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The aim of the present study was to investigate rapid effects of aldosterone and other steroids on intracellular
pH of vascular smooth muscle cells and to compare these effects with those of peptide hormones. After addition
of 100 nmol/L aldosterone, initial acidification is followed by significant alkalinisation occurring within two
minutes, while 1umol/L hydrocortison does not affect intracellular pH. The initial response to 100 nmol/L
angiotensin Il is similar; however, subsequent alkalinization is not seen for this agonist. PDGF induces an initial
acidification followed by a minor recovery so that cells remain acidified for eight minutes. Both pH recovery
after angiotensin Il and alkalinization after aldosterone were blocked in sodium-free medium. These results
demonstrate rapid effects of aldosterone on intracellular pH in vascular smooth muscle cells, which include final
alkalinization not seen after angiotensin Il or PDGFe 1996 Academic Press, Inc.

Recently, rapid in vitro effects of aldosterone on sodium, potassium and calcium concentrat
and cell volume of human mononuclear leukocytes (HML; 1-3), and on the activity of the sodit
proton-exchanger of the cell membrane in HML and vascular smooth muscle cells (VSMC; 4
have been demonstrated. Not being compatible with the involvement of the classical tyf
mineralocorticoid receptors, these nongenomic effects rather suggested the existence of di
receptors which were subsequently described in plasma membranes from HML and pig kidney
liver (7-9). The phosphoinositide pathway, protein kinase C and free intracellular calcium apj
to be involved in intracellular signalling in HML and VSMC (4, 10-12). In the present paper, raj
effects of aldosterone on intracellular pH were investigated in cultured VSMC by single c
imaging of BCECF fluorescence and compared with effects of angiotensin Il and PDGF.

MATERIALS AND METHODS

Aldosterone and nigericin were from Fluka (Buchs, Switzerland); hydrocortisone was from Sigma (St. Louis, MO)
angiotensin |l and PDGF-BB were from Calbiochem (Bad Soden, Germany). HOE694 was a gift from Hoechst
(Frankfurt/Main, Germany), '27'-bis (carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl ester (BCECF-AM) pur
chased from Molecular Probes, Inc. (Eugene, OR). The other reagents were from Merck (Darmstadt, FRG, analytical g

Culture of vascular smooth muscle cell$e investigation complies with th@uide for the Care and Use of Laboratory
Animalspublished by the US National Institutes of Health (NIH Publication No. 85-23, revised 1985). VSMC were prepa
enzymatically from rat (Sprague-Dawley) thoracic aortae, as described earlier (13, 14). Cells were grown in Wayr
M752/Ham F12 medium supplemented with 10% FCS after enzymatic digestion. Early passage cells (passages 1-4)
on cover slips were used 48-96 h after seeding, medium was changed 24 hours after seeding on cover slips then e
hours. Before the experiments, VSMC were growth arrested by serum deprivation for 24 hours. The depriving mediun
identical to growth medium except that FCS had been replaced by 0.1% bovine serum albumin (BSA).

Measurement of intracellular pHmaging of free intracellular pH was performed in single cells which were washed 3
with 2 mL physiological salt solution (PSS; 135 mmol/L NaCl, 5 mmol/L KCI, 1.8 mmol/L Ga@B mmol/L MgC}, 10
mmol/L HEPES, 5.5 mmol/L glucose, pH 7.4) to remove serum and loaded withal/L BCECF fran a 2 mmol/L stock

Abbreviations: BCECF, 2-7'-bis (carboxyethyl)-5(6)-carboxyfluorescein; HML, human mononuclear leukocyte:
PDGF, platelet-derived growth factor; VMSC, vascular smooth muscle cells.

181

0006-291X/96 $18.00
Copyright © 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.



Vol. 223, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

solution in dimethyl sulfoxide for 30 minutes at 37°C. At the end of the loading period, cells were washed with PSS-bt
(3 x 2mL) and used within one hour. They were placed in a thermostatically controlled ring chamber (37°C; Life Scie
Resources Ltd., Cambridge, UK). Drugs were added in volumes of 100+2@8 a final volume of 0.3—-1 mL PSS-buffer.
For experiments in Na+ free PSS, NaCl was replaced by equimolar amounts of choline chloride.

Cellimaging of pH was performed using a dual wavelength imaging system (Till Photonics GmbH, Gréfelfing, Germs
attached to a Zeiss Axiovert 35 (Zeiss, Hanau, Germany) inverted fluorescence microscope with a Fluor 40/1.3
immersion objective. The imaging camera was a AE2000 system from General Scanning GmbH (Planegg, Gern
Excitation wavelengths were 500 and 440 nm, and emitted light 540 nm collected via a dichroic mirror at 510
Integration time was 0.10 s at excitation wavelengths of 500 and 440 nm, and a time increment of 6 s. Autofluoresc
was determined in unloaded cells and subtracted from each reading before calculation of basal pH. The measurem
intracellular pH in VSMC were performed according to the method of Thomas et al. (15). The calibration curve
obtained by permeabilizing the cells withp@/mL nigericin in PSS containing 140 mmol/L KCl instead of NaCl adjusted
to pH 6.8, 7.0, 7.4 and 7.6. Steroids, peptides and HOE694 at the concentrations employed were checked for autof]
cence which was insignificant for the conditions mentioned above. All readings were checked for stability of baselins
2 min. At times indicated, agonists were added from stock solutions (10 mmol/L) in ethanol. pH was analysed on s
images in three regions of interest (ROI) in the nucleus, in the perinuclear region of the cell, and one near the plasmale
Statistical comparisons were done by the nonparametric Mann-Whitney .UAtgsk 0.05 was considered statistically
significant. Means + SE are given.

RESULTS

Resting intracellular pH in VSMC was 7.17 + 0.016 éa 20). In Figure 1, typical traces of
intracellular pH are shown in response to the addition of 100 nmol/L aldosterone, 100 nm
angiotensin Il or 100 ng/mL PDGF. As can be seen, shapes of all responses are different:
aldosterone, a transient minor acidification is followed by a continued alkalinization reaching a1
plateau about 0.1 pH unit above the initial baseline within 6-8 min. Angiotensin Il induc
acidification which recedes to initial values within ten minutes. PDGF induces acidification withe
subsequent regression to initial values. These different types of responses have also been ar
numerically; results are shown in Table 1. It is obvious, that only for aldosterone a signific
alkalinization is finally seen. The table also shows that the latency for a deflection of the pH cL
was shortest for angiotensin Il with effects of aldosterone and PDGF being delayed by two-f

In the presence of the specific inhibitor of the sodium-proton-exchanger, HOE694, alkaliniza
is absent regardless of the agonist used (Figure 2; #-12). HOE694 induces a slight baseline
shift towards lower pH. In sodium-free medium, acidification, but no alkalinization is seen
response to the agonists (not shown).

The glucocorticoid hydrocortisone is inactive at a concentration of 100 nmol/L;wahdl/L,
acidification, but no alkalinization is seen (Figure 3=n6-8). There were no obvious differences
in the time course or extent of pH changes with regard to ROI’s in different areas of the cells.
effect of aldosterone on pH in ROI's is exemplified in Figure 4, but there were no obvio

TABLE 1
Changes of pH in VSMC by Different Stimuli

ApH vs. baseline at

ApH vs. baseline at the end of the latency [s] of pH

pH minimum experiment deflection n
aldosterone -0.044 +0.093* 28.5 12
[100 nmol/L] +0.010 +0.025 +3.39
angiotensin Il -0.03% +0.0182 12.00% 14
[100 nmol/L] +0.004 +0.005 +1.26
PDGF -0.148% -0.127%aa 30.00 5
[100 ng/ml] +0.017 +0.036 +2.68

xx: p<0.01 vs. baseline.
a, aa: p <0.05/0.01 vs. aldosterone.

182



Vol. 223, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

7,40
T 7,30 - aldosterone
Q.
g v
A 2 7,20 -
Q
il
= 7,10 -
7,00 N B B E B S
0120 360 600 840 1080
7,40
T 7,30
S— angiotensin il
o
B 3= 72- W
8 W
ol
£ 7,10
7,00 LIS L N N B sy
0 120 360 600 840 1080
7,40
7,30
I PDGF
8
C 3 72- \1/
3
o
£ 7,10
7,00 T T T T T

0 120 360 600 840
time [s]

FIG. 1. Representative traces of intracellular pH as determined by BCECF fluorescence in single vascular s
muscle cells in response to various stimuli. At times indicated, 100 nmol/L aldosterone (A), 100 nmol/L angiotensin ||
or 100 ng/mL PDGF (C) were added.

differences in the localization of pH changes induced by angiotensin Il and PDGF as well |
shown).

DISCUSSION

The main finding of this paper is the demonstration of a rapid effect of 200 nmol/L aldostero
but not cortisol on intracellular pH in VSMC. Compared with the effects of angiotensin and PD(
aldosterone was the only agonist which induced a persistent alkalinization after an initial aci
cation of the cell. Alkalinization most likely reflects the increased activity of the sodium-proto
exchanger as it is blocked in sodium- free medium (16) and by the specific inhibitor HOE694 (:
It should be mentioned that the experiments were performed in bicarbonate-free buffer thus
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FIG. 2. Agonist effects on intracellular pH in normal PSS containing 10 mol/L HOE694 determined by BCEC(
fluorescence in single vascular smooth muscle cells. Traces are shown for 100 nmol/L aldosterone (A), 100 nr
angiotensin Il (B) or 100 ng/mL PDGF (C) added at times indicated.

cluding CI'/HCO;™ exchange which might have obscured the effect. The results reported here
in perfect agreement with previous studies on rapid aldosterone effects both in HML and VSI
A significant stimulation of the sodium-proton-exchanger was found in these cells as early as
minutes after application of aldosterone at ansE6f ~0.1 nmol/L with hydrocortisone being
inactive at 1000-10.000 fold higher concentrations. The specificity of rapid aldosterone effec
a landmark feature of this novel pathway of nhongenomic mineralocorticoid action and was fo
here as well (18).

The interpretation of the data presented would be compatible with the assumption, tha
agonists employed here primarily lead to an increased proton liberation which is reflected by
initial acidification of the cell as shown earlier (19). In turn, activation of the sodium-proto
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FIG. 3. Representative traces of intracellular pH as determined by BCECF fluorescence after the additiqmodifL1
(A) and 0.1umol/L followed by 1 umol/L (B) hydrocortisone.

exchanger tends to counteract this increased proton load resulting in complete or partial regre
of pH-shifts towards base-line. This activation could just reflect a passive increase of activit
lower pH; however, this assumption alone is not sufficient to fully explain the effect of aldosterc
which after an initial acidification tends to further alkalinize the cell above baseline valu
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FIG. 4. Images of intracellular pH (left) and time courses of pH in three different regions of interest in the nucleus
the perinuclear space and in the subplasmalemmal space (right) are shown.
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Excessive alkalinization of vascular smooth muscle cells in response to angiotensin Il has
shown for cells from spontaneously hypertensive rats and for suspended VSMC from Wistar K
rats whereas in coverslip cells from Wistar Kyoto rats, as reported here, no excessive alkaliniz:
was seen in response to angiotensin Il (20, 21). This shows that under certain circumste
angiotensin Il might also act as a direct stimulator of the sodium-proton-exchanger. It is yet
clear which biochemical features of cells from hypertensive rats or of trypsinized cells are imj
tant in this regard, but differential influences of pathological states (hypertensive rats) or tryp
ization on signalling pathways may be assumed. Unlike those former results on free intracel
calcium in VSMC (22), there was no obvious difference in the changes of pH for different cellu
compartments.

In conclusion, these data on acute changes of intracellular pH in VSCMM by aldosterone ex
earlier observations of nongenomic mineralocorticoid effects on intracellular second-messer
and the sodium-proton-exchanger. Further analysis of the pH response to different stimuli sk
target the assessment of the relative importance of contributing signalling pathways and mets
alterations.
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