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1. Abstract

1.1. Abstract (English)

Mineralocorticoid receptors (MR) predominantly expressed in peripheral nociceptive
neurons demonstrates an essential role for these neuronal MR in the modulation of pain.
Indeed, the blocking of MR activation on peripheral nociceptive neurons attenuates
inflammatory pain, suggesting an intrinsic involvement of endogenous aldosterone.
However, the direct source of endogenous aldosterone and its key processing enzyme is
still lacking. Therefore, the work of my thesis examines the localization of MR with its
protecting enzyme 11R-HSD2 as well as its endogenous ligand aldosterone with its
processing enzyme aldosterone synthase (CYP11B2) within nociceptive dorsal root
ganglion (DRG) neurons of naive rats as well as of rats with Freund’s complete adjuvant
(FCA)-induced hind paw inflammation. Similar to the well-established renal
mineralocorticoid system, the work of my thesis detected the mRNA and corresponding
proteins of MR, 11R-HSD2 and CYP11B2 in DRG neurons. Consistently, double
immunofluorescence confocal microscopy demonstrated that the numbers of neurons
co-expressing MR with 118-HSD2 as well as aldosterone with CYP11B2 were mostly
present in CGRP-immunoreactive (-ir) nociceptive neurons. Moreover, the number of
CGRP-ir DRG neurons innervating inflamed hind paws and co-expressing MR with
11R-HSD2 or aldosterone with CYP11B2 were up-regulated. Importantly, blocking
aldosterone synthase activity by intrathecal administration of the aldosterone synthase
inhibitor FAD286 reduced the number of aldosterone-ir neurons confirming the
neuronal synthesis of aldosterone. Altogether, the results of my thesis provide direct
evidence of the synthesis of the MR endogenous ligand aldosterone in peripheral

nociceptive neurons through the locally expressed enzyme aldosterone synthase.



1.2. Abstrakt (Deutsch)

Die Expression von Mineralocorticoidrezeptoren (MR) vorwiegend in peripheren
nozizeptiven Neuronen unterstreicht die essentielle Rolle dieser neuronalen MR bei der
Modulation von Schmerzen. In der Tat flhrte die Blockade einer Aktivierung von MR auf
peripheren nozizeptiven Neuronen zu einer Reduktion entziindlicher Schmerzen, was auf
eine intrinsische Beteiligung von endogenem Aldosteron hindeutet. Die direkte Quelle fur
endogenes Aldosteron und sein verantwortliches Schliisselenzym ist jedoch bisher
unbekannt. Daher untersuchte meine Dissertation die Lokalisierung von MR und 113-HSD2
sowie von endogenem Aldosteron und dem synthetisierendem Enzym Aldosteronsynthase
(CYP11B2) in sensorischen Spinalganglien von naiven Ratten sowie Ratten mit einer
Freund’s Complete Adjuvans (FCA)-induzierten Hinterpfotenentziindung. In gleicher Weise
wie beim etablierten Mineralocorticoid-System der Niere konnte die Arbeit meiner
Dissertation die mRNA und die korrespondierenden Proteine von MR, 113-HSD2 und
CYP11B2 in Spinalganglien-Neuronen nachweisen. Konsistent zeigte die konfokale
Doppelimmunfluoreszenz-mikroskopie, dass MR mit 11R-HSD2 sowie Aldosteron mit
CYP11B2 co-exprimiert und hauptsachlich in CGRP-immunreaktiven (ir) nozizeptiven
Neuronen vorhanden waren. Dariiber hinaus war die Anzahl der sensorischen CGRP-ir-
Spinalganglien-Neurone, welche die entziindete Hinterpfote innervieren und MR mit 11(3-
HSD2 oder Aldosteron mit CYP11B2 coexprimieren, hochreguliert. Hervorzuheben ist, dass
die Blockierung der Aldosteronsynthase-Aktivitat durch intrathekale Gabe des Inhibitors
FAD286 die Anzahl der Aldosteron-ir-Neuronen verringerte, was die Annahme einer
neuronalen Synthese von Aldosteron bestatigte. Zusammenfassend liefern die Ergebnisse
meiner Dissertation den Nachweis fiir eine lokale Synthese des endogenen MR-Liganden
Aldosteron durch das Enzym Aldosterone Synthetase, welches in peripheren nozizeptiven

Neuronen exprimiert ist.



2. Introduction

2.1. Aldosterone-mineralocorticoid receptors system

The steroid hormone aldosterone plays a vital role in maintaining the body’s blood
pressure within a normal range through regulating the electrolyte and fluid balance. This
occurs by aldosterone’s action on the mineralocorticoid receptors (MR) of the collecting
ducts within the kidney to stimulate sodium reabsorption and potassium loss, thus,
regulating electrolyte homeostasis (Booth et al., 2002).

Aldosterone is synthesized within the zona glomerulosa of the adrenal gland from
cholesterol by the actions of four enzymes. These enzymes include cholesterol side-chain
cleavage (CYP11A1l), 21-hydroxylase (CYP21), and aldosterone synthase (CYP11B2)
from the enzyme family of cytochrome P450 enzymes. The CYP11Al and CYP11B2 are
found on the inner mitochondrial membrane, while the endoplasmic reticulum contains
CYP21. The fourth enzyme — type 3B-hydroxysteroid dehydrogenase 2 (HSD3B2) — is a
member of the short-chain dehydrogenase family within the endoplasmic reticulum
(Capponi, 2004). In the first step, the mitochondrial CYP11A1 transforms cholesterol to
pregnenolone. It represents the rate-limiting reaction for all the tissues that synthesize
steroids and involves the transportation of cholesterol from the cytoplasm to the outer
membrane of the mitochondria, followed by the transfer from the outer to the inner
mitochondrial membrane, where CYP11A1 is located (Capponi, 2004). This step is mostly
dependent on the expression of the phosphorylation of steroidogenic acute regulatory
protein (StAR) (Fleury et al., 2004). The pregnenolone translocates to the endoplasmic
reticulum to be converted to progesterone by HSD3B2 and possibly HSD3B1 (type 1 3f-
hydroxysteroid dehydrogenase) (Konosu-Fukaya et al.,, 2015). Progesterone is
hydroxylated to deoxycorticosterone by CYP21. Three successive oxidation reactions
(11p-and18-hydroxylation, followed byl18-oxidation) can convert deoxycorticosterone to
aldosterone, exclusively by the involvement of aldosterone synthase CYP11B2 in humans
(Monticone et al., 2018).

Aldosterone circulates in the blood stream either free (30-50% of total aldosterone)
or bound to albumin or corticosteroid-binding globulin (50-70% of total aldosterone) and it

is rapidly inactivated in the liver with a plasma half-life of 15 to 20 minutes (Gardner &
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Shoback, 2017). Typical MR endogenous ligand aldosterone-sensitive tissues are the
kidney (Groeneweg et al., 2011) and heart (Rossignol et al., 2011).

2.2. Aldosterone and MR in the central and peripheral nervous system

Although MR has been expressed in renal and vascular tissue, recent reports have
shown that MR is also expressed in other tissues such as the heart, blood vessels, eyes,
adipose tissue, and cells of the immune system (Mufioz-Durango et al., 2015). While first
evidence of aldosterone synthesis outside of the adrenal glands was neglected (Lockett &
Retallack, 1970), previous studies demonstrated aldosterone synthase (CYP11B2) mRNA
in cardiac tissue of rodents by Takeda et al. (1995) and then in the failing human heart by
(Mizuno et al., 2001; Yoshimura et al., 2002), suggesting extra-adrenal aldosterone
synthesis. It has been reported that in the immune response, the aldosterone promotes an
inflammatory state characterized by vascular infiltration of immune cells, reactive
oxidative stress and proinflammatory cytokine production in various tissues (Herrada et al.,
2011). In human leucocytes, the MR expression has been observed in peripheral blood T
and B lymphocytes, monocytes, dendritic cells, macrophage and neutrophils (Grafte-Faure
et al., 1999). Furthermore, a beneficial effect of MR antagonism in cardiovascular diseases
— evidenced by clinical studies(Rossignol et al., 2011)(Rossignol et al., 2011)(Rossignol et
al., 2011) - is most likely due to the prevention of inflammatory damage (Rossignol et al.,
2011).

In the brain, it has been shown that MR is expressed in neurons of the hippocampal
formation, lateral septum, medial and central amygdala, olfactory nucleus, layer Il of the
cortex, and brain stem (De Kloet et al., 2000a). Furthermore, extra-adrenal aldosterone
synthesis has been demonstrated for specific neurons within the brain, e.g. the
hypothalamus and rostral ventral medulla, at which aldosterone appears to contribute to the

depolarization of neurons (Colombo et al., 2006; MacKenzie et al., 2012).
2.3. Modulation of pain by the aldosterone-MR system

Recent emerging evidence suggests that aldosterone may also play a role in the
peripheral nervous system. Corticosteroids exert an analgesic effect in human disease

associated with inflammatory pain (De Oliveira et al., 2011).This may occur through either
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genomic pathway-mediated anti-inflammatory and immunomodulatory effects or through
non-genomic signaling pathways (Barnes et al., 1993; De Oliveira et al., 2011; Garg et al.,
2014; Habib et al., 2010). In an animal model of chronic lumbar DRG compression,
intrathecal aldosterone antagonism via spironolactone administration reversed mechanical
allodynia two days after surgery (Gu et al., 2011). Similarly, the antiallodynic effect of
intrathecal spironolactone four and seven days after surgery concomitant with the
inhibition of spinal microglia activation and cytokine production was observed in the same
animal model (Sun et al., 2012). Moreover, 500 pg of the MR antagonist eplerenone given
to the site of zymosan-induced inflammation of the lumbar-DRG reduced mechanical
allodynia 1-13 days after intervention (Dong & Xie, 2012). These effects occurred within
days and were most likely due to genomic effects through either a prevention of nuclear
MR translocation or an attenuation of DRG satellite cell activation (Dong & Xie, 2012).
The work of my research group has recently demonstrated MR on peripheral unmyelinated
nociceptive C-fibers, suggesting a vital role for the modulation of nociception (Shaqura,
Li, Al-Madol, et al., 2016). Indeed, local application of the MR agonist aldosterone at the
peripheral and central nerve terminals of nociceptive neurons immediately reversed the
inflammation-induced increased mechanical sensitivity (Shaqura, Li, Al-Madol, et al.,
2016). This is in line with findings of another group which has shown that aldosterone
dose-dependently increased the number of action potentials elicited in acutely-dissociated
DRG (Dong & Xie, 2012; Ye et al., 2014). These effects occurred rapidly and were most
likely due to non-genomic effects (Shaqura, Li, Al-Madol, et al., 2016).

2.4. Aims of Ph.D. thesis

Based on these findings the project of my thesis (Mohamed et al., 2020) examined in

the Wistar rat model of unilateral FCA hind paw inflammation the following hypotheses:

i) Expression of MR and its protecting enzyme 113-HSD?2 in nociceptive DRG neurons

of Wistar rats

i) Expression of aldosterone with its processing enzyme aldosterone synthase CYP11B2

in nociceptive DRG neurons of Wistar rats



iii) Up-regulation of the expression of aldosterone and its processing enzyme CYP11B2
as well as MR and its protecting enzyme 11R-HSD2 in nociceptive DRG neurons

innervating FCA-inflamed hindpaws of Wistar rats.

iv) Reduction of aldosterone-ir DRG neurons by intrathecal application of the
aldosterone synthase inhibitor FAD286 innervating FCA-inflamed hindpaws with
consequences for the nociceptive behavior of Wistar rats.

3. Material and methods

3.1. Animals

After approval by the local animal care committee, | performed my experiments in
male Wistar rats (180-250g) (breeding facility Charité-Universitatsmedizin Berlin,
Germany) in accordance with the European Directive introducing new animal welfare and
care guidelines (2010/63/EU). | induced an unilateral hind paw inflammation by an
intraplantar (i.pl.) injection of 0.15 ml Freund’s complete adjuvant (FCA), a water-in-oil
emulsion with killed mycobacteria (Calbiochem, San Diego, CA), under brief isoflurane
anesthesia (1.0-2.5 Vol%, Abbott, Wiesbaden, Germany). Within 6 hours, a local swelling
and reddening of the right hindpaw develops which further increased up to 24 h and
remained stable until the fourth day after FCA-inoculation ((Rittner et al., 2001), on which

| performed all experiments.
3.2. Intrathecal catheter and osmotic Minipump implantation

For continuous intrathecal (i.t.) administration of drugs, animals were implanted with
chronic intrathecal catheters,as previously described by Shaqura et al.(Shaqura et al., 2013).
Animals were anesthetized with isoflurane in oxygen via nose cone. A longitudinal skin
incision was made in the lumbar region directly above the spinous processes of the L4-L6
vertebrae. The needle through which the catheter was placed (PE10 tubing attached to PE
60 tubing for attachment to an osmotic pump; Portex Ltd, United Kingdom) was set up and
inserted at a 30° angle between the L5 and L6 vertebra. Subsequently, the catheter was
carefully advanced upward 1 cm into the intrathecal space while rotating it between the

thumb and forefingers. The sign of dura penetration was observed by involuntary movements
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of the tail or hind limb. Finally, the correct location of the catheter was verified by 10 pl
lidocaine 2%, which caused reversible bilateral hind limb paresis for 10 to 15 min.

3.3. Experimental protocols

In the first set of experiments | examined the expression of MR and its protecting
enzyme 11R-HSD2 by western blot and immunohistochemistry in L3-5 DRG neurons of
naive control rats and rats with unilateral hindpaw inflammation. In the next set of
experiments, | examined the expression of aldosterone and its processing enzyme
CYP11B2 by western blot and immunohistochemistry in L3-5 DRG neurons of naive
control rats and rats with unilateral hindpaw inflammation. In the next set of experiments, |
examined potential colocalizations between MR, aldosterone, CYP11B2 and the
nociceptive neuron marker CGRP. Finally, I examined whether continuous intrathecal
delivery of the aldosterone synthase inhibitor FAD286 will significantly reduce the
increased number of aldosterone expressing DRG neurons in Wistar rats with unilateral
FCA-hindpaw inflammation. Rats received the following intrathecal treatments over five
days starting one day before FCA-induced hindpaw inflammation. For i.t. FAD286
delivery, Alzet osmotic minipumps (2 ml, rate 5.0 pl/h Alzet Corporation, Cupertino, CA)
were filled with 0.9% NaCl with or without FAD286 (100 pg/kg*day) and connected to
the i.t. catheter to administer FAD286 or vehicle continuously at 5.0 pl/h.

3.4. Western blot

DRG samples from adult rats were solubilized by homogenization in RIPA buffer
and the lysate was centrifuged at 16.000 g for 20 min (Chalecka-Franaszek & Cote, 1996).
Subsequently, the protein concentration of the supernatant was measured by using a BCA
assay (Pierce, Rockford, IL, USA) according to Mousa et al. (2016) to obtain total cell
protein. It is important to determine the total protein concentration of the generated extract
for loading a specific amount of protein on the gel for comparisons between
samples. Subsequently, 10-20 pg protein was denatured in sodium dodecyl sulfate (SDS)
sample buffer (5% loading buffer: 200 mM Tris, pH 6.8, 10% SDS, 20% glycerol, 10% 2-
mercaptoethanol and 0.05% bromophenol blue; filled up with RIPA buffer) for 10 min at
80°C. This led to binding of SDS to the protein and formed a negatively-charged micelle
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around the protein regardless of inherent charges (Shaqura, Li, Al-Madol, et al., 2016). The
glycerol is used to simplify the loading by raising the density of the extract and the dye is
added to visualize the sample. Heat is applied on the samples to break the structures of the
protein (Mahmood & Yang, 2012). When the negatively-charged extracts were loaded on
the 7.5% Mini-PROTEAN TGX Stain-Free Precast Gels (Bio-Rad, Copenhagen,
Denmark), the different protein bands were separated. Then, the gel was
electrophoretically transferred to a nitrocellulose membrane using the Trans-Blot Turbo
Transfer System (Bio-Rad Laboratories GmbH, Minchen, Germany) (Shaqura, Li, Al-
Madol, et al., 2016). After blotting, membranes were blocked in 3% BSA for 2 h and
incubated with mouse anti-CYP11B2 (Merck Millipore, Darmstadt, Germany; 1:1000 in
3% BSA) or rabbit anti-11p—HSD2 (ST John’s Laboratory Ltd., London, UK; 1:500 in 3%
BSA). After incubation with the secondary antibody (peroxidase-conjugated goat anti-
rabbit or anti-mouse, 1:40.000, Jackson ImmunoResearch, West Grove, PA) for 2 h at
room temperature, reactive protein bands were digitally visualized using ECL solutions
(SuperSignal West Pico, Thermo Scientific) in ChemiDoc MP Imager. Finally, the blots
were re-probed with monoclonal mouse anti-beta actin antibody (1:20.000; Sigma-Aldrich)

as an internal standard. Experiments were conducted on four animals per group.

The western blot bands specific for CYP11B2 (57 kDa) or 11—HSD2 (70 kDa) were
quantified by Java Image processing and analysis software (ImageJ, open-source image
software downloaded from the web; http://rsb.info.nih.gov/ij/, accessed March 9,
2018)(Shaqura, Li, Al-Khrasani, et al., 2016; Shaqura, Li, Al-Madol, et al., 2016) The area
and density of pixels within the threshold values representing immunoreactivity were
measured, and the integrated density (the product of the area and mean of gray values) was
calculated. Integrated immunodensities of controls and treated groups were compared and

statistically analyzed (Shaqura et al., 2013).
3.5. Immunohistochemistry
3.5.1. Tissue preparation

Adult rats were deeply anesthetized with isoflurane and trans-cardially perfused with

100 ml warm saline, followed by 300 ml 4% (w/v) paraformaldehyde in 0.16 M phosphate
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buffer solution (pH 7.4). After perfusion, L3-L5 DRG were removed and fixed in the same
fixatives for 90 min, and then cryoprotected overnight at 4° C in PBS containing 10%
sucrose. The tissues were then embedded in tissue-Teck compound (OCT, Miles Inc.
Elkhart, Indiana) and frozen. 8 um sections were cut by using a Cryostat (Thermo Fisher,
Dreieich, Germany) and they were mounted onto gelatin-coated slides (Shaqura, Li, Al-
Madol, et al., 2016).

3.5.2. Double immunofluorescence staining

Double immunofluorescence staining was processed as previously described (Mousa
et al., 2007; Shaqura, Li, Al-Madol, et al., 2016). Tissue sections were incubated for 60 min
in PBS containing 0.3% Triton X-100, 1% BSA, 10% goat serum (Vector Laboratories, CA,
USA) (blocking solution) to prevent non-specific binding. Tissue sections were then
incubated overnight with the following primary antibodies: polyclonal rabbit anti-
aldosterone (Novus Biologicals, LLC, CO, USA, 1:500), in combination with a
polyclonal guinea pig anti-CGRP, monoclonal mouse anti-MR (private gift from Prof.
Elise Gomez-Sanchez, Jackson, USA) or CYP11B2. In addition, polyclonal sheep
antibody against 11—HSD2 was examined in combination with the monoclonal mouse
anti-MR (private gift from Prof. Elise Gomez-Sanchez, Jackson, USA). After incubation
with primary antibodies, the tissue sections were washed with PBS and then incubated
with Alexa Fluor 594 donkey anti-rabbit antibody (Vector Laboratories) in combination
with Alexa Fluor 488 goat anti-guinea pig, anti-mouse or anti-sheep antibody
(Invitrogen, Germany). Thereafter, sections were washed with PBS, and the nuclei-
stained bright blue with 40-6-Diamidino-2-phenylindole (DAPI) (0.1 mg/ml in PBS)
(Sigma). Finally, the tissue sections were washed in PBS, mounted on vectashield
(Vector Laboratories) and imaged on a LSM510confocal laser scanning microscope,as
previously described (Li et al., 2018) — equipped with an argon laser (458/488/514 nm),
a green helium/neon laser (543 nm), and a red helium/neon laser (633 nm; Carl Zeiss,
Gottingen, Germany). Single optical slice images were taken using x10 or %20 Plan-
Neofluar air interface or x40 Plan-Neoflua oil interface objective lens. The brightness
and contrast of the final images were adjusted in Adobe Photoshop 6.0 (Adobe Systems,
San Jose, CA). To demonstrate specificity of the staining, the following controls were

included as described in the previous work of my lab group (Li et al., 2018; Mousa et
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al., 2016; Shaqura, Li, Al-Khrasani, et al., 2016), namely the omission of either the

primary antisera or the secondary antibodies.

The method of quantification for DRG staining has been previously described (Al-
Madol et al., 2017; Li et al., 2018; Mousa et al., 2016; Shaqura, Li, Al-Khrasani, et al.,
2016). In order to count the total number of neurons, only those immuno-stained neurons
containing a distinct nucleus were counted from 2-3 sections per rat and 4-5 rats per group
using 40x objective lens. In a similar way, the number of aldosterone/total DRG, MR/total
DRG, 11p—HSD2 /total DRG, CYP11B2/total DRG, aldosterone+MR/total DRG,
CGRP+aldosterone/total DRG, CGRP+CYP11B2/total DRG, CGRP+11p—-HSD2/total
DRG, aldosterone+CYP11B2/total DRG, CGRP+11p—HSD2 /total DRG were counted in

each DRG sections and represented as percentages.
3.6. Statistical analysis

All tests were performed using Sigma Plot 13.0 software (SPSS Inc., Germany).
Tagman® PCR, western blot as well as immunofluorescence data were analyzed as two
group comparisons (FCA-treated rats versus controls) by the two-tailed independent
Student t-test in case of normally-distributed data. Multiple comparisons were analyzed by
one-way ANOVA and post-hoc Tukey test. For all statistical tests, significance was
assumed at P<0.05.

4. Results

4.1. Co-localization of MR and its protecting enzyme 11-BHSD?2 in sensory dorsal root

ganglia

Western blot experiments using a specific antibody against118-HSD2 identified a
protein band at the expected molecular weight of 70 kDa in DRG of control rats and rats
with FCA-inflamed hind paws (Fig. 1A). The intensity of these protein bands appeared
slightly different, while the R-actin protein bands (expected molecular weight of 43 kDa) -
used as an internal loading control - did not seem different (Fig. 1A). Quantitative analyses
of the integrated optical density showed no statistically significant differences between the

integrated optical intensities of the 11R3-HSD2 protein bands of controls versus FCA-treated
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rats (Fig. 1B). Immunofluorescence staining of DRG from rats with FCA-induced hind paw
inflammation and control rats using a specific anti-MR antibody identified MR-
immunoreactivity in several DRG neurons with a small-to-medium cell size (Fig. 2A, B).
Quantitative analyses of the number of DRG neuronal cells immunoreactive for MR divided by
the total number of neuronal cells per image revealed a significant increase of MR-ir cells in
DRG innervating inflamed versus control hind paws (Fig.2C). Immunofluorescent staining of
DRG from rats with FCA-induced hind paw inflammation and control rats using a specific anti-
11R-HSD2 antibody identified 11R3-HSD2-immunoreactivity in several DRG cells (Fig. 2D, E).
Quantitative analyses of the number of DRG cells positive for 113-HSD2 divided by the total
number of cells per image revealed a significant increase of 118-HSD2-positive cells in DRG
innervating inflamed versus control hind paws (Fig. 2F). Examining the same sections with
fluorescence microscopy by using both a filter for Texas red and FITC green fluorescence
demonstrated that 113-HSD2 immunoreactivity overlap with MR in DRG cells (Fig. 2G, H).
Quantitative analysis of the number of DRG cells immunoreactive for both MR and 113-HSD2
divided by the total number of neuronal cells per image revealed a significant increase in the co-
localization of 11R-HSD2 with MR-ir cells in DRG innervating inflamed versus control hind

paws (Fig. 2 I).
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Figure 1: Detection of 11p-hydroxysteroid-dehydrogenase 2 (113-HSD2) protein in dorsal root
ganglia innervating Freund’s Complete Adjuvant (FCA)-inflamed hind paws of rats compared
to DRG of control rats (Ctrl) using Western blot. shows a representative western blot with a 11-
RHSD2 protein band (at 70 kDa) and a [3-actin protein band (at 43 kDa) as internal loading control,
(B) shows fold changes of the integrated optical density of 113-HSD2 protein bands by Java Image
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processing and analysis software. Note that the differences between the two groups did not
significantly differ (n.s.) (n=4-5 rats, P = 0.72, two-tailed independent Student t-test). (This figure
was modified from the published figure in Mohamed et al., 2020, Anesthesiology 132(4):867-880).
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Figure 2: Double immunofluorescence confocal microscopy of 11p-hydroxysteroid-
dehydrogenase 2 (113-HSD2) co-localized with mineralocorticoid receptors (MR) in dorsal root
ganglia (DRG) innervating FCA-inflamed rat hind paws compared to dorsal root ganglia of
controls. A and B show a positive immunofluorescence staining for MR (Texas red fluorescence)
using a monoclonal mouse anti-MR antibody (private gift from Dr. Elise Gomez-Sanchez). C
displays the ratio of MR-ir neurons to the total number of neuronal cells in the same image (Ctrl: 47 +
2%; n=14 images, FCA: 68 + 1,5%; n=16 images; P<0.05; two-tailed independent Student’s). D and
E show a positive immunofluorescence staining for 118-HSD2 (FITC green fluorescence) using a
polyclonal sheep anti-113-HSD2 antibody (Elise Gomez-Sanchez, Jackson, USA). F displays the
ratio of 11R3-HSD2-ir neurons to the total number of neuronal cells in the same image (Ctrl: 51 + 3%;
n=14 images, FCA: 68 £ 2, 4; n=16 images, P<0.05; two-tailed independent Student’s). G and H
show the co-localization of 113-HSD2 immunoreactivity with MR in DRG neurons. | displays the
ratio of neurons co-express 113-HSD2 with MR to the total number of neuronal cells in the same
image (Ctrl: 68 £+ 5%; n=14 images, FCA: 81.60 + 2%; n=16 images, P<0.05; two-tailed independent

Ctrl FCA
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Student’s). Data are expressed as means = SD. Bar = 40 um. (This figure was modified from the
figure published in Mohamed et al., 2020, Anesthesiology 132(4):867-880).
4.2. Co-localization of aldosterone with both CGRP and MR in sensory dorsal root

ganglia

Double immunofluorescence confocal microscopy using specific antibodies against
aldosterone and CGRP showed a co-localization of aldosterone immunoreactivity (Fig. 3A,
B) with CGRP in DRG cells (Fig. 3D, E) innervating FCA-inflamed or non-inflamed rat
hind paws. Quantitative analyses of these tissue sections from DRG revealed a significant
increase in both aldosterone- and CGRP-ir neuronal cells (Fig. 3C, F). Aldosterone- and
CGRP-ir double-labelled neuronal cells of DRG were identified using both a filter for
Texas red and FITC green fluorescence (Fig. 3G, H). Quantitative analyses of the number
of DRG neuronal cells immunoreactive for both aldosterone and CGRP divided by the
total number of neuronal cells per image revealed a significant increase in DRG
innervating inflamed versus control hind paws (Fig. 3 ). In addition, double
immunohistochemistry demonstrated the co-existence of aldosterone (Texas red
fluorescence) with MR (FITC green fluorescence) in DRG neurons (Fig. 4 A, B and D, E).
Quantitative analysis of the ratio of aldosterone- as well as MR-ir DRG neuronal cells in
relation to the total number of cells per image showed a significant increase of aldosterone-
as well as MR-ir DRG cells in FCA-treated rats compared to controls (Fig. 4C, F).
Examining the same sections by using both a filter for Texas red and FITC green
fluorescence revealed a co-localization of aldosterone with MR (Fig. 41). The proportion of
DRG cells co-expressing aldosterone immunoreactivity with MR was significantly
increased in relation to the total number of neuronal cells per image following FCA hind
paw inflammation compared to the control (Fig. 4 1).
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Figure 3: Double immunofluorescence confocal microscopy of aldosterone (Aldo) co-
localized with the sensory neuron marker calcitonin gene-related peptide (CGRP) in DRG
innervating rats with FCA-inflamed hind paws compared to that of controls. A and B show
a  positive immunofluorescence staining  for aldosterone (Texas  red fluorescence)  using
polyclonal rabbit anti-aldosterone antibody (Novus Biologicals, LLC, CO, USA). C displays the
ratio of aldosterone-ir neurons to the total number of neuronal cells in the same image (Ctrl: 45
3%; n=20 images, FCA: 66 + 2 %; n=20 images, P<0.05; two-tailed independent Student’s). D
and E show a positive immunofluorescence staining for CGRP (FITC green fluorescence)
using polyclonal guinea pig anti- CGRP (Peninsula Laboratories, CA, USA). F displays the
ratio of CGRP-ir neurons to the total number of neuronal cells in the same image (Ctrl: 44 +
1%; n=7 images, FCA: 66 * 4 %; n=8 images, P<0.05; two-tailed independent Student’s). G
and H show the co-localization of aldosterone immunoreactivity in CGRP-ir DRG neuronal
cells of inflamed hind paws versus controls. | displays the ratio of neurons co-expressing
aldosterone with CGRP to the total number of neuronal cells in the same image (Ctrl: 14 £+ 1%;
n=7 images, FCA: 39 £1 %; n=8 images, P<0.05; two-tailed independent Student’s). Data are
expressed as means = SD. Bar = 40 um. (This figure was modified from the figure published in
Mohamed et al., 2020, Anesthesiology 132(4):867-880).
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Figure 4: Double immunofluorescence confocal microscopy of aldosterone (Aldo) with the
mineralocorticoid receptor (MR) in dorsal root ganglia (DRG) innervating FCA-inflamed rat
hind paws compared to that of controls. A and B show a positive immunofluorescence staining
for aldosterone (Texas red fluorescence) using polyclonal rabbit anti-aldosterone (Novus
Biologicals, LLC, CO, USA). C displays the ratio of aldosterone-ir neurons to the total number of
neuronal cells in the same image (Ctrl: 45 + 4%; n=14 images, FCA: 64 + 3%; n=13 images, P<0.05;
two-tailed independent Student’s). D and E show a positive immunofluorescence staining for MR
(FITC green fluorescence) using a monoclonal mouse anti-MR antibody (private gift from Dr. Elise
Gomez-Sanchez). F displays the ratio of MR-ir neurons to the total number of neuronal cells in the
same image (Ctrl: 44 + 4%; n=14 images, FCA: 66 * 2%; n=13 images, P<0.05; two-tailed
independent Student’s). G and H show the co-localization of aldosterone with MR in DRG of
inflamed hind paws versus controls. | displays the ratio of DRG neurons co-express aldosterone with
MR to the total number of neuronal cells in the same image (Ctrl: 36 £ 3 %; n=14 images, FCA: 55
3%; n=13 images, P<0.05; two-tailed independent Student’s). Data are expressed as means = SD. Bar
= 40 pm. (This figure was modified from the figure published in Mohamed et al., 2020,
Anesthesiology 132(4):867-880).
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4.3. Co-localization of aldosterone synthase CYP11B2 with both aldosterone and MR
in sensory DRG

Western blot experiments identified CYP11B2 specific protein bands (57 kDa) in
sensory DRG cells by using a specific anti-CYP11B2 antibody. Quantitative analysis of the
integrated optical density of CYP11B2 specific protein band in using J-image showed no
statistically significant difference between the integrated optical intensities of the CYP11B2
protein bands in DRG of FCA-treated rats compared to that of controls (Fig. 5B).

Immunofluorescence staining of DRG using a specific anti-aldosterone and anti-
CYP11B2 antibody demonstrated aldosterone and CYP11B2 immunoreactivity within
DRG neurons of rats with FCA-induced hind paw inflammation and controls (Fig. 6 A, B
and D, E). Quantitative analysis of the ratio of aldosterone- as well as CYP11B2-ir DRG
neuronal cells in relation to the total number of cells per image showed a significant
increase of aldosterone as well as CYP11B2—ir DRG cells in FCA-treated rats compared to
controls (Fig. 6C, F). Examining the same sections by using a filter for both Texas red and
FITC green fluorescence revealed a co-localization of aldosterone with CYP11B2 (Fig.
6G, H). Quantitative analyses of the double-labeled DRG cells showed a significant
increase of the number of neuronal cells that co-express CYP11B2 with aldosterone in
DRG innervating inflamed hind paws versus that of the control (Fig. 6 I).

Furthermore, MR- and CYP11B2-ir DRG neurons increased in the DRG of FCA-
treated rats versus controls (Fig. 7 A, B) (Fig. 7 D, E). Quantitative analyses of the number
of DRG neuronal cells immunoreactive for MR divided by the total number of neuronal cells
per image revealed a significant increase of MR-ir DRG neuronal cells. In addition, the
number of DRG neuronal cells immunoreactive for CYP11B2 divided by the total number of
cells per image revealed a significant increase of CYP11B2 -ir DRG neuronal cells of DRG
innervating inflamed versus control hind paws (Fig. 7C, F). Examining the same sections
with fluorescence microscopy by using both filters (for Texas red and FITC green
fluorescence), they demonstrate abundant overlap of MR with CYP11B2 immunoreactivity
(Fig. 7G, H). Quantitative analyses of the number of DRG neuronal cells immunoreactive for

MR with CYP11B2 divided by the total number of neuronal cells per image revealed a
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significant increase of co-localization of CYP11B2 with MR in DRG innervating inflamed

versus control hind paws (Fig. 7 1).
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Figure 5: Detection of aldosterone synthase enzyme CYP11B2 using Western blot in dorsal
root ganglia innervating FCA-inflamed rat hind paws compared to controls (Ctrl) without
any inflammation. A shows a representative western blot with a CYP11B2-specific protein band
at the expected molecular weight of 57kDa detected by anti-CYP11B2 antibody (Merck Millipore,
Germany) and a B-actin protein band (43kDa, anti-B-actin antibody, Sigma-Aldrich) for internal
loading control. B shows the quantitative analysis of the integrated optical density of the respective
protein bands of CYP11B2 by J-Image software (software downloaded from:
http://rsb.info.nih.gov/ij/, accessed March 9, 2018) without any significant difference between
groups (non-significant; n.s), P = 0.189, two-tailed independent Student t-test). (This figure was
modified from the figure published in Mohamed, et al.; Anesthesiology 2020; 132 (4):867-880).

17



Control FCA

100+
*
;‘5 S 759
8w
= 509 T
6 °
TS w©
< § 251
Ctrl FCA
F 100
*
2 75
8 T
g’
T 50
@3
=%
2§ s
(&)
0 v
Ctrl FCA
I B 1004
o
o
=2 754 *
0 »
A
‘é:‘_" 50 T
(1]
N %B 25-
b ]
Aldo/CYP11B2 Aldo/CYP11B2 < ol
Ctrl FCA

Figure 6: Double immunofluorescence confocal microscopy of aldosterone (Aldo) co-localized
with aldosterone synthase enzyme CYP11B2 in dorsal root ganglia innervating FCA-inflamed
rat hind paws compared to that of controlss. A and B show a
positive immunofluorescence staining for aldosterone (Texas red fluorescence) using polyclonal
rabbit anti-aldosterone antibody (Novus Biologicals, LLC, CO, USA). C displays the ratio of
aldosterone-ir neurons to the total number of cells in the same image (Ctrl: 45 £ 2 %; n=15 images,
FCA: 67 + 3%; n=12 images, P<0.05; two-tailed independent Student’s). D and E show a
positive immunofluorescence staining for CYP11B2 (FITC green fluorescence) using monoclonal
mouse anti— CYP11B2 antibody (Millipore; Darmstadt, Germany). F displays the ratio of CYP11B2-
ir neurons to the total number of neuronal cells in the same image (Ctrl: 61 £ 2%; n=15 images, FCA:
72 + 4%; n=12 images, P<0.05; two-tailed independent Student’s). G and H show the co-localization
of aldosterone with CYP11B2 in DRG of inflamed hind paws versus controls. | displays the ratio of
neurons co-express aldosterone with CYP11B2 to the total number of neuronal cells in the same
image (Ctrl: 38 = 2%; n=8 images, FCA: 60 * 2 %; n=9 images, P<0.05; two-tailed independent
Student’s). Data are expressed as means = SD. Bar = 40 um. (This figure was modified from the
figure published in Mohamed, et al.; Anesthesiology 2020; 132(4):867-880).
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Figure 7: Double immunofluorescence confocal microscopy mineralocorticoid receptors (MR)
co-localized with Aldosterone Synthase (CYP11B2) in dorsal root ganglia innervating FCA-
inflamed rat hind paws compared to that of controls. A and B show
positive immunofluorescence staining for MR (Texas red fluorescence) using a monoclonal mouse
anti-MR antibody (private gift from Dr. Elise Gomez-Sanchez). C displays the ratio of MR-ir
neurons to the total number of neuronal cells in the same image (Ctrl: 45 + 2%; n=7 images, FCA:
67 + 2 %; n=8 images, P<0.05; two-tailed independent Student’s). D and E show a
positive immunofluorescence staining for CYP11B2 (FITC green fluorescence) using monoclonal
mouse anti-CYP11B2 (Millipore; Darmstadt, Germany). F displays the ratio of CYP11B2 -ir neurons
to the total number of neuronal cells in the same image (Ctrl: 60 = 1%; n=7 images, FCA: 70 * 3%;
n=8 images, P<0.05; two-tailed independent Student’s). G and H show the co-localization of
CYP11B2 with MR in DRG neurons. | displays the ratio of neurons colocalizing CYP11B2 with MR
to the total number of neuronal cells in the same image (Ctrl: 38 = 2%; n=8 images, FCA: 59 * 2%;
n=9 images, P<0.05; two-tailed independent Student’s). Data are expressed as means + SD. Bar = 40
pm. (This figure was modified from the figure published in Mohamed, et al.; Anesthesiology 2020;
132(4):867-880).
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4.4. Reduction of aldosterone-ir neurons and mechanical hyperalgesia following the
inhibition of endogenous aldosterone synthase CYP11B2 expressed in dorsal root

ganglia

Immunohistochemistry of aldosterone in DRG showed that the FCA-inflammation-
induced increase in the number of aldosterone-ir neuronal cells was reversed by chronic
intrathecal treatment with the aldosterone synthase inhibitor FAD286 (Fig. 8A-C).
Quantitative analyses of aldosterone-ir neuronal cells in tissue sections of DRG revealed
that the ratio of aldosterone positive neuronal cells to the total number of DRG neurons
significantly increased following FCA-induce hind paws inflammation compared to
controls, which was significantly abolished following chronic intrathecal treatment with
the aldosterone synthase inhibitor FAD286 (Fig. 8 D).
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Figure 8: Effect of aldosterone synthase inhibitor FAD286 on the expression of aldosterone in
dorsal root ganglia (DRG) innervating FCA-inflamed rat hind paws compared to that of
control rats. A-C show a positive immunofluorescence of aldosterone (Texas red fluorescence)
using a polyclonal rabbit anti-aldosterone antibody (Novus Biologicals, LLC, CO, USA) in DRG of
rats with FCA hind paw inflammation and rats with FCA hind paw inflammation treated with
intrathecal FAD286 over four days compared to control rats without any inflammation. D displays
the ratio of aldosterone-ir neurons to the total number of neuronal cells (Ctrl: 16 + 1%; n=6 images,
FCA: 35 £ 2%; n=7 images, FCA+FAD: 15 £ 1%; n=11 images). *P<0.0001 significant difference
between DRG of controls (Ctrl) and FCA-inflamed rats; #P<0.0001 significant difference between
FCA-inflamed rats and FCA-inflamed rats treated with synthase inhibitor FAD286 (one-way
repeated measurement ANOVA, followed by post-hoc Dunnett test). (This figure was modified
from the figure published in Mohamed, et al.; Anesthesiology 2020; 132(4):867-880).
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5. Discussion

The results of my thesis show that: (1) MR proteins are identified in peripheral
DRG neurons by western blot and immunohistochemistry; (2) in these neurons, MR —
similar to their presence in kidney tissue — colocalize with 118-HSD2, an enzyme that
prevents MR activation by corticosterone through its fast degradation; (3) the co-
localization of MR with 113-HSD2 in sensory DRG neurons innervating FCA-inflamed
hind paws is up-regulated; (4) the endogenous ligand aldosterone for MR is detected in
nociceptive CGRP-ir DRG neurons and co-localizes with MR suggesting a presumable
paracrine action; (5) the enzyme aldosterone synthase (CYP11B2) — which catalyzes the
final conversion of 180H-corticosterone into aldosterone — is demonstrated in
aldosterone-ir DRG neurons; and (6) the inhibition of the enzyme aldosterone synthase by
intrathecal application of FAD286 results in a significant reduction in the number of

aldosterone-ir neurons.

It is well established that MR is expressed in kidney tissue (Manders et al., 1993)
and other peripheral tissues (Slight et al., 1996). MR has recently been demonstrated in
neurons of the hippocampal formation, lateral septum, medial and central amygdala,
olfactory nucleus, layer 1l of the cortex, and brain stem sensory and motor neurons (De
Kloet et al., 2000b). Indeed, MR and GR were detected in hippocampal neurons using
mouse monoclonal antibody against the GR and rabbit antiserum against the MR by
double-labeling immunocytochemistry (van Steensel et al., 1996). In previous work of my
lab group MR were identified in sensory neurons of DRG and dorsal horn of spinal cord
using immunofluorescence confocal microscopy (Shaqura et al., 2016). In agreement with
these findings, MR immunoreactivity was identified in presynaptic terminals and
postsynaptic densities of synaptic areas of the central nervous system by electron
microscopy (Prager et al., 2010; Johnson et al., 2005).

MR can not only be stimulated by aldosterone but also by corticosterone (Elise Gomez-
Sanchez & Celso E. Gomez-Sanchez, 2014). However, MR protecting enzyme 11R-HSD2
prevents MR stimulation by corticosterone through converting the biologically-active
corticosterone to the inactive 11-dehydrocorticosterone, which allows MR activation

exclusively by aldosterone (Chapman et al., 2013). Interestingly, |1 was able to identify 11R-
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HSD?2 protein in DRG neurons by western blot. Moreover, double immunofluorescence
confocal microscopy confirmed that 11R3-HSD2 predominantly co-localized with MR
immunoreactivity within peripheral DRG neurons (Ctrl: 68 + 5%, FCA: 81.60 + 2%)
(Mohamed et al., 2020). In agreement with the present finding, several studies have
shown the presence of MR and 11B-HSD2 in non-epithelial tissues, such as the heart
(Lombes et al., 1995) and brain (Zhang et al., 2006). Moreover, my results are consistent
with previous work of my group demonstrating that 113-HSD2 co-localized with a
neuronal marker CGRP for peptidergic sensory neurons in DRG (Li et al., 2018).
Additionally, 113-HSD2 protein and mRNA are expressed with MR in the paraventricular
nucleus and supraoptic nuclei of the hypothalamus, suggesting that MR in the brain are

mostly controlled by aldosterone (Haque et al., 2015; Zhang et al., 2006).

It is well established that aldosterone is synthesized within the adrenal gland and its
physiological effects are elicited by binding to the nuclear MR in the epithelial cells of the
kidney (Manders et al., 1993). However, recent emerging evidence indicates that the
corticosteroids including aldosterone also have an extra-adrenal site of synthesis and show
local paracrine effects. Consistently, a previous study detected the key gene P450scc
involved in aldosterone biosynthesis through converting cholesterol to pregnenolone in
glial cells using immunohistochemistry (Testas et al., 1989). Moreover, P450scc has been
demonstrated in neurons such as fetal rat primary hippocampal cells and Purkinje cells of the
rat cerebellum (Furukawa et al., 1998). Moreover, the key gene StAR protein involved in
aldosterone biosynthesis — which stimulates steroid biosynthesis by increasing the transfer of
cholesterol to the inner mitochondrial matrix — has been detected in the brain areas(Connell &
Davies, 2005; Furukawa et al., 1998). In my experiments, | demonstrated abundant aldosterone
immunoreactivity in peripheral CGRP positive nociceptive neurons using double
immunofluorescence confocal microscopy. Moreover, the aldosterone immunoreactivity was
predominantly co-localized with MR in DRG peripheral sensory neurons (Mohamed et al.,
2020). The present findings confirm the previous reports suggesting extra-adrenal aldosterone
synthesis, e.g. within the paraventricular nucleus of the hypothalamus and the forebrain
circumventric