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Abstract

Objective: The purpose of this article is to investigate the relationship between the plasma concentration of aldosterone
and changes in the number of retinal ganglion cells (RGCs) after systemic administration of aldosterone.

Methods: An osmotic minipump that was subcutaneously implanted into the midscapular region of rats administered
40, 80 or 160 pg/kg/day aldosterone or vehicle. Enzyme immunoassay kits were used to measure the plasma aldosterone
concentrations two weeks after the systemic administration of aldosterone or vehicle. Six weeks after these systemic
administrations, the number of RGCs was measured.

Results: The plasma aldosterone concentrations at two weeks after systemic administration of vehicle or 160 ug/kg/
day aldosterone were 238 = |7pg/ml and 1750 = |51 pg/ml (748.5% *+ 183.2%), respectively. There was a significant
decrease in the number of RGCs in the central retina of the rats after the administration of either 80 or 160 p.g/kg/day
aldosterone. In the peripheral retina, however, there was a significant decrease in the number of RGCs in 40, 80 or
160 pg/kg/day aldosterone. There was a significant correlation between the number of RGCs and plasma aldosterone
concentration.

Conclusions: After systemic administration of aldosterone, there was a negative correlation between the plasma
aldosterone concentration and the number of RGCs.
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Introduction have a much higher incidence of left ventricular hypertrophy,
albuminuria® and stroke*3as compared patients with essential
hypertension. In addition, higher circulating concentrations of
aldosterone in chronic heart failure patients has been shown
to be associated with an increased mortality.® In addition, it
has been suggested that the plasma aldosterone level might be
an independent predictor of coronary in-stent restenosis.’
Several studies have reported finding components of the
renin-angiotensin-aldosterone system (RAAS) within the

The mineralocorticoid hormone aldosterone, which regulates
electrolytes, fluid volume and blood pressure, is synthesized
from cholesterol in the zona glomerulosa of the adrenal gland
and extra-adrenal tissue. Aldosterone is inversely regulated in
conjunction with sodium chloride (NaCl) status under normal
physiological situations. Thus, when plasma levels of aldos-
terone are higher in accordance with NaCl status, aldosterone
binds to the mineralocorticoid receptor, thereby causing
endothelial dysfunction, vasculopathy, vascular and ventricu-
lar remodeling, and renal injury.! Previous studies have addi- Department of Ophthalmology, Kagawa University Faculty of Medicine,
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human eye.®!! In our previous studies, we also found that the
administration of the mineralocorticoid receptor antagonist,
spironolactone, an angiotensin-converting enzyme (ACE)
inhibitor, and an AT1-receptor blocker (ARB) all led to
reductions in retinal ischemia-reperfusion injuries.!>!3
Furthermore, we also demonstrated that after the systemic
administration of aldosterone, the subsequent administration
of spironolactone prevented the retinal ganglion cell (RGC)
loss that is associated with the aldosterone-caused thinning
of the retinal nerve fiber layer without elevated intraocular
pressure.!4 Presently, however, it is still unknown whether
there is a relationship between aldosterone blood concentra-
tion and the number of RGCs that are actually lost. Therefore,
the aim of this study was to determine whether there is a
relationship between plasma aldosterone concentrations and
the change in the number of RGCs in the rat retina.

Materials and Methods

Animals

Male Sprague—Dawley rats weighing 200 to 250g were
obtained from Charles River Japan (Yokohama, Japan)
and CLEA Japan (Tokyo, Japan). All animals had free
access to standard rat food (Oriental Yeast Co Ltd, Tokyo,
Japan) and tap water. The experimental protocols and pro-
cedures for animal care were performed in accordance
with the standard guidelines for animal experimentation
approved by the Kagawa University Faculty of Medicine.
This study adhered to the Association for Research in
Vision and Ophthalmology Statement for the Use of
Animals in Ophthalmic and Vision Research.

Drugs

Aldosterone, which was obtained from Sigma-Aldrich (St.
Louis, MO, USA), was dissolved in dimethyl sulfoxide
(DMSO) to produce the stock solutions. These solutions
were subsequently diluted to the final required concentra-
tions. Final concentrations of DMSO never exceeded 5%
in all cases.

Experimental animals

Administrations of 40, 80 or 160 wg/kg/day aldosterone or
vehicle were performed using a subcutaneous osmotic min-
ipump (Alzet Model 2006, DURECT Corporation, Cupertino,
CA, USA). Subcutaneous implantation of the minipump was
performed in the midscapular region of the rats.

Measurement of plasma aldosterone
concentration

Blood samples (0.5 to 1.0ml) were collected from the tail
vein of rats two weeks after the administration of aldoster-
one or vehicle. After centrifuging the blood samples at

3000rpm for 10minutes, plasma samples were collected
and then stored at —80°C until analyzed. Enzyme immuno-
assay kits (Assay Designs, Ann Arbor, MI, USA) were
used to measure plasma aldosterone concentrations, with
all samples prepared in accordance with the manufactur-
er’s instructions.

Retrograde labeling of RGCs

Fast Blue (Polysciences Inc, Warrington, PA, USA) was
injected bilaterally into the superior colliculi of anesthe-
tized rats five weeks after the systemic administration of
aldosterone or vehicle. The exposed skull was kept dry
and clean throughout the procedure. After first identify-
ing and marking the bregma, we then drilled small win-
dows in the scalp to a depth of 3.6 mm from the surface
of the skull both in the right and left hemispheres. Each
window was located at 6.8 mm behind the bregma on the
anteroposterior axis, and 1.5 mm lateral to the midline.
After preparing the skull, 1.5 ul of 3% Fast Blue was
slowly injected into the bilateral superior colliculi using
a Hamilton syringe (Hamilton Co, Reno, NV, USA).
After the injection, the skin over the wound was sutured,
followed by the application of antibiotic ointment. Fast
Blue is taken up by axon terminals and transported back
to the parent cell bodies, where it can remain for several
weeks without fading or leakage and apparently without
affecting the viability or subsequent development of the
labeled neurons. !’

Tissue preparation and assessment of RGC
survival

One week after the application of the fluorescent dye, six
weeks after the systemic administration of aldosterone or
vehicle,'# all animals were sacrificed using an overdose
of pentobarbital. RGC density assays were performed
using whole, flat-mounted retinas. After enucleation of
the rat eyes, all samples were fixed in 4% paraformalde-
hyde for five hours at room temperature. The anterior
segments were then removed, with the resultant posterior
eyecups left in place. Subsequently, after making four
radial cuts in the periphery of each eyecup, we carefully
separated the retina from the retinal pigment epithelium.
The flat mounts were prepared by first dissociating the
retina from the underlying structures, followed by mak-
ing four radial cuts to flatten the retina, which was then
spread on a gelatin-coated glass slide. A fluorescence
microscope (Olympus BX-51/DP-72, Olympus, Tokyo,
Japan) with an ultraviolet filter (excitation filter, 330—
385 nm; barrier filter, 420 nm) was used for visualization
of the labeled RGCs. Counts of the fluorescence-labeled
RGCs were performed in 12microscopic fields of the
retinal tissue that had been obtained from two regions in
each quadrant at two different eccentricities that were
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located 1 mm (central) and 4 mm (peripheral) away from
the optic disc. The total number of RGCs in each eye was
counted using Image-Pro Plus software (version 4.0,
Media Cybernetics, Bethesda, MD, USA). Cell counts
were conducted by the same investigator in a masked
fashion.

Staining by terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL)

Rats were euthanized with an overdose of sodium pento-
barbital one week after systemic administration of 80 pg/
kg/day aldosterone. The TUNEL staining was performed
according to the manufacturer’s instructions (Apoptosis
insitu Detection Kit Wako, Wako Pure Chemical
Industries, Ltd, Osaka, Japan) to detect the apoptotic cells.
Sections were reacted with protein digestion enzyme for
five minutes at 37°C. After adding 50 .l of the TUNEL
reaction mixture, sections were incubated in a moist
chamber for 10 minutes at 37°C. Slides were then rinsed
three times in phosphate-buffered saline for five minutes
and subsequently incubated with peroxidase-conjugated
antibody at 37°C for 10 minutes. Then, 100 wl of diamin-
obenzidine was added and sections were kept at room
temperature for five minutes, and finally counterstained
with hematoxylin.

Statistical analysis

All data are presented as the mean * SEM. Data were
analyzed using Dunnett’s multiple comparison test.
Pearson’s correlation coefficient was used to assess the
correlation between serum aldosterone concentrations
and the number of RGCs. Statistical analyses were per-
formed using SPSS version 19.0 (SPSS Inc, Chicago, IL,
USA). A p value of less than 0.05 was considered statis-
tically significant.

Results

Plasma aldosterone concentration

Plasma aldosterone concentrations were increased at one
to two weeks after systemic administration of aldoster-
one and then flattened until six weeks after systemic
administration of aldosterone (data not shown). Because
of this result, we collected blood samples two weeks after
the administration of aldosterone or vehicle. The plasma
aldosterone concentrations two weeks after systemic
administration of vehicle or 40 pg/kg/day (n = 6), 80 g/
kg/day (n = 6), or 160 ng/kg/day (n = 6) aldosterone
were 238 = 17pg/ml, 403 = 38 pg/ml (168.8% * 24.9%),
461 =3 0pg/ml (200.3% = 53.6%) and 1750 = 151 pg/
ml (748.5% = 183.2%)), respectively (Figure 1). Animals
treated with 160 pg/kg/day aldosterone exhibited a
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Figure |. Plasma aldosterone concentration after being
treated with vehicle or 40, 80 or 160 j.g/kg/day aldosterone.
Results are expressed as the mean = SEM (n = 6: vehicle, n
= 6: 40 pg/kg/day aldosterone, n = 6: 80 pg/kg/day, n = 6:
160 pg/kg/day). *p < 0.001 vs control (Dunnett’s multiple
comparison test).

significant increase in the plasma aldosterone concentra-
tion (p < 0.001).

Number of RGCs

Figure 2 shows representative results for the RGC labe-
ling at six weeks in the 40, 80 and 160 wg/kg/day aldos-
terone-treated and vehicle-treated rats. The number of
RGCs in the central retina was 2760 * 142 cells/mm?2,
2252 *+ 128 cells/mm?, 2015 = 405 cells/mm? and 404 =
174 cells/mm? in the vehicle- (n = 6), and 40 (n = 6), 80
(n = 6) and 160 (n = 6) ng/kg/day aldosterone-treated
rats, respectively (Figure 2(b)). There was a significant
decrease in the number of RGCs in the central retina in
the 80 and 160pug/kg/day aldosterone-treated rats
(p = 0.04, p < 0.001, respectively). The number of
RGCs in the peripheral retina was 2627 £ 77 cells/mm?,
2059 * 69 cells/mm?, 1843 *+ 103 cells/mm? and 773 *
136 cells/mm? in the vehicle-, and 40, 80 and 160 pwg/kg/
day aldosterone-treated rats, respectively (Figure 2(¢)).
There was a significant decrease in the number of RGCs
in the peripheral retina in the 40, 80 and 160 pg/kg/day
aldosterone-treated rats (p = 0.032, p = 0.002, p <
0.001, respectively).

Relationship between plasma aldosterone
concentration and RGC survival

There was a linear relationship between serum aldoster-
one concentration and the number of RGCs in the cen-
tral retina (six weeks: » = —0.886, p < 0.001; four
weeks: » = —0.658, p = 0.07) (Figure 3(a)). Similarly,
there was also a linear relationship between the serum
aldosterone concentration and the number of RGCs in
the peripheral retina (six weeks: » = —0.856, p < 0.001;
four weeks: r = —0.583, p = 0.13) (Figure 3(b)).



Journal of the Renin-Angiotensin-Aldosterone System

vehicle 40pg'kg/day aldosterone

(a)

central

periphery

central

80pgkg/day aldosterone 160ug/kg/day aldosterone

periphery

RGCs fmm?

vehicle 40 ugkg'day 80 ugkg/day 160 ngkg/day

1.

RGCs fmm?

3000

2500

*
x
2000
1500 1
=
1000
SOD ] l
0 4

40 pgkg/day 80 pgkg/day 160 pgke/day

vehicle

Figure 2. Effect of aldosterone on retinal ganglion cell (RGC) death. (a) Retrograde labeling of RGCs treated with vehicle or 40,
80 and 160 .g/kg/day aldosterone for six weeks. Micrographs of the central and peripheral areas were taken approximately | and
4mm away from the optic nerve head. Scale bar, 100 wm. RGCs were counted in the central (b) and peripheral (c) areas. Results
are expressed as the mean = SEM (n = é: vehicle, n = 6: 40 pg/kg/day aldosterone, n = 6: 80 ug/kg/day, n = 6: 160 pg/kg/day).

*p < 0.001 vs control (Dunnett’s multiple comparison test).

Aldosterone-induced apoptosis in rat retina

To further elucidate whether the loss of RGCs is due to cell
death from apoptosis or necrosis, we performed TUNEL
staining on retina sections one week after systemic admin-
istration of aldosterone. The TUNEL-positive cells in the
ganglion cell layer were observed (Figure 4).

Discussion

Systemic administration of aldosterone resulted in a dose-
dependent progressive loss of RGCs. Results of our analy-
sis indicated there was a strong correlation between the
plasma aldosterone concentration and the number of RGCs.

Although reductions in the number of RGCs occur after
both the systemic administration and the intravitreal injec-
tion of aldosterone, the administration of aldosterone has
not been reported to affect any of the other retinal neu-
rons.!416 Therefore, our current study focused only on
changes in the number of RGCs. A previous study reported
that administration of 0.66ug/hour aldosterone via

subcutaneously implanted osmotic pumps resulted in an
elevation of plasma aldosterone concentrations.!”
Furthermore, a 0.75 wg/hour systemic administration of
aldosterone in an experimental retinopathy of prematurity
model led to the exacerbation of pathological neovasculari-
zation.'® In the current study, systemic administration of
aldosterone at a dose of more than 80ug/kg/day (0.67—
0.83 pwg/hour) caused a significant reduction in the number
of RGC:s in the central and peripheral retina. Moreover, our
current study also found that a systemic administration of
aldosterone at a dose of 80 pg/kg/day resulted in a plasma
aldosterone concentration ranging from 368 to 527 pg/ml.
There was a strong negative correlation between the plasma
aldosterone concentration and the number of RGCs (r =
—0.869, —0.911). These findings indicate that not only is the
dose of the systemic administration of aldosterone impor-
tant, but the resulting plasma aldosterone concentrations
should also be taken into consideration.

In the initial attempt to determine patients suspected of
having primary aldosteronism, a previous study measured
the ratio of the plasma aldosterone concentration to the
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Figure 3. Scatter plots showing association between plasma
aldosterone concentration and the number of retinal ganglion
cells (RGCs) in the central retina (a) and peripheral retina
(b). (a) Correlation coefficient = —0.91 1. Regression equation
y = —1.33x + 2807. (b) Correlation coefficient = —0.869.
Regression equation y = —0.96x + 2512.

plasma renin activity.!® A further study additionally recom-
mended that plasma aldosterone concentrations greater
than 150 pg/ml were also required to definitively identify
suspected primary aldosteronism.?? Evidence from a sub-
sequent study further demonstrated that aldosterone is
independently involved with the development of cardio-
vascular injury in the kidney and brain.?! In rats as well, it
is reported that cardiovascular disorder is caused by the
administration of aldosterone.?? Overall, these findings
indicate the importance of determining the plasma aldos-
terone concentration to help prevent organ complications,
including in the retina.

Although the number of RGCs were similar between
vehicle- and 8 pg/kg/day aldosterone-treated rats, RGCs
were decreased in the 80ug/kg/day aldosterone-treated
rats.'* Since 80 pg/kg/day was defined as standard concen-
tration, we explored around 80 pg/kg/day, half and twice
concentrations, in the current study. We recently reported
that in aldosterone-treated rats, the tendency of neuronal
degeneration in the ganglion cell layer started first from
the peripheral retina, two weeks after continual adminis-
tration of aldosterone, and then spread to the central retina,
four weeks after continual administration of aldosterone. !4
For this reason, we separated peripheral and central data in
the current study.
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Figure 4. Aldosterone-induced apoptosis one week after
systemic administration of aldosterone. The TUNEL-positive
cells are indicated by arrows. Scale bar. TUNEL: terminal
deoxynucleotidyl transferase dUTP nick-end labeling.

In our current study, we found there was a negative cor-
relation between the plasma aldosterone concentration and
the number of RGCs in the central and peripheral retina.
Although a previous study reported finding the plasma
aldosterone concentration in normal rats to be approximately
180pg/ml,? our current study found that the plasma aldos-
terone concentration in rats treated with vehicle was 212 +
17pg/ml. This difference suggests that the normal value of
aldosterone might depend on the species examined.

High plasma aldosterone concentration is known to
cause vasculopathy.?* We are currently performing addi-
tional studies designed to investigate the retinal blood flow
after the systemic administration of aldosterone.

Presently, the relationship between normal-tension
glaucoma and primary aldosteronism remains unclear.
However, population-based studies have reported finding
an association between hypertension and glaucoma.z27
Therefore, it is important that future studies additionally
investigate the prevalence of glaucoma among patients
with primary aldosteronism.

Conclusions

The findings of our current study demonstrate that there is
a negative correlation between plasma aldosterone con-
centrations and the number of RGCs. We speculate that the
plasma aldosterone concentration may be an important
risk factor associated with RGC loss in diseases such as
glaucoma.

Acknowledgements

The authors thank FORTE for the professional service that edited
our manuscript. The authors alone are responsible for the content
and writing of the paper.

Declaration of conflicting interest

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.



Journal of the Renin-Angiotensin-Aldosterone System

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article:
This work was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Culture, Sports,
Science, and Technology of Japan (26462689).

ORCID iD

Kazuyuki Hirooka

https://orcid.org/0000-0003-2977-124X

References

1.

10.

11.

12.

Brown NJ. Aldosterone and end-organ damage. Curr Opin
Nephrol Hypertens 2005; 14: 235-241.

Rossi GP, Sachetto A, Visentin P, et al. Changes in left ven-
tricular anatomy and function in hypertension and primary
aldosteronism. Hypertension 1996; 27: 1039-1045.

Halimi JM and Mimran A. Albuminuria in untreated
patients with primary aldosteronism or essential hyperten-
sion. J Hypertens 1995; 13: 1801-1802.

Takeda R, Matsubara T, Miyamori I, et al. Vascular compli-
cations in patients with aldosterone producing adenoma in
Japan: Comparative study with essential hypertension. The
Research Committee of Disorders of Adrenal Hormones in
Japan. J Endocrinol Invest 1995; 18: 370-373.

Nishimura M, Uzu T, Fujii T, et al. Cardiovascular compli-
cations in patients with primary aldosteronism. Am J Kidney
Dis 1999; 33: 261-266.

Giider G, Bauersachs J, Frantz S, et al. Complementary
and incremental mortality risk prediction by cortisol and
aldosterone in chronic heart failure. Circulation 2007; 115:
1754-1761.

Amano T, Matsubara T, Izawa H, et al. Impact of plasma
aldosterone levels for prediction of in-stent restenosis. Am J
Cardiol 2006; 97: 785-788.

Sramek SJ, Wallow IH, Tewksbury DA, et al. An ocular
renin-angiotensin system. Immunohistochemistry of angio-
tensinogen. Invest Ophthalmol Vis Sci 1992;33: 1627-1632.
Danser AH, Derkx FH, Admiraal PJ, et al. Angiotensin
levels in the eye. Invest Ophthalmol Vis Sci 1994; 35:
1008-1018.

Wagner J, Jan Danser AH, Derkx FH, et al. Demonstration
of renin mRNA, angiotensinogen mRNA, and angiotensin
converting enzyme mRNA expression in the human eye:
Evidence for an intraocular renin-angiotensin system. Br J
Ophthalmol 1996; 80: 159—163.

Savaskan E, Loffler KU, Meier F, etal. Immunohistochemical
localization of angiotensin-converting enzyme, angioten-
sinll and AT1 receptor in human ocular tissue. Ophthalmic
Res 2004; 36: 312-320.

Fukuda K, Hirooka K, Mizote M, et al. Neuroprotection
against retinal ischemia-reperfusion injury by blocking the
angiotensinll typel receptor. Invest Ophthalmol Vis Sci
2010; 51: 3629-3638.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Fujita T, Hirooka K, Nakamura T, et al. Neuroprotective
effects of angiotensinll typel receptor (AT1-R) blocker
via modulating AT1-R signaling and decreased extracellu-
lar glutamate levels. Invest Ophthalmol Vis Sci 2012; 53:
4099-4110.

Nitta E, Hirooka K, Tenkumo K, et al. Aldosterone: A medi-
ator of retinal ganglion cell death and the potential role in
the pathogenesis in normal-tension glaucoma. Cell Death
Dis 2013; 4:e711.

Bentivoglio M, Kuypers HG, Catsmann-Berrevoets CE, et al.
Two new fluorescent retrograde neuronal tracers which are
transported over long distance. Neurosci Lett 1980; 18: 25-30.
Liu Y, Hirooka K, Nishiyama A, et al. Activation of the
aldosterone/mineralocorticoid receptor system and protective
effects of mineralocorticoid receptor antagonism in retinal
ischemia-reperfusion injury. Exp Eye Res 2012; 96: 116—123.
MacLeod AB, Vasdev S and Smeda JS. The role of blood
pressure and aldosterone in the production of hemorrhagic
stroke in captopril-treated hypertensive rats. Stroke 1997,
28: 1821-1828; discussion 1829.

Wilkinson-Berka JL, Tan G, Jaworski K, et al. Identification
of a retinal aldosterone system and the protective effects of
mineralocorticoid receptor antagonism on retinal vascular
pathology. Circ Res 2009; 104: 124—-133.

Funder JW, Carey RM, Fardella C, et al. Case detection,
diagnosis, and treatment of patients with primary aldoster-
onism: An Endocrine Society clinical practice guideline.
JClin Endocrinol Metab 2008; 93: 3266-3281.

Ogihara T, Kikuchi K, Matsuoka H, et al. The Japanese
Society of Hypertension guidelines for the management
of hypertension (JSH2009). Hypertension Res 2009; 32:
3-107.

Toda N, Nakanishi S and Tanabe S. Aldosterone affects
blood flow and vascular tone regulated by endothelium-
derived NO: Therapeutic implications. Br J Pharmacol
2013; 168: 519-533.

Jiang G, Cobbs S, Klein JD, et al. Aldosterone regulates
the Na-K-2Cl cotransporter in vascular smooth muscle.
Hypertension 2003; 41: 1131-1135.

Mao S and Li C. Hypotensive and angiotensin-converting
enzyme inhibitory activities of FEisenia fetida extract in
spontaneously hypertensive rats. Evid Based Complement
Alternat Med 2015; 2015: 349721.

Brown NJ. Aldosterone and end-organ damage. Curr Opin
Nephrol Hypertens 2005; 14: 235-241.

Dielemans I, Vingerling JR, Algra D, et al. Primary open-
angle glaucoma, intraocular pressure, and systemic blood
pressure in the general elderly population. The Rotterdam
Study. Ophthalmology 1995; 102: 54-60.

Bonomi L, Marchini G, Marraffa M, et al. Vascular risk fac-
tors for primary open angle glaucoma: The Egna-Neumarkt
Study. Ophthalmology 2000; 107: 1287-1293.

Mitchell P, Lee AJ, Rochtchina E, et al. Open-angle glau-
coma and systemic hypertension: The Blue Mountains Eye
Study. J Glaucoma 2004; 13: 319-326.


https://orcid.org/0000-0003-2977-124X

