the effects of clinically relevant MR 

blockers on blood pressure. In spite of this, miniscule amounts of aldosterone (5 ng/hr) 

infused into the lateral cerebral ventricles induce sustained hypertension in otherwise 

normal rats (Gomez-Sanchez, 1986). Thus, even very low levels of aldosterone synthesis 

at discrete CNS sites could potentially have very important physiological functions 

within the brain. 

 

In the human CNS, there is no direct evidence for aldosterone synthesis.  In one study 

using pooled human brain RNA samples, transcripts for CYP11β2 as well as other 

steroidogenic enzymes were detected in certain sub-regions while the whole brain sample 

was negative (Yu et al. 2002). In another study, no CYP11β2 was detected in individual 

hippocampal and cerebellum samples (MacKenzie et al. 2008). The paucity of human 

data cast doubt on the relevance of the observations in rodents. To date, there are no 

immunohistochemical or in situ hybridization data that demonstrate CYP11β2 in the 
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human CNS; the difficulty in generating antibodies with high affinity and specificity for 

CYP11β2 in any species is well-recognized. 

 

Approaches to the Measurement of Aldosterone 

There are multiple possible approaches for the measurement of aldosterone and related 

steroids in tissue samples. The first includes solution immunoassays such as RIA, ELISA, 

or DELFIA. These assays are highly sensitive, have high resolution and are generally 

cheap. However, these assays are not specific, not in real time, and not in vivo. In 

addition, while peptides and proteins and catecholamines can be located through in situ 

immunohistochemistry or electrochemistry, these approaches do not work for aldosterone 

which lacks a fixable amine group and is not electrochemically active. Another 

alternative to the measurement of aldosterone in the CNS is by using magnetic resonance 

imagery (MRI). MRI has high selectivity, and allows for in vivo results in real time. 

However, it has very low sensitivity (10-4-10-3 M) which is vastly different from the 

estimated 10-10- 10-9 M concentration of aldosterone in the CNS. MRI is also vastly more 

expensive and has lower resolution than other methods. Finally there is GC–MS-MS, LC-

MS-MS, or MALDI-MS imaging. These methods can have high sensitivity, absolute 

specificity, and are quantitative. However these methods are expensive and typically have 

low to moderate resolution. MALDI-MS has high resolution with moderate sensitivity 

but its results are rarely quantitative. All methods have limitations, and to date no steroids 

have been quantitatively mapped in the CNS with analytical methods.  

 

 



17 
 

Hypothesis and Proposal  

The aforementioned issues presented in the introduction, the lingering concerns 

concerning aldosterone biosynthesis and its physiological relevance in the CNS all stem 

ultimately from the absence of meaningful analytical data.   

The major questions are as follows:  Is aldosterone synthesized and localized to specific 

regions in the CNS? Can definitive analytical tools such mass spectrometry be used to 

detect and more importantly quantify aldosterone in the CNS? If so, are any of these sites 

capable of aldosterone biosynthesis?  

I have two working hypotheses. 

Working Hypothesis 1. Aldosterone concentrations are markedly elevated (“hotspots”) 

and confined to very discrete regions within the CNS. These hotspots can be detected by 

advanced mass spectrometry methods and, more critically can, for the first time, be 

quantitated relative to the levels in adjacent tissue and the circulation. 

Working Hypothesis 2. The tissue in hotspot regions contain cells that synthesize 

aldosterone. The synthesis occurs either de novo from cholesterol or from the use of 

distal intermediates such as progesterone and DOC from distal sources that are outside 

and/or inside the CNS. 
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Methods 

Rationale for Use of the Bovine Brain 

The decision to use a bovine brain was made for several reasons. First, the bovine brain is 

large weighing from 400 to 500 grams. From this standpoint, the bovine brain is spatially 

large and thus an ideal preparation to explore the idea that there may be standing 

concentration gradients for aldosterone.   The ability to acquire large amounts of tissue 

was believed to be critical to detect tiny amounts steroids by mass spectrometry; others 

had already explored similar measurements in the rat without success (Konkle et al. 

2011). Second, bovine brains are accessible on demand for a reasonable fee from a 

slaughter house near the University.   Third, unlike the human brain, the bovine brain can 

be excised and iced within 10-15 minutes of slaughter. This should minimize tissue 

necrosis and metabolism.  Fourth, rapid access to tissue was considered critical. Relative 

to the human, there are no administrative delays with the acquisition of bovine tissue. 

 

Solid Phase Sample Extraction and Differential Elution. 

Fresh bovine brains were transported in an iced cooler from a slaughter house to the 

laboratory at the University of Maryland, Baltimore. The bovine brain was sliced from 

rostral to caudal into 13 sections using a bread slicer and a cold knife in a cold room at 3o 

Celsius. Core punches were taken from each slice using a 5mm diameter pre-chilled 

punch. Each tissue punch was placed in a pre-weighed, labeled test tube. The tubes were 

reweighed to obtain the sample mass. Subsequently, 2 ml of methanol/0.01% TFA was 

added to each tube. Also, at this time two blanks with 2 ml of methanol/0.01%TFA were 

made. Next, a Polytron homogenizer was used to grind up each sample. Each sample was 
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spun at 12,000 x g at 2oC for 15 minutes, and the supernatant was poured off into a new 

set of clean test tubes. At this time, 5 µL of a water-saturated cresol red solution was 

added to each tube. The tubes spun in a vacuum centrifuge for one day to remove solvent. 

The dried samples were removed and reconstituted with 1 ml nanopure water and 

vortexed thoroughly. Finally, the samples were spun again at 12,000 x g at 2oC for 15 

min and the samples were pipetted into new tubes. Next, the samples were applied to 

preconditioned Varian 1 ml C-18 columns on a vacuum manifold and washed 3X with 1 

ml of water. Then the columns were washed 1X with 1 ml 5% CH3CN and this wash was 

discarded. Afterwards, the columns were eluted with 1 ml of 25% CH3CN followed by 1 

ml of 50% CH3CN. Each eluate was collected separately into labeled tubes and dried by 

vacuum centrifugation.  

 

Preparation of Extracts for Mass Spectrometry 

All samples were reconstituted in nanopure water. Aliquots were taken an mixed vol:vol 

with 50% CH3CN and sprayed into the electrospray interface of either a Bruker HCT or 

Bruker Amazon X ion trap mass spectrometer.  In some studies, known amounts of 

internal heavy atom standards of aldosterone (D4-aldosterone) were added to each 

sample 30 minutes prior to mass spectrometry. The internal standards allow the exact 

quantitation of endogenous aldosterone in each sample and compensate for variations in 

sample ionization efficiencies. During mass spectrometry the internal standard generates 

molecular ion peaks that are characteristically shifted from endogenous aldosterone. The 

intensity of these reference ion peaks allows for the quantitation of endogenous 

aldosterone. 
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Mass Spectrometry 

Initial methods were established using a commercial standard of aldosterone. The 

standard used was 100 nM in 50% CH3CN/water. All samples were infused at 2-4 

µL/minute. Ionization and ion trap settings were previously optimized to generate 

multidimensional MS-MS (MS2) and/or MS-MS-M (MS3) spectra. The parent molecular 

ions for the endogenous aldosterone and its D4-analog in MS1 were isolated at 361.2 and 

365.2 m/z respectively. To generate MS2 product ion spectra, collision-induced 

dissociation (CID) at an energy of 1.2V was applied. The  major MS2 protonated product 

ions at 343.2 and 347.2 m/z were then isolated,  and subjected to CID for generate the 

MS3 spectra. The major MS3 product molecular ions generated by aldosterone are shown 

in Figure 4.  The intensity of the reference ions was used to quantify the endogenous 

aldosterone in each sample. 
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Figure 4. Characteristic MS, MS2 and MS3 Spectra from an Aldosterone Reference 

Standard. Top panel MS spectra, second panel isolation of the parent ion at 361.2. Third panel, 

MS2 product ion spectra following collision induced dissociation of the parent ion.  Fourth panel, 

isolation of the dominant MS 2 ion at 343.2m/z.  Fifth panel, MS3 product ion spectra showing 

signature product ions at 325.2, 315.2, 307.2 and 299.1 m/z. All ions shown are protonated. The 

corresponding ions for the heavy isotope D4-Aldosterone analog (not shown) are all +4 m/z 

greater. 
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Investigation of Aldosterone Biosynthesis Using Radiotracer Methodology 

Tissue cores weighing an average of 303.8 mg with a standard deviation of 33.24 mg and 

a range of 270 to 394 mg were collected from brain regions previously shown by MS to 

have either elevated or decreased aldosterone concentrations. Each core was divided, 

weighed, minced, and placed in wells with 3 mL cell culture solution containing 1.2×10-

10 moles of 3H-DOC. One well from each tissue sample also contained 100 uM 

metyrapone; a reversible inhibitor of 11β-hydroxylase and aldosterone synthase. The 

tissue minces were incubated at 37°C in 5% CO2 for 3 hr. The reaction was halted by 

transfer to a refrigerator for 15 min. Clear supernatants were immediately obtained by 

centrifugation (2°C) and applied to 3 mL C18 columns. The columns were 

preconditioned, washed with 5% acetonitrile, and eluted sequentially with 20%, and 50% 

acetonitrile. The 50% fraction (that contains aldosterone) was collected and dried 

overnight in a vacuum centrifuge. Each sample was then reconstituted in 1 mL nanopure 

water and centrifuge filtered through a small disk filter to 0.2 μm. Each sample was then 

injected into a Beckman system Gold HPLC pre-equilibrated with an Agilent RP-Polar 

analytical scale column running at 1ml/min. Bound materials were eluted with a solvent 

gradient program and 1mL fractions were collected for 70 minutes. To probe for the 

disposition of the 3H label in the fractions, 100uL aliquots were taken, mixed with 3 mL 

of Safety-Solve scintillate and counted using a Beckman TA-5000 liquid scintillation 

counter. The remaining fractions were then dried under a vacuum centrifuge and then 

stored at 2° Celsius. 
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Aldosterone Trap Assay 

First we evaluated the efficacy of an aldosterone antibody (Sigma Aldrich) to make sure 

that it would work in our trap assay protocol. We used fractions from an HPLC run (test 

run 4) in which 3H aldosterone and 3H-DOC were well separated.  The dried fractions 

from this separation were first reconstituted in 700 µl water and mixed. Then 100 µl from 

each LC fraction was transferred into clean labeled tubes. Next, the Sigma Aldosterone 

antibody was reconstituted in 5 ml RIA buffer. An aliquot of 0.5 ml of the stock solution 

was removed and mixed with an additional 2.4 ml of RIA buffer to create the working 

solution. Then, 0.1 ml of this working antibody solution was added to each of the 

fractions from the test run. This mixture was allowed to incubate at room temperature for 

6 hours. Each reaction was terminated and bound and free were separated by fiberglass 

filters using a cell harvester. The trapped aldosterone counts were dispersed with 3 mL of 

Safety-Solve scintillate for 48 hours and then counted in a Beckman TA-5000 liquid 

scintillation counter. This method demonstrated the efficacy of our aldosterone antibody. 

 

Next, fractions 20-29 from 12 HPLC separations (Adrenal, S1, S4, S8, S11, and S12 +/- 

metyrapone) were reconstituted in 500uL of water and mixed. 100ul of each fraction was 

removed and mixed with 0.1 ml of working antibody solution (made from 1.5 ml stock 

antibody + 3 vials goat antirabbit +14.5 ml RIA buffer). Each fraction was mixed and 

allowed to equilibrate for 6 hr. The reactions were extracted onto fiberglass filter paper, 

dispersed and counted by liquid scintillation spectrometry as described above.  
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Results 

Bovine Brain 1 (BB1) Qualitative Estimation of Aldosterone Content 

In the first mapping experiment, each tissue core was evaluated for a variety of 

endogenous substances, including aldosterone, corticosterone, vasopressin, ouabain and 

morphine. As this was a feasibility experiment, the purchase of internal heavy atom 

standards for each compound was not appropriate. The absence of such standards does 

not affect the overall observation that hotspots exist for each of these compounds, it does 

impact our ability to know their exact concentrations. Absolute quantitation depends 

upon controls for ionization efficiency, ion suppression, and other non-machine related 

effects. The tissue punches were of similar mass, so that the large variation in apparent 

content makes it unlikely that the above noted factors would significantly change the 

main conclusion of the first study. Further, each compound had unique hotspots, with the 

exception of aldosterone and corticosterone that were found to be colocalized. 

 

The first experiment sought to evaluate the extent to which low levels of steroids could 

be detected by modern mass spectrometry methods and whether local elevations or “hot  

spots” were present. MS3 spectra were used to probe for specific signature ions 

characteristic of endogenous aldosterone and corticosterone. Figure 5 shows the spectra 

for an aldosterone standard as well as for tissue punches 4, 5, and 6 from the frontal 

cortex of bovine brain one. The results how that punch 5 contains the same key signature 

MS3 product molecular ions as the aldosterone standard. Quantification of these ion 

peaks by reference to the standard concentration, revealed markedly elevated levels of 

aldosterone (i.e., an aldosterone “hotspot”). In contrast, the adjacent punches (e.g., 4) 
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Figure 5. Characteristic MS3 Spectra from an Aldosterone Reference Standard 

and Bovine Brain 1 Samples. Top panel Aldosterone standard showing characteristic 

protonated product ions at 325.2, 315.2, 307.2 and 299.1 m/z. Second panel, punch S4. 

Third panel, punch S5. Fourth panel, punch S6. CID = collision induced dissociation. 

Signature MS3 molecular ions for aldosterone are present in each punch. 

 

 

showed much smaller ion peaks indicating that these locations contain lower amounts of 

aldosterone and are “cold spots”.  
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The results from the first brain in table 1 demonstrate that aldosterone was detectable in 

all brain samples. There were numerous samples with very prominent signals for 

endogenous aldosterone. These samples originated from the rhinal sulcus, the septum, the 

hypothalamus, the median eminence, and the brain stem. These areas contained the 

highest signals for endogenous aldosterone normalized for tissue mass in each sample. 

All brain regions tested contained aldosterone which is most interesting when considering 

the efficiency of the blood brain barrier in excluding circulating aldosterone.  

 

In this brain, MS3 spectra were generated also for corticosterone; an upstream 

intermediate in aldosterone biosynthesis. Those areas with elevated aldosterone also 

showed elevated levels of corticosterone (Figure 6) and the tissue levels of both steroids 

were significantly correlated (Figure 7). It is very unlikely that the hotspots for 

aldosterone and corticosterone would be similarly distributed unless their biosynthetic 

pathways were related and the amounts detected by MS were valid. This provides further 

proof that there are hotspots for both aldosterone and corticosterone in discrete areas of 

the bovine brain. 
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Table 1: Relative Amounts of Aldosterone in the BB1 Sample Set. Signals are 

normalized for initial tissue weight. Aldosterone hotspots are (red) present in all major 

brain areas.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Slice Punch Location Sum Sum/1gram % of max 

1 1 Olfactory area 219 2355 17.1 

2 1 Olfactory area 439 4933 35.8 

3 1 Olfactory area 337 5349 38.8 

4 2 Frontal lobe 249 2417 17.5 

5 2 Rhinal sulcus 1174 9949 72.2 

6 2 Olfactory tract 619 4585 33.3 

7 3 Frontal lobe 224 3027 21.9 

8 3 Cortex 347 7383 53.6 

9 3 Cingulate gyrus 338 4390 31.8 

10 4 White matter PFC 211 2029 14.7 

11 4 Gray matter, cortex 390 4815 34.9 

12 4 Nucleus accumbens 263 2348 17.0 

13 5 Nucleus accumbens 466 8034 58.3 

14 5 Septum 601 12787 92.8 

15 5 Corpus callosum 563 5213 37.8 

16 5 Gray matter, cortex 246 2674 19.4 

17 6 Hypothalamus 397 5438 39.4 

18 6 Fornix 318 6235 45.2 

19 6 Corpus callosum 286 5837 42.3 

20 6 Claustrum 419 7759 56.3 

21 7 Hypothalamus 375 7812 56.7 

22 7 Thalamus 547 9431 68.4 

23 7 Fornix 462 8400 60.9 

24 7 Singulate gyrus 403 5373 39.0 

25 7 Gray matter, cortex 361 3882 28.1 

26 8 Hippocampal commissure 389 4471 32.4 

27 8 Hippocampus 341 3410 24.7 

28 8 Median eminence 496 13778 100.0 

29 8 Pineal gland 345 7340 53.2 

30 9 Periaqueductal gray 316 4862 35.2 

31 9 WM mesencephalon 256 3821 27.7 

32 10 WM mesencephalon 247 2520 18.2 

33 10 WM cerebral peduncle 259 4544 32.9 

34 11 WM near raphe 230 5897 42.8 

35 11 WM myelencephalon 1225 13611 98.7 

36 12 Brain stem 759 12242 88.8 

37 12 Cerebellar gray 534 9709 70.4 

38 12 Cerebellar WM 293 4069 29.5 

39 13 Cerebellar gray matter 376 9400 68.2 

40 13 Brain stem 392 9561 69.3 

41 13 Cerebellar gray matter 432 7082 51.4 

42 8 Gray matter cortex 297 2560 18.5 
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Figure 6. Corticosterone and Aldosterone Signals in BB1 Samples. Top panel corticosterone 

signal, Lower panel aldosterone signal. Note the peak and trough concordance across the brain 

samples. 

Figure 7. Regression Analysis of Corticosterone vs Aldosterone MS3 Signals in the BB1 

Sample Set. The R2 value is 0.845. P<0.001. 
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Bovine Brain Two (BB2): Quantitative Estimation of Aldosterone 

For the BB2 sample set, a D4-aldosterone internal standard was included to enable 

absolute quantification of aldosterone. Figure 8 shows the representative spectra obtained 

in MS3 (MS-MS-MS) for a standard of D4-Aldosterone in comparison with BB2 slice 5 

sample. 

 

 

Figure 8. Characteristic MS3 Spectra from a D4-Aldosterone Reference Standard and BB2 

Slice 5 Sample 1. Upper panel, D4-aldosterone standard. Lower panel, BB2, slice 5, punch S1. 

 

In each case, the spectra were obtained by isolating protonated parent ions at 363.5 +/- 4 

m/z applying collision energy, then isolating the resulting fragments  at 345 (D4-aldo) or 

341 (aldo)  in the MS2 mode and applying further collision energy to these ions to 
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generate their corresponding MS3 spectra. The results are clear MS3 product ion peaks at 

319.3 (D4-aldo) and 315.3 (aldo) m/z. The former peak corresponds to D4-aldosterone 

and can be used as a standard in samples doped with the same concentration of the heavy 

atom standard. In the spectra obtained from sample 1, one can see the reference D4-aldo 

peak at 319.3 m/z which can then be compared to the peak for endogenous aldosterone at 

315.3 m/z. The endogenous aldosterone is quantitated with reference to the D4-

aldosterone internal standard.   

 

In BB2, samples were taken from slices 5, 6, 11, and 12 to focus on a higher core density. 

However this meant that the exact identity of each sample is unknown (Figure 10). 

Despite this, the differences in endogenous aldosterone among the samples are notable. In 

addition, samples were taken from fresh kidney and different layers of the bovine adrenal 

gland. This allowed us to compare our results with tissues that are known to be 

aldosterone responsive as well as aldosterone producing.  

 

The results from the BB2 samples confirm the impression from BB1, i.e., there are 

notable differences in endogenous aldosterone concentration between different brain sites 

(Table 2, Figure 9). In particular, samples 1 and 4 both have over 100 nmoles of 

endogenous aldosterone per gram of tissue. These local hotspots were nearly twice the 

average concentration of 31.9 nmoles/g of tissue from our samples. Furthermore, these 

elevated concentrations observed in the brain are comparable to the aldosterone levels in 

the adrenal cortex in this same study. These results are remarkable in that they reveal 

discrete local concentrations for aldosterone within the brain that are similar to those 
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found in a classical tissue known to synthesize aldosterone. High resolution full coverage 

of the bovine brain was not feasible in this limited study. Nevertheless, it seems likely 

that regions with even higher concentrations will be detected when higher fidelity cores 

are sampled.  The goal of this experiment was not to provide evidence that specific 

tissues contained aldosterone, but rather to demonstrate whether large differences in local 

aldosterone concentration existed within relatively small regions within the brain. There 

are three general reasons that aldosterone could be concentrated within local areas of the 

CNS. First, circulating aldosterone is excluded from entering certain areas of the brain 

but entry may be permitted where the blood brain barrier is less efficient. Second, 

aldosterone might be actively pumped into discrete areas, perhaps by the choroid plexus. 

Third, local areas of the brain might synthesize aldosterone. Only the latter two 

possibilities appear to be viable because the tissue content of the aldosterone hotspots is 

well (10-100 fold) above the circulating level so entry into the CNS without the ability to 

accumulate is not sufficient.  

 

 

 

 

 

 

 

 

 



32 
 

Table 2. Concentrations of Endogenous Aldosterone (eAldosterone) in the BB2 

Sample Set. Results were quantified using a D4-Aldosterone internal standard. Several 

brain samples (red) have an aldosterone content that exceeds that in the adrenal cortex.  

 
Sample Tissue Location eAldosterone Aldo 

D4 

Ratio [eALDO] uM (rel 

to Standard 4uM 

actual sprayed) 

nmoles 

eALDO/g 

1 5 21 73 0.29 1.15 112.3 

2 5 11 107 0.10 0.41 39.2 

3 5 11 88 0.13 0.5 52.6 

4 5 20 59 0.34 1.35 108.5 

5 5 9 15 0.6 2.4 192 

6 5 16 87 0.18 0.73 52.6 

7 5 6 70 0.09 0.34 19.6 

8 5 9 93 0.09 0.39 21.2 

9 5 6 61 0.09 0.39 22.2 

10 5 11 81 0.14 0.54 28.9 

11 5 16 103 0.16 0.62 59.2 

12 5 8 121 0.07 0.26 14.3 

13 5 10 108 0.09 0.37 24.7 

14 6 21 125 0.17 0.67 42.0 

15 6 14 138 0.10 0.41 49.2 

16 6 12 108 0.11 0.44 26.5 

17 6 5 101 0.05 0.198 11.0 

18 6 14 197 0.07 0.28 23.2 

19 6 20 157 0.13 0.51 33.4 

20 6 12 127 0.09 0.38 20.2 

21 6 12 162 0.07 0.29 15.8 

22 6 24 105 0.23 0.91 45.2 

23 6 18 165 0.11 0.44 22.4 

24 6 8 134 0.06 0.25 10.9 

25 6 20 145 0.14 0.55 31.5 

26 6 19 246 0.08 0.31 16.5 

27 6 9 128 0.07 0.28 17.1 

28 6 16 188 0.09 0.34 18.9 

29 11 8 203 0.04 0.16 9.14 

30 11 14 192 0.07 0.29 14.8 

31 11 12 203 0.06 0.24 21.5 

32 11 15 231 0.07 0.26 16.5 

33 11 13 213 0.06 0.24 12.4 

34 11 18 195 0.09 0.37 16.6 

35 11 21 174 0.12 0.48 24.1 

36 12 22 237 0.09 0.37 22.2 

37 12 10 211 0.05 0.19 13.1 

38 12 8 113 0.07 0.28 33.3 

39 12 20 170 0.12 0.47 28.9 

40 12 13 202 0.06 0.26 16.1 

41 12 2 257 0.01 0.03 1.7 

42 12 10 258 0.04 0.16 8.27 

43 12 4 206 0.02 0.08 5.55 

44 Kidney 13 90 0.14 0.58 22.7 

45 Kidney 16 129 0.12 0.49 33.1 

46 Kidney 29 212 0.14 0.55 38.4 

47 Kidney 8 288 0.03 0.11 15.3 

61 Adrenal Medulla 49 156 0.31 1.26 29.6 

62 Adrenal Zona Fasiculata 207 110 1.88 7.53 93.5 

63 Adrenal Capsule and ZG 47 103 0.46 1.83 39.3 
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Figure 9.  Variation in the Absolute Amounts of Endogenous Aldosterone (nmoles) in the 

BB2 Sample Set. Note that some samples are in the range of 100-200 nmoles of 

aldosterone/gram wet wt. 
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Figure 10. Location of the Sample Cores Taken from the Bovine Brain 2 Sample Set,  

Kidney and Adrenal Gland. A) The Bovine Brain 2 is ~14 cm long. B) Locations of the 13 

punches taken from slice 5 of BB2. C) Locations of the 15 cores taken from slice 6 of BB2. D) 

Locations of the 7 cores taken from slice 11 of BB2. E) Locations of the 8 cores taken from slice 

12 of BB3. F) Locations of the 4 cores taken from the bovine kidney. G) Intact adrenal gland 

from which three cores (outer capsular layer, zona fasciculata, medulla) were taken. 

 

 

 

E 
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Figure 11. Radiochromatogram Showing the 

Distribution of 3H Following Incubation of 3H-DOC 

with BB4 S1 Minces. 

BRAIN S1   [1,2-
3
H]-DOC Radiochromatogram

FRACTION #
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D
P

M

1e+1

1e+2

1e+3
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Control

Metyrapone 

Biosynthesis 

The existence of aldosterone “hotspots” within the bovine CNS requires a mechanistic 

explanation. The similarity of the concentrations of endogenous aldosterone in the brain 

and the adrenal cortex raised the hypothesis that aldosterone is synthesized in local 

regions of the CNS. To test this hypothesis, fresh brain minces were incubated with 

tritiated 11-deoxycorticosterone (3H-DOC) with and without metyrapone. DOC is an 

upstream precursor in the pathway to aldosterone in the adrenal cortex. Its utilization can 

be explored initially by following the movement of 3H by radiochromatography. The 

approach involved C18 

sample extraction followed 

by HPLC of the aldosterone 

containing fractions. Each 

fraction was sampled for 

radioactivity by LSC.   

Starting from DOC with a 

total of ~1.6x107 dpm per 

incubation, radioactivity 

was found in HPLC 

fractions with the 

characteristic retention 

times of DOC, corticosterone, and aldosterone (Figure 11). These results provide, at best, 

only indirect evidence that aldosterone synthesis has occurred. It is important to note that 

over half of the initial 3H label could not be accounted for. Further, virtually all HPLC 

? 

Aldosterone 

DOC 
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Figure 12.  Ratiogram Showing the Impact of Metyrapone on the Flux of 3H from DOC 

in the Adrenal.    ? is possibly 18,19 dihydroxycorticosterone.  The Y axis is logarithmic. 

fractions contained significant amounts of 3H. This is consistent with the promiscuous 

behavior of 3H labeled compounds in living tissue.  

 

To better visualize the effect of metyrapone on the movement of 3H label, 

radioratiograms were constructed. Figures 13 and 14 provide radioratiograms for the 3H 

label in each fraction arising from incubations performed under control conditions and in 

the presence of metyrapone. If the radioactivity in the fraction was due to the conversion 

of 3H-DOC to aldosterone via a metyrapone sensitive step, one would expect the ratio to 

be well above unity (i.e., metyrapone inhibitable). Figure 12 shows the ratiogram for the 

bovine adrenal incubation (i.e., the positive control). As expected, metyrapone-sensitive 

fluxes of 3H were observed in LC fractions representing 18-hydroxycorticosterone, 

aldosterone, corticosterone and DOC. 
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Figure 13. Ratiogram for Brain S1 Showing the Metyrapone Sensitive 3H Flux 

from 3H-DOC for Brain S1. ? is of unknown identity. Note, the Y axis is logarithmic. 

 

 

 

The radiogram results for samples from the various brain areas showed clear radioactive 

signals in fractions expected to contain aldosterone (i.e., HPLC fractions 25 and 26).  The 

example shown in Figure 13 below is for Brain S1. The other brain areas tested (S8, S11, 

S12) produced generally similar results (not shown). 

 

In summary, the adrenal (positive control ) and brain minces for core samples from tissue 

slices 1, 8, and 11, showed a significant flux of radioactivity into fractions where 

aldosterone would be anticipated. Additionally, this movement of radioactivity was 

typically blocked ~80% by metyrapone. Taken together, the results from the 

radioratiograms suggest, but do not prove, that these CNS areas can actively synthesize 

aldosterone from DOC.  
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Aldosterone Trap Assay  

Under normal circumstances, the next major analytical step would involve the specific  

isolation of 3H-aldosterone by repeated LC until complete purity was obtained. The 

recovered label would then be presented for multidimensional MS (per figure 5). This 

approach would offer the possibility for a complete proof but was not possible. The SOP 

MS facility does not permit radiolabeled materials to be sprayed into their instruments 

and the MS ion trap instrument in the laboratory that could have been used to generate 

the definitive proof was not operational.  Accordingly, it was necessary to utilize an 

alternative and informative but less definitive method that involved an affinity based 

aldosterone trapping method.  In this experiment, either an antibody or aptamer with high 

affinity and selectivity for aldosterone is used to trap its 3H-labelled counterpart. The 

assay is conceptually simple and analogous the pull down assays used in protein analysis: 

it involves the incubation of LC fractions thought to contain radioactive aldosterone 

formed from the metabolism of 3H-DOC (i.e., LC runs with controls and Metyrapone 

incubations) with an aldosterone antibody and the rapid separation of bound and free 

label over glass fiber filters. Specifically trapped 3H with the HPLC retention 

characteristics exactly matching those for aldosterone would be indicate the suitability of 

the methods as a means to screen HPLC fractions from the adrenal and brain sample sets. 

The results of this approach are shown in Figure 14 and show that the 3H label from 

HPLC fractions 25 and 26 (where aldosterone migrates) was specifically trapped. 



41 
 

Radiochromatogram and Aldosterone Trap Assay

 for 3H-Aldosterone and 3H-DOC Test Run

Fraction #
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Figure 14. Test of Trap Assay Methods. HPLC radiochromatogram for 3H-aldosterone and 
3H-DOC (blue). Specific trapping of 3H by an aldosterone antibody (red).  

 

Thus, this experiment proved the utility of the aldosterone antibody and the trap method. 

Accordingly, HPLC fractions from the adrenal and the various brain regions were 

analyzed using the trap procedure. Results for the adrenal and brain S1 are shown in 

Figure 15. Clear peaks of trapped radioactivity were observed in fractions 25 and 26 for 

both tissues. In the case of the adrenal, other adjacent peaks (fractions 21 and 28, 29) 
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ALDOSTERONE TRAP ASSAY 
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Figure 15. Results of the Trap Assay for Aldosterone in 

HPLC Fractions. Fractions from the adrenal (top panel) and 

BB 4 S1 (Bottom panel). ? unknown identity. 

 

 

 

 

 

 

 

 

were observed. These materials are undoubtedly steroids related to aldosterone although 

their identity is unknown. The presence of other labeled peaks reflects the fact that the 

aldosterone antiserum is, like all antibodies, not 100% specific for its target ligand.   

 

It may be noted that in the 

later fractions (27-30) from 

the brain S1, the DPM ratio 

became negative. Hence, 

the 3H label in the 

metyrapone fractions 

bound to the aldosterone 

antibody exceeded the 

bound 3H in the controls. 

This was a surprising 

observation and indicates 

that metyrapone, in 

addition to blocking 

aldosterone biosynthesis, 

had the additional effect of 

stimulating an unknown 3H 

flux pathway in the brain. 

This same phenomenon was observed in all brain regions tested (not shown).  
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Table 3 distills most of the key observations from the various experiments. Based upon 

the BB 1 sample set, aldosterone hotspots were found by MS3 in brain regions that are 

geographically equivalent to S1 and S8 in the BB 4 sample set. S1 came from tissue in 

the olfactory cortex. S8 is from tissue around the third ventricle, likely the fornix. These 

same regions were also “hot” according to an indirect estimate of biosynthesis as 

visualized by the metyrapone-sensitive 3H ratiogram.  

 

Table 3. Summary of the Data from the Bovine Brain Samples Sets 1, 2 and 4 (BB 1, 

BB 2, and BB 4) 

 

 

 

 

 

 

 

 

 

BB 4 Site Metyrapone-

Sensitive 

Ratiogram for 
3H from DOC 

BB 1 

Sample 

Number 

BB 1 

Aldosterone 

Hotspot by 

MS3 

BB 2 

Sample 

Number 

BB 2  

nmoles aldosterone/g 

tissue 

Adrenal 4.51     62 93.5 

Brain S1 2.25 5 72.21%   

Brain S4 1.04 10 14.73% 7, 9, 12 14.3, 19.5, 22.1 

Brain S8 2.21 23 60.9%   

Brain S11 1.34 36 16.59% 34 16.5 

Brain S12 1.25 38 29.53% 43 5.5 
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Discussion 

Aldosterone in the CNS 

There is much contemporary effort being made to map all the connections, expressed 

genes, and expressed proteins within the mammalian brain. Yet, the chemical 

environment within different brain structures and regions has been entirely overlooked. 

The work presented offers the first glimpse of a definitive and quantitative approach to 

comprehensively map the major chemicals in the CNS environment. When taken 

together, the data obtained support the overall conclusion: aldosterone is actively 

synthesized from DOC in discrete regions of the CNS. The result of this metabolic 

activity is the formation of discrete regions within the CNS where the concentration of 

aldosterone is higher than found in non-aldosterone synthesizing regions. 

 

The present experiments are the first to demonstrate the existence of high concentrations 

of aldosterone and corticosterone, i.e., “hotspots” as well as “coldspots” within the 

bovine central nervous system. The hotspots are especially significant in that the 

concentrations of aldosterone far exceed those in the circulation (up to 100 fold). Such 

high local concentrations of aldosterone, for the first time, imply an ability to out 

compete glucocorticoids for MR activation in certain brain regions. The existence of 

hotspots is important also for other reasons. First, hotspots are distributed in functionally 

distinct regions of the CNS. This implies that aldosterone is likely to have diverse 

functions within specialized regions of the brain. If aldosterone functioned in the same 

way throughout the brain, one might expect relatively uniform concentrations throughout 

the CNS.  
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Although it was well known that aldosterone is actively excluded from certain brain 

regions, the significance of this has been largely ignored. One possibility was that 

aldosterone was toxic to the CNS. Another possibility was that discreet regions within the 

CNS actively synthesize aldosterone where it serves as an autocrine or paracrine signaler. 

While both of these are possible, the knowledge that aldosterone can effect rapid non-

genomic changes in both epithelia and neurons (Grossman et al. 2005) hints that 

biosynthesis is not only likely but may perform a vital role in the regulation of 

sympathetic output and regulation of many autonomic responses in the CNS. 

Furthermore, the concentrations observed in the identified hotspots in this study were 

comparable to the concentrations found in fresh adrenocortical tissue – the classic site of 

aldosterone biosynthesis. The high concentrations in small areas of the brain are 

especially intriguing because the circulating aldosterone levels are typically quite low 

(~250 pM). This would make it difficult for the CNS to accumulate aldosterone in the 

hotspot concentrations.  

 

The present studies have probed the CNS at very low resolution. Much work is needed to 

further quantify and identify regions of elevated aldosterone in the bovine brain at higher 

resolution. Further, coverage of the brains from other mammals including rats, mice, and 

humans will provide a more detailed and comprehensive view that in some species will 

be amenable to experimental influence.  

 

Perhaps most importantly, the initial experiments demonstrate that it is possible to detect 

and quantify endogenous steroids within the CNS using advanced mass spectrometry 
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methods. It has long been held that endogenous aldosterone as well as other neurosteroids 

exist in such miniscule concentrations that their definitive detection within small pieces 

of brain tissue was simply not possible. Here, it was possible to use the mass 

spectrometer as an enrichment device in a manner that greatly improves the detection 

sensitivity of the instrument. Many further refinements of the MS method are already 

available that will allow the ability to detect and quantify a large variety of steroids and 

other neurochemicals of interest in small portions of the rodent brain. 

 

Biosynthesis 

The main results of these experiments is that radioactivity was transferred from 3H-DOC 

into HPLC fractions that are expected to contain aldosterone (fractions 25-26). 

Furthermore, the flux of 3H was blocked by the presence of the aldosterone synthase 

inhibitor, metyrapone. This work is the first to confirm and extend the 1997 work of 

Gomez Sanchez et al in the rat brain. While provocative, the present results, and those of 

Gomez-Sanchez, are not definitive. First, metyrapone is not specific for aldosterone 

synthase and can block other cytochrome P450 enzymes. There is, however, no doubt in 

the present work that the classic inhibitor metyrapone blocked the conversion of 3H-DOC 

to 3H-aldosterone, but also that it may have altered the conversion to several compounds 

some of which may have similar chromatographic properties to hydroxylated variants of 

aldosterone. In future work, a more selective inhibitor of aldosterone synthase such as 

FAD286 should be used.  
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Similarly, it was not possible to prove whether the radioactive peaks in the HPLC 

fractions are in fact aldosterone. The original experimental design called for the screening 

of aldosterone containing HPLC fractions by MS3 to provide definitive results but this 

was not feasible in the facility used for the MS analyses. Instead, the probable identity of 

the radioactive compounds in the aldosterone fractions was explored using a trap assay. 

In this assay, aldosterone selective antiserum was used to probe each fraction before 

being trapped onto a glass fiber substrate and examined for radioactivity by LSC. It was 

found that radioactive material from HPLC fractions with the retention time expected for 

aldosterone were trapped specifically by the aldosterone antibody. It would be useful to 

consider another trap based approach base upon aldosterone selective aptamers. The 

combination of two trap methods with entirely different chemistry alone or in 

combination with antibodies would be persuasive.  

 

Finally, a key issue in this work is the reliance on tritium as a tracer. While tritiated 

compounds are easy to work with due to their relative safety and high specific activity, 

they often exchange tritium with water and other compounds in aqueous solution. This 

promiscuous behavior is evident in that radioactivity from 3H-DOC was transferred and 

appeared in all HPLC fractions (Figure 12) simply as a result of chemical processes 

unrelated to biosynthetic activity. This smearing of label can be obviated by the use of  

14C-DOC as a precursor. As the label in 14C-DOC is in the backbone of the steroid, it 

cannot exchange non catalytically with other compounds and thereby avoids the negative 

issues associated with tritiated compounds. Unfortunately, 14C-DOC was not 

commercially available for these experiments.  
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Yet another planned approach to the issue of biosynthesis employs no radioactive 

materials at all but instead uses an all MS based method that relies on a stable heavy 

isotope labeled substrate (e.g., 13C-DOC) as a precursor. The advantage is that the 

pathway to aldosterone can be followed definitively by advanced MS methods. The 

disadvantage is that large amounts of MS time are needed and the initial isotopic purity 

needs to be very high. Further, the amounts of 13C-DOC required can be expensive and 

hard to obtain. Indeed, 13C-DOC was not commercially available when these experiments 

were conducted but is now on backorder.  

 

Finally, the CNS samples used in this work were obtained from bovine brain slices 

obtained by using a bread slicer and a large knife. This method is not as reproducible as it 

needs to be. Nor does it take into account size differences (the brain used for the 

biosynthesis was smaller than previous samples). One definitive way around these issues 

is to obtain exact dimensions and coordinates for every brain by MRI (c.f., The Allen 

Institute) and to use the appropriate slicing paradigm based upon size. The extent to 

which this might be feasible at UMB is not clear. Nevertheless, it is recommended that, 

prior to slicing, each brain be encased in a material whose internal dimensions can be 

determined and ported to a digital 3D map file.  The files would be used to custom print 

slicing cradles of different sizes. Despite these caveats, this work provides novel evidence 

that strongly supports the view that aldosterone is synthesized locally and acts in discrete 

localities in the mammalian brain. 
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