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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

o Aldosterone is believed to be synthesized exclusively in the adrenal
gland through the processing enzyme aldosterone synthase

e Mineralocorticoid receptors are predominantly expressed in periph-
eral nociceptive neurons whose activation leads to increased neu-
ronal excitability and mechanical sensitivity

What This Article Tells Us That Is New

e Extra-adrenal production of aldosterone by aldosterone synthase
within peripheral sensory neurons contributes to ongoing mechani-
cal hypersensitivity via intrinsic activation of neuronal mineralocor-
ticoid receptors

e |ntrathecally-applied aldosterone synthase inhibitor reduced aldo-
sterone content in peripheral sensory neurons and subsequently
attenuated enhanced mechanical hypersensitivity resulting from
local inflammation

ldosterone is known to regulate the body’s water
and electrolyte balance through activation of corre-
sponding mineralocorticoid receptors on epithelial cells
of the renal cortical collecting ducts leading to sodium
and water retention in exchange for excreted potas-
sium."? Aldosterone is generated and secreted in the zona

ABSTRACT

Background: Recent emerging evidence suggests that extra-adrenal
synthesis of aldosterone occurs (e.g., within the failing heart and in certain
brain areas). In this study, the authors investigated evidence for a local
endogenous aldosterone production through its key processing enzyme
aldosterone synthase within peripheral nociceptive neurons.

Methods: In male Wistar rats (n = 5 to 8 per group) with Freund’s com-
plete adjuvant hind paw inflammation, the authors examined aldosterone,
aldosterone synthase, and mineralocorticoid receptor expression in periph-
eral sensory neurons using quantitative reverse transcriptase—polymerase ]
chain reaction, Western blot, immunohistochemistry, and immunoprecipita- 3
tion. Moreover, the authors explored the nociceptive behavioral changes after E;j
selective mineralocorticoid receptor antagonist, canrenoate-K, or specific =
aldosterone synthase inhibitor application.
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Results: In rats with Freund’s complete adjuvant-induced hind paw 5
inflammation subcutaneous and intrathecal application of mineralocorticoid (ﬁ
receptor antagonist, canrenoate-K, rapidly and dose-dependently attenuated %
nociceptive behavior (94 and 48% reduction in mean paw pressure thresh-
olds, respectively), suggesting a tonic activation of neuronal mineralocorticoid g
receptors by an endogenous ligand. Indeed, aldosterone immunoreactivity%
was abundant in peptidergic nociceptive neurons of dorsal root ganglia and %
colocalized predominantly with its processing enzyme aldosterone synthase §
and mineralocorticoid receptors. Moreover, aldosterone and its synthesizing &
enzyme were significantly upregulated in peripheral sensory neurons under &
inflammatory conditions. The membrane mineralocorticoid receptor consis- &
tently coimmunoprecipitated with endogenous aldosterone, confirming a func-
tional link between mineralocorticoid receptors and its endogenous ligand.
Importantly, inhibition of endogenous aldosterone production in peripheral
sensory neurons by a specific aldosterone synthase inhibitor attenuated%
nociceptive behavior after hind paw inflammation (a 32% reduction in paw &
pressure thresholds; inflammation, 47 + 2 [mean + SD] vs. inflammation + S
aldosterone synthase inhibitor, 62 + 2).
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Conclusions: Local production of aldosterone by its processing enzyme §
aldosterone synthase within peripheral sensory neurons contributes to ongo-
ing mechanical hypersensitivity during local inflammation via intrinsic activa-
tion of neuronal mineralocorticoid receptors.

(AnesTHEsloLogy 2020; 132:867—-80)
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glomerulosa of the adrenal gland through local aldoste-
rone synthase (CYP11B2)." Aldosterone circulates in the
blood unbound (30 to 50% of total aldosterone) or bound
to albumin- or corticosteroid-binding globulin (50 to
70% of total aldosterone). It is rapidly inactivated in the
liver with a plasma half-life of 15 to 20min.’ While ini-
tial reports of aldosterone production outside the adre-
nal glands were challenged,” Takeda and others identified
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aldosterone synthase (CYP11B2) mRNA expression and
aldosterone synthesis in rodent cardiovascular tissue.>® This

was later confirmed for the failing human heart, as well.”*
More recently, further evidence for extra-adrenal aldoste-
rone synthesis has been demonstrated for specific neurons
within the brain (e.g., the hypothalamus and rostral ven-
tral medulla) at which aldosterone appears to contribute
to the depolarization of neurons.”'> Recent functional
evidence implies aldosterone may also play a role in the
peripheral nervous system. In an animal model of chronic
lumbar dorsal root ganglia compression intrathecal aldo-
sterone antagonism via delivery of spironolactone-reversed
mechanical allodynia 2 days postsurgery.” In the same ani-
mal model, the antiallodynic effect of intrathecal spirono-
lactone 4 and 7 days postsurgery paralleled the attenuation
of spinal microglia activation and cytokine production.'
In the rat model of zymosan-induced L5 dorsal root gan-
glion inflammation 500 pg of the mineralocorticoid recep-
tor antagonist eplerenone given to the site of dorsal root
ganglia inflammation reversed mechanical allodynia 1 to
13 days after intervention.>'® These effects occurred within
days and were considered to be genomic, either through
a reversal of nuclear mineralocorticoid receptor transloca-
tion or through attenuation of satellite cell activation.*'
More recently, we identified mineralocorticoid receptors
predominantly on the subpopulation of peptidergic unmy-
elinated nociceptive C-fibers, strongly indicating a role for

the modulation of nociception.'®

Indeed, local application
of the mineralocorticoid receptor agonist aldosterone at
the peripheral and central nerve terminals of nociceptive
neurons elicited a rapid increased mechanical sensitivity.'®
Consistent with this pronociceptive effect, previous stud-
ies have shown that aldosterone increased the number of
action potentials that were evoked in acutely dissociated

21517 These effects occurred

dorsal root ganglion neurons.
rapidly, were most likely due to nongenomic mechanisms,
and were mediated by membrane-bound mineralocorticoid
receptors which were identified by membrane saturation
binding."

Using the animal model of unilateral Freund’s complete
adjuvant hind paw inflammation, this study investigated
whether: (1) the antagonism of mineralocorticoid recep-
tors on peripheral sensory neurons will result in the atten-
uation of mechanical hyperalgesia, suggesting an intrinsic
tone of endogenous aldosterone; (2) peripheral sensory
neurons are a potential source for local aldosterone pro-
duction; (3) aldosterone is coexpressed with its process-
ing enzyme aldosterone synthase and if their expression
is upregulated during inflammatory conditions; (4) there
is a functional link between endogenous aldosterone and
sensory neuron mineralocorticoid receptors; and (5) the
inhibition of aldosterone’s production in peripheral sensory
neurons by local administration of a specific aldosterone
synthase inhibitor will result in the attenuation of mechan-
ical hypersensitivity. The overall hypothesis, therefore, is that
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antagonism of sensory neuron mineralocorticoid receptors
attenuates inflammation-induced mechanical hyperalgesia
most likely due to the inhibition of an endogenous tonic
activation through aldosterone derived from peripheral
sensory neurons. This would have implications for similar
human conditions (e.g., arthritis, vertebral disc herniation)
that an ongoing endogenous activation of mineralocorti-
coid receptors might contribute to enhanced mechanical
sensitivity.

Materials and Methods
Drugs

Freund’s complete adjuvant, a water-in-oil emulsion with
killed mycobacteria (Calbiochem, USA); canrenoate-K, and
aldosterone synthase inhibitor (FAD286; Sigma-Aldrich,
USA) were dissolved in 0.9% NaCl as described previ-
ously."™ Drugs were administered subcutaneously in a
volume of 1ml/kg body weight or intrathecally in a vol-
ume of 20 pl. Subcutaneous injections were given under
the loose skin of the back, just behind and between the
shoulder blades.

Animals

Experiments were conducted in male Wistar rats (180
to 250g; breeding facility: Charité-Universititsmedizin,
Germany) after approval by the local animal care commit-
tee and according to the European Directive for animal
welfare and care guidelines (2010/63/EU). Wistar rats were
anesthetized by brief isoflurane anesthesia and followed by
an intraplantar injection of 0.15ml Freund’s complete adju-
vant (Calbiochem) into the right hind paw. This treatment
consistently produces a local inflammation of the inocu-
lated paw characterized by an increase in paw volume and
temperature, mechanical hypersensitivity, and infiltration of
various types of immune cells.” All experiments were per-
formed between 10:00 am and 2:00 pM on the fourth day of
Freund’s complete adjuvant hind paw inflammation.

For continuous intrathecal delivery of drugs, ani-
mals were implanted with chronic intrathecal catheters,
as described previously by Shaqura et al.?' Briefly, ani-
mals 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 (PE
10 tubing attached to PE 60 tubing for attachment to an
osmotic pump; Portex Ltd, United Kingdom) was set up,
was inserted at a 30° angle between the L5 and L6 vertebra.
Then, the catheter was carefully advanced upward 1 cm into
the intrathecal space while rotating it between the thumb
and forefinger. The sign of dura penetration was observed
by involuntary movements 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.
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Experimental Protocols

The first set of experiments examined the influence of 4
days of Freund’s complete adjuvant hind paw inflammation
on changes in the neuronal aldosterone, aldosterone syn-
thase, 11B-hydroxysteroid-dehydrogenase 2, and mineralo-
corticoid receptor expression in the innervating dorsal root
ganglia. Subsequent experiments assessed the impact of sys-
temic (5 to 20mg/kg) or intrathecal (10 to 100 pg in 20 pl)
injections of increasing doses of mineralocorticoid recep-
tor antagonist, canrenoate-K, on mechanical paw pressure
thresholds. The doses chosen for canrenoate-K were based
on our previous studies.'** A final set of experiments inves-
tigated at 4 days of Freund’s complete adjuvant hind paw
inflammation the effects of the intrathecal delivery of the
aldosterone synthase inhibitor, FAD286, on both aldoste-
rone content and on mechanical paw pressure thresholds.
Rats received the following intrathecal treatments for more
than 5 days, beginning 1 day before Freund’s complete
adjuvant—induced inflammation. For intrathecal FAD286
delivery, Alzet osmotic minipumps (2ml; rate, 5.0 pl/h;
Alzet Corporation, USA) were filled with 0.9% NaCl with
or without FAD286 (100 pg - kg™ - day™) and connected
to the intrathecal catheter to administer FAD286 or the
vehicle continuously at 5.0 ul/h.? All tests were performed
on day 5 after pump implantation.

Mechanical Hyperalgesia Testing

The mechanical hyperalgesia following Freund’s complete
adjuvant—induced hind paw inflammation was assessed by
a pressure apparatus (Ugo-Basile SRL, Italy) with increas-
ing force (measured in grams) applied to the plantar hind
paw until a withdrawal reflex was precipitated as described
previously.” A 250-g cut-off value was assigned in the
absence of a response. Mechanical paw pressure tests were
performed on the fourth day of Freund’s complete adju-
vant—induced hind paw inflammation before (baseline)
and after drug application. Subsequently, mechanical paw
pressure thresholds were reassessed at different time points
(0 to 120min) after drug administrations to determine
drug-related behavior. Each measurement was performed
three times consecutively with a time interval of at least
155 before the next stimulus was applied. In all behavioral
experiments, drugs were prepared by a different person
(M. Shakibaei), and the examiner (X.L.) was unaware (i.e.,
blinded) of the treatment that each animal had received.
Animals were incidentally allocated to treatments; however,
no specific randomization method was used to assign ani-
mals to condition.

113-Hydroxysteroid-Dehydrogenase and Aldosterone
Synthase mRNA Detection by TagMan Quantitative
Polymerase Chain Reaction

Total RNA extracted from L3-L5 dorsal root ganglia
of Wistar rats using RNeasy Kit (Qiagen, Germany), as
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previously described,”** was subjected to theTagMan quan-
titative polymerase chain reaction using an SYBR Green
kit following the manufacturer’s instructions (Thermo
Fisher Scientific, Germany). The products were amplified
using aldosterone synthase CYP11B2 specific primers: for-
ward primer, 5’-TGGCAGCACTAATAACTCAGGG-3’;
reverse primer, 5’-ATTGCTGTCGTGTCAACGCT-3’
(Ensemble, No: NM_012538.2);
11B-hydroxysteroid-dehydrogenase: ~ forward  primer,
5-CGCCGC TTCCTACAGAACTT-3’; reverse primer,
5’-TCCTGGGTTGTGTCATGAACA-3’ (Ensemble
Accession No: NM_017081.2). Amplification was per-
formed with 40 cycles, each consisting of 15s at 95°C.

Accession for

The gene-specific fluorescent amplified products were
detected just below the determined melting tempera-
ture for each product (aldosterone synthase CYP11B2:
83°C;  11PB-hydroxysteroid-
dehydrogenase: melting temperature, 76°C; 18S: melting
temperature, 83°C). Aldosterone synthase and 11(3-
hydroxysteroid-dehydrogenase  mRINA products were
quantified in replicates of three samples using the del-
ta-delta Ct method."” In addition, the housekeeping gene
18s (Accession No. NR_046237) as the internal reference
was quantified using TagMan quantitative polymerase
chain reaction with the following primers: forward primer,
CGGCTACCACATCCAAGGAA;
GCTGGAATTACCGCGGCT.

melting  temperature,

reverse  primer,

Aldosterone Quantification in Plasma and Dorsal Root
Ganglia

Blood samples were collected by intracardiac aspiration
directly into rapid serum tubes (BD Vacutainer; Becton
Dickinson, Germany) from the isoflurane anesthesia sac-
rificed rats (n = 15, 17). The samples were centrifuged at
1,000 relative centrifugal force and snap frozen at —80°C.
These were subsequently subjected to chemiluminescence
immunoassay by an external commercial laboratory (SynLab
Vet, Germany) to measure the aldosterone plasma concentra-
tions. In parallel, dorsal root ganglia were prepared as previ-
ously described,?? in Dulbecco’s Modified Eagle Medium
(Thermo Fisher Scientific). Briefly, thoracic and lumbar
dorsal root ganglia of male Wistar rats (n = 5) were removed
and placed in sterile Dulbecco’s Modified Eagle’s Medium at
4°C.Dorsal root ganglia were digested with collagenase type
2 in Minimum Essential Medium (Biochrom AG, Germany)
at 37°C for 50min, and with 0.025% trypsin for 10min at
37°C. After digestion, dorsal root ganglia were carefully dis-
sociated by mechanical agitation, and centrifuged at 500 g
for 5min and then at 300 g for 5min. The cells were main-
tained overnight in Minimum Essential Medium growth
media supplemented with 10% horse serum and 50 pg/ml
penicillin and streptomycin, and plated in 24-well micro-
plates (1.9 cm?) at 37°C in an atmosphere of 5% CO,.Then,
the aldosterone content in dorsal root ganglia was deter-
mined by a commercial enzyme-linked immunosorbent

Anesthesiology 2020; 132:867-80
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assay (ELISA) kit (cat. no. KGE016; R&D Systems, USA),
according to the manufacturer’s specifications and our pre-
vious study."” Measurements were performed independently
in five to six rats and in triplicate using the same sample.
The optical density for each well was determined using a
microplate reader (LS45; Perkin Elmer, USA) set to 450 nm.
The mean of triplicate readings for each standard, control,
and sample subtracted by the average nonspecific binding
optical density were measured. A standard curve was created
by generating a four-parameter logistic curve-fit using the
computer software (LS45; Perkin Elmer).

Western Blot

Dorsal root ganglia and spinal cords from adult rats were solu-
bilized and extracted for immunoblotting investigations as pre-
viously described.'®* After blotting, membranes were blocked
in 3% bovine serum albumin for 2h and incubated with mouse
anti-aldosterone synthase (1:1,000 in 3% BSA; anti-CYP11B2;
Merck Millipore, Germany) or rabbit anti—113-hydroxys-
teroid-dehydrogenase 2 (1:500 in 3% BSA; St.John’s Laboratory
Ltd., United Kingdom) or sheep anti—11f3-hydroxysteroid-de-
hydrogenase 2 (1:200 in 3% BSA; private gift from Dr. Elise
Gomez-Sanchez, Department of Pharmacology and Toxicology,
University of Mississippi Medical Center, Jackson, Mississippi).
After incubation with the secondary antibody (peroxidase-con-
jugated goat anti-rabbit, 1:40,000; Jackson ImmunoR esearch,
USA) for 2h at ambient temperature, reactive protein bands
were digitally visualized using enhanced chemiluminescence
solutions (SuperSignal West Pico; Thermo Fisher Scientific) in
ChemiDoc MP Imager. Finally, the blots were reprobed with
monoclonal mouse anti-beta actin antibody (1:20,000; Sigma-
Aldrich) as an internal standard. Experiments were performed
in groups of four to five animals.

The Western blot bands specific for aldosterone synthase
(CYP11B2, 57kDa) or 11p-hydroxysteroid-dehydrogenase
(11B-HSD2, 70kDa) were quantified by Java Image pro-
cessing and analysis software (Image], open-source image
software downloaded from the web; http://rsb.info.nih.
gov/ij/, accessed March 9, 2018).'%?? The area and density
of pixels within the threshold values representing immuno-
reactivity were measured, and the integrated density (the
product of the area and mean of grey values) was calculated.
Integrated immunodensities of controls and treated groups
were compared and statistically analyzed.”

Immunohistochemistry

After transcardial perfusion of rats (4 days after Freund’s com-
plete adjuvant inoculation) dorsal root ganglia were removed
and processed as described previously.'** Tissue sections
were then incubated overnight with the following primary
antibodies: polyclonal rabbit anti-aldosterone (1:500; Novus
Biologicals, LLC, USA), in combination with a polyclonal
guinea pig anti—calcitonin gene-related peptide, monoclonal
mouse anti-mineralocorticoid receptor (private gift from Dr.
Elise Gomez-Sanchez) or aldosterone synthase (CYP11B2);

Anesthesiology 2020; 132:867-80

in addition, polyclonal sheep antibody against 11p3-hydrox-

ysteroid-dehydrogenase was examined in combination with
the monoclonal mouse anti-mineralocorticoid receptor (pri-
vate gift from Dr. Elise Gomez-Sanchez). The species, sources,
dilutions, and immunogens of the primary antibodies used in
this study are summarized in Supplemental Digital Content,
table S1 (http://linksIww.com/ALN/C235). Finally, the
tissues were washed in phosphate-buffered saline, mounted
in Vectashield (Vector Laboratories, USA) and examined by
confocal laser scanning microscope (LSM 510, Carl Zeiss,
Germany) as described previously."” To demonstrate spec-
ificity of staining, the following controls were included as
previously reported by our group'****: omission of either the
primary antisera or the secondary antibodies.

The quantification of dorsal root ganglia staining has
been described previously. 222
number of neurons, only those immunostained neurons
containing a distinct nucleus were counted. In a similar way,
the number of aldosterone immunoreactive cells divided by
the total number of dorsaal root ganglion cells, the number

For counting of the total

of mineralocorticoid receptor immunoreactive cells divided
by the total number of dorsal root ganglion cells, the num-
ber of 11B-hydroxysteroid-dehydrogenase immunoreactive
cells divided by the total number of total dorsal root gan-
glion cells, the number of aldosterone synthase (CYP11B2)
immunoreactive cells divided by the total number of total
dorsal root ganglion cells, the number of aldosterone plus
mineralocorticoid receptor immunoreactive cells divided
by the total number of total dorsal root ganglion cells, the
number of calcitonin gene—related peptide plus aldoste-
rone immunoreactive cells divided by the total number of
total dorsal root ganglion cells, the number of calcitonin
gene-related peptide plus aldosterone synthase (CYP11B2)
immunoreactive cells divided by the total number of total
dorsal root ganglion cells, the number of calcitonin gene—
related peptide plus 11p-hydroxysteroid-dehydrogenase
immunoreactive cells divided by the total number of total
dorsal root ganglion cells, the number of total dorsal root
ganglia divided by aldosterone plus aldosterone synthase
(CYP11B2) immunoreactive cells divided by the total
number of total dorsal root ganglion cells were counted in
each dorsal root ganglion section and represented as per-
centages. Data were obtained from two to three sections per
rat and four to five rats per group using 40X objective lens.

Coimmunoprecipitation Assay

L4-L5 dorsal root ganglia samples were solubilized accord-
ing to Shaqura et al.,?® to obtain whole cell lysate. For quan-
tifying membrane-bound versus cytosolic mineralocorticoid
receptor, subcellular fractionation was performed as previ-
ously described.” To examine whether endogenous aldo-
sterone and membranous mineralocorticoid receptor or
transmembrane molecule integrin-B1 integrin as a mem-
brane marker interact with each other, we performed coim-
munoprecipitation assays as reported earlier.”

Copyright © 2020, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

Mohamed et al.

20z Iidy 81 uo 3s8nb Aq Jpd $£000-0 00700202/876915/298/7/2€ L /#pd-8loe/ABO|0ISBYISBUER/WOD IBYDIBA|IS ZESE//:dJY WOI) papeo|umo]


http://rsb.info.nih.gov/ij
http://rsb.info.nih.gov/ij
/
http://links.lww.com/ALN/C235

Mohamed et al.

Briefly, precleared membrane fraction protein extracts
were immunoprecipitated with rabbit polyclonal primary
antibody against aldosterone (Novus Biologicals, LLC).
Then, immune complexes were subjected to Western blot
analysis using mouse monoclonal anti—-mineralocorticoid
receptor (private gift from Dr. Elise Gomez-Sanchez) or
anti—transmembrane B1-integrin (Merck Millipore).

Statistical Analysis

All tests were performed using Sigma Plot 13.0 software
(SPSS Inc., Germany). TagMan quantitative polymerase
chain reaction (unit: fold change in delta-delta CT over con-
trol), Western blot (unit: fold change in integrated optical
density over control) as well as immunofluorescence data
(unit: number of immunoreactive cells) were analyzed as two
group comparisons (Freund’s complete adjuvant—treated rats
vs. controls) by the two-tailed independent Student ¢ test in
case of normally distributed data. Paw pressure thresholds
were determined before and after drug injections, expressed
as mean * SD, and statistically analyzed by an independent
paired f test to examine for differences between baseline
values and values obtained 4 days after Freund’s complete
adjuvant injection or to examine for alterations between
different drug doses (between factor analysis) and different
time intervals (within factor analysis) by two-way repeated
measures ANOVA (two-way repeated measures ANOVA)
followed by post hoc Dunnett test. Multiple comparisons
were analyzed by one-way ANOVA and post hoc Tukey test.
There were no missing data. For the mechanical hyperal-
gesia testing no statistical power calculation was conducted
before the study. The sample size was based on our previous
experience with this design. For the biochemical and immu-
nohistochemical experiments that were done in duplicate or
triplicate a minimum number of five independent animals
were used. Statistical significance was assumed at P < 0.05.

Results

Mineralocorticoid Receptor Antagonism Results in
Rapid, Nongenomic and Short-lasting Reduction of
Inflammation-induced Mechanical Hypersensitivity

Four days of Freund’s complete adjuvant-induced inflamma-
tion of the right hind paw resulted in significantly reduced
mechanical paw pressure thresholds of the inflamed but not
the contralateral noninflamed hind paws compared to baseline
values (P < 0.001; independent paired Student ¢ test; fig. 1).
This enhanced mechanical hypersensitivity was dose-depen-
dent and rapidly reversed after systemic administration of the
mineralocorticoid receptor selective antagonist canrenoate-K
(P < 0.001; two-way repeated measures ANOVA, post hoc
Dunnett test; fig. 1A). Intrathecal application of lower doses of
canrenoate-K also resulted in rapid and transient attenuation
of the Freund’s complete adjuvant inflammation—induced
mechanical hypersensitivity (P < 0.001; two-way ANOVA,
post hoc Dunnett test; fig. 1B). Intrathecal canrenoate-K had
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no effect on the contralateral noninflamed hind paws (data
not shown), similar to previous reports in naive rats."

Coexpression of Mineralocorticoid Receptors with Its
Protecting Enzyme 11(3-Hydroxysteroid-Dehydrogenase
2 in Sensory Dorsal Root Ganglia

Since, it 1s well established that the mineralocorticoid recep-
tor protecting enzyme 113-hydroxysteroid-dehydroge-
nase 2’ immediately converts corticosterone to its inactive
metabolite 11-dehydrocorticosterone and ensures miner-
alocorticoid receptor activation only through endogenous
aldosterone, we have examined the coexpression of mineralo-
corticoid receptors with 11p-hydroxysteroid-dehydrogenase
2 in sensory dorsal root ganglia. TagMan quantitative poly-
merase chain reaction (fig. 2, A and B) and western blot
(fig. 2, C and D) analysis identified 11B-hydroxysteroid-
dehydrogenase 2 specific mRNA and 11pB-hydroxys-
teroid-dehydrogenase 2 specific protein bands (70kDa) in
dorsal root ganglia. Moreover, double immunofluorescence
confocal microscopy showed that 11f-hydroxysteroid-
dehydrogenase 2 immunoreactivity mainly colocalized with
mineralocorticoid receptor-immunoreactive sensory neu-
rons which further increased in dorsal root ganglia ipsilat-
eral to Freunds complete adjuvant-inflamed hind paws
compared to controls (P < 0.001; two-tailed independent
Student ¢ test; fig. 2, E to M). In parallel, 11B-hydroxys-
teroid-dehydrogenase 2-immunoreactive dorsal root gan-
glia cells predominantly colocalized with the peptidergic
sensory neuron marker calcitonin-gene-related peptide but
only scarcely with some satellite cell-like structures confirm-
ing our previous study; 11f3-hydroxysteroid-dehydrogenase
2-immunoreactive dorsal root ganglia cells colocalized with
calcitonin-gene-related peptide in 58 £ 12% of control ani-
mals and in 62 £ 17% of rats with hind paw inflammation (P
= 0.619; two-tailed independent Student ¢ test; Supplemental
Digital Content, fig. S1, http://links.lww.com/ALN/C235).

Inflammation-dependent Increase of Endogenous
Aldosterone Primarily in Mineralocorticoid- and
Calcitonin Gene—Related Peptide Immunoreactive
Sensory Dorsal Root Ganglia, But Not in Plasma

The receptor
canrenoate-K, reversed Freund’s complete adjuvant—in-

selective mineralocorticoid antagonist,
duced mechanical hypersensitivity suggesting intrinsic
mineralocorticoid receptor activation by endogenous aldo-
sterone, therefore, we investigated whether aldosterone
could be identified in dorsal root ganglia. Double immuno-
fluorescence confocal microscopy showed abundant colo-
calization of aldosterone with mineralocorticoid receptors
(fig. 3, A to F), as well as aldosterone with the sensory
neuron marker calcitonin gene—related peptide (fig. 3,] to
O) in control animals. Aldosterone—together with either
mineralocorticoid receptor (fig. 3, G and I—or calcitonin
gene—related peptide immunoreactive dorsal root ganglia
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Fig. 1. Role of mineralocorticoid receptor specific antagonist canrenoate-K (Can-K) in the modulation of inflammation-induced nocicep-
tive behavior in the right hind paw. (A4, B) Four days of Freund’s complete adjuvant-induced inflammation of the right hind paw resulted in
significantly reduced mechanical paw pressure thresholds (shown as % BL, i.e., % baseline values) compared to baseline values (dotted
horizontal line; P < 0.001; independent paired Student ttest; n = 7 [A], 8 [B] rats; experiments in triplicate). Increasing doses of systemic (4)
or intrathecal (B) canrenoate-K reversed this mechanical hypersensitivity within minutes (P < 0.001; two-way repeated measures ANOVA,
post hoc Dunnett test; n = 7 [A], 8 [B] rats; experiments in triplicate). Can-K shows a transient attenuation of the endogenous tonic activation
of mineralocorticoid receptors during hind paw inflammation. Data are expressed as mean = SD. BL, baseline.
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Fig. 2. Detection of 11B-hydroxysteroid dehydrogenase type 2 (118-HSD2) mRNA and protein in dorsal root ganglia of FCA-treated rats
compared to controls (Ctrl). (A to D) Quantification of 11B-HSD2 mRNA (4, B) using TagMan quantitative polymerase chain reaction and
Western blot (C, D) shows a significant increase in 118-HSD2 mRNA (4, B), but not protein (C, D) in dorsal root ganglia of FCA treated rats
compared to controls (P < 0.001; two-tailed independent Student £ test; n = 5 rats; experiments in triplicate for TagMan polymerase chain
reaction and in duplicate for Western blot). (E to J) Confocal microscopy of double immunofluorescence of 11B-HSD2 (green fluorescence)
with MR (red fluorescence) in dorsal root ganglia of FCA treated rats versus controls (K'to M). Note that the majority of 118-HSD2 immunore-
activity colocalized (L) with MR-immunoreactive neurons and significantly increased in FCA treated rats compared to controls (M; P < 0.001;
two-tailed independent Student ttest; n = 5 rats; 3-4 tissue sections each; K). Bar = 40 pm. Data are expressed as mean + SD. FCA, Freund’s
complete adjuvant; IR, immunoreactive; MR, mineralocorticoid receptor.
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Fig. 3. Detection of aldosterone with MR (A to /) or CGRP (Jto A) in dorsal root ganglia of FCA-treated rats versus controls. (A to £, Jto 0)
Double immunofluorescence confocal microscopy of aldosterone (red fluorescence) with MR (A to )) or CGRP (Jto R) (green fluorescence) in
dorsal root ganglia sections (Bar = 40 ym). The number of Aldo- (G, P, MR- (H, /) or CGRP- (@, R immunoreactive neurons in relation to the
total number of dorsal root ganglia neurons was significantly increased in FCA treated rats compared to controls (P < 0.001; two-tailed inde-
pendent Student ¢test). In addition, the colocalization of Aldo with MR (C, £, )) or CGRP (M, O, R) in dorsal root ganglia neurons was significantly
increased in FCA animals (/, B; P < 0.001; two-tailed independent Student ¢test; n = 4, 5 rats; 3-4 tissue sections each). Bar = 40 ym. Data
are expressed as mean = SD. Aldo, aldosterone; CGRP, calcitonin gene—related peptide; Ctrl, controls; FCA, Freund’s complete adjuvant; IR,

immunoreactive; MR, mineralocorticoid receptors.

increased significantly (fig. 3, P to R) following Freund’s
complete adjuvant hind paw inflammation (P < 0.001;
two-tailed independent Student  test; fig. 3).

Using a highly specific aldosterone ELISA, we identified
immunoreactive aldosterone in dorsal root ganglia of naive
control animals (2.8 £ 0.7 pg/mg) and demonstrated its sig-
nificant upregulation after 4 days of Freund’s complete adju-
vant-inflammation (7.4 £ 1.2 pg/mg; P < 0.01; two-tailed
independent Student ¢ test; fig. 4A). In contrast, aldosterone
plasma concentrations in Freund’s complete adjuvant—treated
rats versus controls were not significantly altered (P = 0.353;
two-tailed independent Student  test; fig. 4B).

Aldosterone Synthase mRNA and Protein Expression
in Aldosterone- and Mineralocorticoid Receptor—
Immunoreactive Dorsal Root Ganglia

Since aldosterone is derived from a final conversion of
18-hydroxycorticosterone into aldosterone by aldosterone
synthase, we examined the local expression of this enzyme
in sensory dorsal root ganglia. Quantitative TagMan assay
using mRINA specific primers detected aldosterone syn-
thase mRNA in dorsal root ganglia which significantly
increased following Freund’s complete adjuvant hind paw

inflammation (P < 0.01; two-tailed independent Student ¢
test; fig. 4, C and D). Furthermore, these observations were
supported by the identification of aldosterone synthase spe-
cific protein bands (57kDa) in sensory dorsal root ganglia
and their increase after hind paw inflammation (fig. 4, E
and F). In addition, double immunofluorescence confo-
cal microscopy showed coexistence of aldosterone with
its key processing enzyme in neuronal structures of dorsal
root ganglia of inflamed and control rats (fig. 5). Moreover,
aldosterone synthase colocalized with mineralocorticoid
receptor—-immunoreactive neurons that further increased
following hind paw inflammation (P = 0.01; two-tailed
independent Student ¢ test; fig. 5, G to I, P to R).

Physical Link between Endogenous Aldosterone and
Membrane-bound Mineralocorticoid Receptors in
Sensory Dorsal Root Ganglia

Immunoprecipitation of whole protein extracts of dor-
sal root ganglia membrane fractions with anti-aldosterone
antibody pulls down multiple proteins that are complexed
with aldosterone. Subsequent Western blot analysis of these
functional complex formations resulted in the identifica-
tion of proteins coprecipitated with aldosterone, such as
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Fig. 4. Detection of aldosterone, as well as its processing enzyme aldosterone synthase, CYP11B2 mRNA, and protein in dorsal root ganglia
(DRG) of Freund’s complete adjuvant (FCA)-treated rats compared to controls (Ctrl). (4) Using an aldosterone specific enzyme-linked immu-
nosorbent assay kit a significant increase in aldosterone content was shown in DRG of FCA-treated rats compared to controls (P < 0.01;
two-tailed independent Student £ test; n = 5, 6 rats; experiments in triplicate). (B) However, aldosterone plasma concentrations showed no
significant differences (P = 0.353; two-tailed independent Student ¢ test; blood from n = 15, 17 rats). (C to A Quantification of aldosterone
synthase CYP11B2 mRNA using TagMan quantitative polymerase chain reaction (C, D) and protein using western blot (£, A revealed a sig-
nificant increase in CYP11B2 mRNA (D; P = 0.043), but not in protein (F, P= 0.189) in DRG of FCA-treated rats compared to Ctrl (two-tailed
independent Student ¢ test; n = 5; experiments in friplicate for TagMan quantitative polymerase chain reaction and in duplicate for Western
blot). Data are expressed as mean =+ SD. n.s., nonsignificant differences.

membranous mineralocorticoid receptor and the trans-
membrane molecule B1-integrin (fig. 6). Interestingly, the
coprecipitated mineralocorticoid receptor protein band
showed a higher optical density in dorsal root ganglia inner-
vating inflamed hind paws than in control normal dorsal
root ganglia (fig. 6). B-actin protein bands were not detect-
able in the membrane fraction but in the cytosolic lysate.

Intrathecal Aldosterone Synthase Inhibitor FAD286
Reduces Aldosterone Content in Dorsal Root
Ganglia and Attenuates Inflammatory Mechanical
Hypersensitivity

Since endogenous aldosterone content was significantly
increased in sensory dorsal root ganglia after inflammation,
we examined whether intrathecal infusion of aldosterone
synthase inhibitor FAD286 abolished this increase. Indeed,
our confocal immunofluorescence analysis showed that intra-
thecal infusion of FAD286, but not the vehicle, significantly

Anesthesiology 2020; 132:867-80

reduced the number of aldosterone-immunoreactive dorsal
root ganglia in relation to the total number of dorsal root
ganglion cells in Freund’s complete adjuvant—treated rats (P <
0.001; one-way ANOVA and post hoc Dunnett test; fig. 7,A to
D). Moreover, our aldosterone-specific ELISA revealed that
the increase in aldosterone content in dorsal root ganglia of
Freund’s complete adjuvant—treated animals was significantly
reduced by intrathecal treatment with aldosterone synthase
inhibitor FAD286 (P < 0.001; one-way ANOVA and post hoc
Dunnett test; fig. 7E). Consistent with the reduction of aldo-
sterone content in sensory dorsal root ganglia, the enhanced
mechanical hypersensitivity was significantly diminished fol-
lowing intrathecal aldosterone inhibitor FAD286 (P < 0.001;
one-way ANOVA and post hoc Dunnett test; fig. 7F).

Discussion

The main findings of this investigation are: (1) blocking an
ongoing intrinsic tone of mineralocorticoid receptor activation
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Fig. 5. Detection of aldosterone synthase CYP11B2 with aldosterone (Aldo) and mineralocorticoid receptor (MR) in dorsal root ganglia of
Freund’s complete adjuvant (FCA)—treated rats versus controls (Ctrl). (4, E) Confocal microscopy of double immunofluorescence of CYP11B2
(green fluorescence) with Aldo (Ato /) or MR (J1o R) (red fluorescence) in dorsal root ganglia of FCA-treated rats versus controls. Note that the
majority of CYP11B2 immunoreactivity colocalized with Aldo- (C, F, /) or MR- (L, 0, R immunoreactive (IR) neurons. The number of Aldo- (G),
MR- (P, or CYP11B2- (H, @) IR neurons in relation to the total number of dorsal root ganglia neurons was significantly increased in FCA-
treated rats compared to controls (P < 0.001, two-tailed independent Student ¢ test). In addition, the colocalization of aldosterone () or MR
(R with CYP11B2 in dorsal root ganglia neurons was significantly increased in FCA animals (P < 0.01; two-tailed independent Student #test;
n = 5 rats; experiments in triplicate). Bar = 40 ym. Data are expressed as mean = SD.

in sensory dorsal root ganglia during hind paw inflammation
inhibits nociceptive mechanical hypersensitivity; (2) the identi-
fication of endogenous aldosterone with its processing enzyme
aldosterone synthase in sensory dorsal root ganglia indicates
local aldosterone production; (3) the upregulation of aldoste-
rone synthase mRINA and protein is concomitant with an
enhanced aldosterone content in sensory dorsal root ganglia
after hind paw inflammation; (4) the demonstration of a phys-
ical link between the endogenous ligand aldosterone and min-
eralocorticoid receptor in sensory dorsal root ganglia; and (5)
the inhibition of the aldosterone synthase enzyme in sensory
dorsal root ganglia attenuates inflammation-induced mechan-
ical hypersensitivity. Overall, these findings suggest that the
local production of aldosterone within peripheral sensory dor-
sal root ganglia contributes to ongoing nociceptive mechanical
hypersensitivity via intrinsic activation of neuronal mineralo-
corticoid receptors. Thus,aldosterone synthase (i.e., aldosterone-
converting enzyme CYP11B2) represents a novel target for
the potential modulation of nociceptive mechanical hypersen-
sitivity during inflammation.

In our animal model of persistent inflammation-
induced mechanical hyperalgesia in the right hind paw,
the systemic, as well as intrathecal administration of the

mineralocorticoid  receptor canrenoate-K,

resulted in rapid (within minutes), short-lasting (30 to

antagonist,

60min), and transient inhibition of mechanical hyperalge-
sia. This inhibition of mechanical hyperalgesia most likely
indicates a rapid nongenomic effect based on the temporary
antagonism of mineralocorticoid receptors on peripheral
sensory dorsal root ganglia,'®* resulting in the inhibition of
intrinsic tonic mineralocorticoid receptor activation by an
endogenous ligand that apparently contributes to mechan-
ical hyperalgesia. Our current findings are in line with pre-
vious studies reporting the antinociceptive effects of the
mineralocorticoid receptor antagonist eplerenone*'>!7 or
spironolactone.'*" However, these effects were observed
only after 3 days and lasted up to 2 weeks suggesting a
slowly developing, but long-lasting genomic effect.
Mineralocorticoid receptors are located mainly on the
peptidergic (calcitonin gene—related peptide immunoreactive)
subpopulation of peripheral nociceptive neurons.”? Moreover,
previous studies suggested that the endogenous ligand aldoste-
ronefacilitatesaction potentialsindorsalrootganglionneurons™'
and elicits mechanical hypersensitivity in naive animals.”? Li et
al."” consistently showed that the antagonism of mineralocor-
ticoid receptors attenuates inflammation-induced nociceptive
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Fig. 6. Immunoprecipitation of whole protein extracts of dorsal root ganglia membrane and cytosol fractions with anti-aldosterone antibody
and subsequent Western blot in dorsal root ganglia of rats with hind paw inflammation versus controls. L4—L5 dorsal root ganglia membrane
and cytosol fraction extracts were lysed and immunoprecipitated with anti-aldosterone and subsequently the immunoprecipitants were sep-
arated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis and analyzed by immunablotting using anti-mineralocorticoid receptor
and anti-B1 integrin antibody. The B-actin blot is shown only for the cytosolic lysate because B-actin cannot be found in the membrane frac-
tion. IgH, immunoglobulin heavy chain; IP, immunoprecipitation; rMR, mineralocorticoid receptor; WB, Western blot.

behavior by nongenomic mechanisms. Mineralocorticoid
receptors in kidney tissue® and other peripheral tissues™ are
protected by the enzyme 11-hydroxysteroid-dehydrogenase
2 from inadvertent activation by corticosterone through its
conversion into inactive 11-dehydrocorticosterone.” Earlier
reports have suggested that 11B-hydroxysteroid-dehydro-
genase 2 functions as a gate keeper” and ensures mineralo-
corticoid receptor occupancy only by mineralocorticoids.”
Interestingly, the current study identified 11p-hydroxys-
teroid-dehydrogenase 2 specific mRINA and protein in dor-
sal root ganglia and demonstrated its colocalization with
calcitonin gene—related peptide, a marker specific for pepti-
dergic nociceptive dorsal root ganglion neurons. Moreover,
we found an approximately 80% coexistence of mineralo-
corticoid receptors with 11pB-hydroxysteroid-dehydrogenase
2-immunoreactive neurons. Taken together these observations
imply ongoing intrinsic mineralocorticoid receptor activation
is due to endogenous aldosterone.

Recent emerging evidence suggests that extra-adrenal
synthesis of aldosterone occurs and has local paracrine effects

Anesthesiology 2020; 132:867-80

within the heart® and brain.”'"* In the current study, the
double immunofluorescence confocal microscopy showed
abundant aldosterone immunoreactivity in dorsal root gan-
glion neurons which strongly colocalized with the sensory
neuron marker calcitonin gene—related peptide and its cor-
responding receptor (i.e., the mineralocorticoid receptor).
These findings are in agreement with previous reports that
suggested a putative paracrine mechanism of aldosterone in
contributing to cardiac fibrosis.* Several investigators have
postulated that the aldosterone may be synthesized in neu-
rons located within the hypothalamus and the rostral ventral
medulla of the brain appeared to contribute to their depo-
larization.”"'*" For further support of the local production
of aldosterone within the neuron, the current experiments
observed that aldosterone-immunoreactive dorsal root gan-
glion neurons coexpressed to a high degree (90%) the aldo-
sterone synthase which is responsible for the conversion
from 18-hydroxycorticosterone to active aldosterone.” This
is in line with previous studies in hippocampal neurons in
which the aldosterone producing enzymes 116-hydroxylase

Mohamed et al.
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Fig. 7. Impact of aldosterone synthase inhibitor FAD286 on Freund’s complete adjuvant (FCA) inflammation—induced aldosterone upreg-
ulation in dorsal root ganglia (DRG) (A to £) and on nociceptive behavior (F. (A to D) Determination of aldosterone-immunoreactive DRG
neurons of FCA rats treated with it aldosterone synthase inhibitor FAD286. Note, the number of aldosterone-immunoreactive DRG neurons in
FCA rats was increased by approximately 2.2-fold compared to controls which reversed after continuous intrathecal aldosterone synthase
inhibitor FAD286 treatment for more than 5 days (P < 0.001; two-tailed independent Student ttest; n = 5 rats, 3 to 4 tissue sections each). (£)
Determination of aldosterone content in dorsal root ganglia of FCA rats treated with it aldosterone synthase inhibitor FAD286 by a fluorometric
enzyme-linked immunoassay. Note, Aldo content in DRG of FCA rats increased by approximately 2.6-fold compared to control which was
reversed after intrathecal aldosterone synthase inhibitor FAD286 treatment (P < 0.001; two-tailed independent Student ttest; n = 5, 6, 6 rats;
experiments in triplicate). (F) Intrathecal FAD286 resulted in significant mechanical paw pressure threshold elevations compared to baseline
(Omin), indicating a reversal of FCA inflammation—induced mechanical hyperalgesia (P < 0.001; one-way repeated measures ANOVA, fol-
lowed by post hoc Dunnett test; n = 7, 7, 10 rats; experiments in triplicate). Aldo, aldosterone; ELISA, enzyme-linked immunosorbent assay;
FAD, FAD286; IHC, immunohistochemistry; IR, immunoreactive.

and aldosterone synthase were identified by reverse transcrip-
123536 [y

coprecipitation of functional complex formations of endog-
tase polymerase chain reaction and immunostaining. enous aldosterone with membrane-bound mineralocorti-

our animal model of local inflammation, both aldosterone coid receptors, suggesting a physical link. Our data, showing

Mohamed et al.

synthase mRINA transcripts and specific protein bands were
significantly upregulated in dorsal root ganglia compared to
controls. Consistently, both the number of aldosterone-im-
munoreactive dorsal root ganglion neurons and the aldoste-
rone content of dorsal root ganglia significantly increased
under inflammatory conditions, while aldosterone plasma
concentrations remained unchanged. Therefore, our findings
suggest an enhanced expression of aldosterone-producing
enzyme, aldosterone synthase, and subsequent accumulation
of converted aldosterone in dorsal root ganglia, which points
toward an enhanced intrinsic tone of endogenous aldosterone.
Furthermore, immunoprecipitation of dorsal root ganglia
membrane fractions with aldosterone antibody followed by
anti-mineralocorticoid receptor immunoblotting showed the

membrane-bound mineralocorticoid receptors, is supported
by electron microscopy studies in presynaptic terminals and
postsynaptic densities within certain brain areas.”

Since aldosterone content in peripheral sensory dorsal
root ganglia was significantly increased following inflamma-
tion, we examined whether intrathecal infusion of a specific
aldosterone synthase inhibitor reestablished baseline aldo-
sterone concentrations in dorsal root ganglia of control ani-
mals. Indeed, consistent with aldosterone synthase inhibition

101118 continuous intrathecal infu-

within neurons of the brain,
sion of the aldosterone inhibitor FAD286 during 4 days sig-
nificantly reduced dorsal root ganglion aldosterone content,
as well as the number of aldosterone-immunoreactive dorsal

root ganglion neurons in Freund’s complete adjuvant—treated
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rats. Consequently, our behavioral experiments showed that

the enhanced mechanical hypersensitivity associated with
inflamed hind paws was inhibited after intrathecal aldoste-
rone synthase inhibition. Therefore, our observations showed
for the first time that the peripheral sensory dorsal root gan-
glia are the main site for local synthesis of active aldosterone,
which contribute to ongoing mechanical hypersensitivity via
intrinsic activation of neuronal mineralocorticoid receptors.

Limitations of the study are that demonstration of miner-
alocorticoid receptors, aldosterone, and aldosterone synthase
mRNA by TagMan quantitative polymerase chain reaction
and respective proteins by Western blot in dorsal root ganglia
do not necessarily demonstrate their expression in peripheral
sensory neurons because dorsal root ganglia not only con-
tain cell bodies of sensory neurons, but also satellite glial cells,
fibroblasts, and sparse immune cells. However, our immuno-
histochemical staining clearly shows that the majority of cells
expressing mineralocorticoid receptors, aldosterone, and the
processing enzyme aldosterone synthase in dorsal root ganglia
are sensory neurons. In addition, evidence for dorsal root gan-
glia—derived aldosterone has been convincingly demonstrated
by different methods (e.¢., TagMan quantitative polymerase
chain reaction, Western blot, immunohistochemistry, ELISA,
and inhibition of the processing enzyme aldosterone synthase)
has shown a reduction in dorsal root ganglia—derived aldoste-
rone with subsequent attenuation of inflammation-induced
mechanical hypersensitivity. Differences between the semi-
quantitative Western blot results and the immunohistochemi-
cal counting of immunoreactive cells for the same protein (e.g.,
11B-hydroxysteroid-dehydrogenase 2; fig. 2, C and L) might
be due to the differences in the assay sensitivity. Another lim-
itation is the relatively small sample size of animals per group
and the restriction to male rats, so that the observed signifi-
cant differences may have occurred by pure chance and may
not be detected in female rats. Further limitation might come
from the lack of randomization which does not exclude a
systematic error due to potential differences among animals
even if animals are recruited from an inbred strain.

In summary, our data show that the selective miner-
alocorticoid receptor antagonist, canrenoate-K, rapidly
inhibits mechanical hypersensitivity during inflammatory
conditions, suggesting a tonic activation of mineralocorti-
coid receptors by an endogenous ligand. Indeed, aldosterone
synthase mRINA and protein were significantly increased
concomitant with enhanced aldosterone content in min-
eralocorticoid receptor-immunoreactive sensory neurons
following local inflammation. Importantly, inhibition of
the aldosterone synthase in sensory dorsal root ganglia sig-
nificantly reduced aldosterone content and consequently
attenuated inflammation-induced mechanical hypersensi-
tivity. These findings provide the first evidence that the local
production of aldosterone via aldosterone synthase within
peripheral sensory dorsal root ganglia contributes to ongo-
ing mechanical hypersensitivity via intrinsic activation of
neuronal mineralocorticoid receptors (Supplemental Digital
Content, fig. S2, http://links.lww.com/ALN/C235). This

Anesthesiology 2020; 132:867-80

novel concept needs further validation studies in order to be
translated eventually into humans.
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