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1 The effects of a high calcium diet (2.5%) on blood pressure, electrolyte balance, plasma and tissue
atrial natriuretic peptide (ANP), cytosolic free Ca2" concentration ([Ca2+]i), and arterial smooth muscle
responses were studied in one-kidney deoxycorticosterone (DOC)-NaCl hypertensive Wistar rats.
2 Calcium supplementation for 8 weeks markedly attenuated the development of DOC-NaCl hyperten-
sion and the associated cardiac hypertrophy, and prevented the DOC-NaCl-induced sodium-volume
retention as judged by reduced plasma Na', and decreased plasma and ventricular ANP concentrations
in high calcium-fed DOC-NaCl rats. However, calcium supplementation did not affect the DOC-NaCl-
induced rise in platelet [Ca2 ]V.
3 Smooth muscle contractions of isolated mesenteric arterial rings in response to depolarization by K+
(20-30 mM) were enhanced in DOC-NaCl-treated rats, this enhancement being abolished by concurrent
oral calcium loading. The Ca2` entry blocker nifedipine (10 nM) inhibited the contractions induced by
K+ (30-125 mM) more effectively in DOC-NaCI rats than in controls, while the inhibition in calcium-
loaded DOC-NaCl rats was significantly greater than in controls only with 30 mM K+.
4 The contractions of mesenteric arterial rings induced by omission of K+ from the organ baths were
used to evaluate cell membrane permeability to ions. In chemically denervated rings the onset of the
gradual rise in contractile force in K+-free medium occurred earlier, and the rate of the contraction was
faster in DOC-NaCl-treated rats than in controls and high calcium-fed DOC-NaCl rats. Smooth muscle
relaxation induced by 0.5 mM K+ upon K+-free contractions was clearly slower in DOC-NaCl rats than
in controls and calcium-supplemented DOC-NaCl rats.
5 The functions of arterial smooth muscle Na', Ca2 exchange and Ca2+-ATPase were evaluated by
the aortic contractions elicited by low Na+ medium, and the subsequent relaxation responses induced by
Ca2'-free solution (in the presence of 5 mM caffeine, 1 JIM nifedipine and 10 JIM phentolamine). The rate
of aortic low Na+ contractions (evaluating Ca2+ influx via Na+, Ca2" exchange), as well as that of
subsequent relaxations was slower in DOC-NaCl-treated rats than in controls, whether the relaxation
was induced in normal (144.0mM) or low (1.2mM) organ bath Na+ concentration (reflecting Ca2"
extrusion by both Ca2+-ATPase and Na+, Ca2+ exchange, and by Ca2+-ATPase alone, respectively).
However, in calcium-supplemented DOC-NaCl rats the aortic responses did not differ from control. The
difference between the relaxation rate in normal and low Na+ concentration in each aortic ring,
representing the contribution of Na+, Ca2+ exchange in these relaxations, was comparable in all groups.
6 In conclusion, calcium supplementation clearly attenuated the development of hypertension, cardiac
hypertrophy, and sodium retention induced by the DOC-NaCI treatment. However, the associated rise
in platelet [Ca2+], was not prevented, suggesting that in this form of experimental hypertension increased
dietary calcium does not lower blood pressure by reducing [Ca2+]i. The results from vascular responses
in vitro suggest that in arterial smooth muscle the DOC-NaCl treatment increased contractile sensitivity
to depolarization, voltage-dependent Ca2+ entry and cell membrane permeability to ions, and attenuated
relaxation responses and vascular Na+, K+-ATPase function. The results further suggest reduced ability
of the cell membrane to transport Ca2 (possibly via Ca2+-ATPase) in DOC-NaCl hypertension. The
high calcium diet opposed these alterations. The present results thus provide evidence that the
antihypertensive effect of a high calcium diet in mineralocorticoid-salt hypertension is mediated by its
beneficial effects on systemic sodium balance and arterial smooth muscle function.
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Introduction

Increased dietary calcium lowers blood pressure (BP) in undefined. Oral calcium loading may correct altered cellular
hypertensive patients (McCarron & Morris, 1985; Lasaridis calcium metabolism in hypertension, since in spontaneously
et al., 1989) and experimental animals (Resnick et al., 1986; hypertensive rats (SHR) a high calcium diet has been
Porsti et al., 1992). However, the mechanisms underlying the reported to reduce intracellular free Ca2" concentration
antihypertensive effect of high calcium intake are yet ([Ca2J]i) (Young et al., 1988; Furspan et al., 1989; Porsti et

al., 1992), a primary determinant of arterial contractions
(Stull et al., 1991). The reduction of abnormally elevated
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al., 1992). However, in mineralocorticoid-salt hypertension
the effects of increased dietary calcium on vascular smooth
muscle function are largely unexplored. They would be of
interest, since calcium supplementation has been reported to
decrease arterial peripheral resistance in this form of experi-
mental hypertension (DiPette et al., 1989).

Oral calcium loading has been found to promote nat-
riuresis (Ayachi, 1979). In addition, the BP reduction induced
by calcium supplementation appears to be augmented in low
renin type of human essential hypertension (Lasaridis et al.,
1989), in sodium-volume-dependent (i.e. low renin) experi-
mental hypertension (Resnick et al., 1986), and in SHR on
high sodium intake (McCarron et al., 1985). We have
previously shown that a high calcium diet effectively coun-
teracts the effects of mineralocorticoid treatment in SHR
(Porsti et al., 1990; 1991) by enhancing natriuresis with an
accompanying decrease in plasma atrial natriuretic peptide
(ANP) (Porsti et al., 1991). Thus, it is evident that oral
calcium loading also has effects on sodium metabolism.
The present study investigated the effects of a high calcium

diet on BP, electrolyte balance, plasma and tissue ANP,
[Ca2+Ji, and arterial smooth muscle function in one-kidney
deoxycorticosterone (DOC)-NaCl hypertensive Wistar rats.
This mineralocorticoid-salt treatment considerably alters the
systemic and cellular electrolyte balance (Friedman & Tan-
aka, 1987; Morton et al., 1990), and can thus be expected to
disturb cellular ion fluxes across cell membrane. Further-
more, it has been suggested that calcium supplementation
may decrease membrane permeability to ions (Bohr et al.,
1988). Therefore, the study of arterial smooth muscle res-
ponses was designed to explore effects of DOC-NaCl treat-
ment and high calcium diet on cell membrane function.

Methods

Animals and experimental design

Male Wistar rats were housed two animals to a cage in an
experimental animal laboratory room at 22°C with a 12 h
light-dark cycle, and provided standard chow (containing
1.1% calcium, 0.7% sodium chloride, 0.2% magnesium;
Ewos, SWdertiile, Sweden) and drinking fluid (tap water) ad
libitum. At the age of 8 weeks the left kidney was removed
from all rats under ether anaesthesia. Postoperative pain was
relieved with buprenorphine (Temgesic, 0.3 mg kg-' twice a
day, s.c.) during the first 3 days, and 2 weeks were allowed
for recovery. Then the 10-week-old rats were divided into
four groups of equal mean systolic BPs, which were mea-
sured from the conscious rats by the tail cuff method at 280C
(Model 129 Blood Pressure Meter: IITC Inc., Woodland
Hills, Ca., U.S.A.). One group was injected weekly with
DOC (Percorten M, 25 mg kg-' week-', s.c.) and 0.7% NaCl
was added to the drinking water, while the chow remained
unaltered (Group DOC, n = 13). For the second group the
DOC-NaCl treatment was combined with dietary calcium
supplementation by increasing the calcium content of the
chow to 2.5% (Group Ca-DOC, n = 13), the increment being
supplied as calcium carbonate. Two additional groups were
injected weekly with equal volumes of saline instead of DOC,
kept on normal drinking fluid, and fed with the high calcium
(Group Ca-Wistar, n = 8) or standard chow (Group Wistar,
n= 13).
BP was regularly measured during the 8-week study. In

study weeks 1 and 8, urine was collected for 24 h in
metabolic cages, where the rats had free access to food and
drinking fluid. Fluid and food consumptions were determined
by weighing the bottles and chow pellets. Urine volumes were
measured and samples stored at - 20°C until assayed. At the
end of the study the 18-week-old rats were decapitated and
exsanguinated, and blood samples were collected into chilled
heparinized tubes for plasma electrolyte and platelet [Ca2+],
determinations, and chilled tubes on ice containing 2.7 mM

EDTA for plasma ANP assays. Blood samples for electrolyte
and ANP determinations were centrifuged, and plasma
stored at - 20°C until analysis; [Ca2+], measurements were
carried out immediately after blood collection. After exsan-
guination, the hearts, mesenteric arteries and aortae were
immediately excised. The experimental design of the study
was approved by the Animal Experimentation Committee of
the University of Tampere, Finland.

Electrolyte measurements and platelet intracellular free
calcium determination

Plasma and urine concentrations of Na+, K+, Ca2' and
Mg2' were measured by atomic absorption spectrophoto-
meter (AAS; Spectr AA-30, Varian, Techtron Ltd., Victoria,
Australia). For the Ca2+ measurements, 5 mM LaCl3 was
used as ionization suppressant. Samples of abdominal aortae
were cleaned of adherent connective tissue, dried overnight at
100° and weighed. Then they were ashed in a graphite oven
(Naber Industrieofenbau, Bremen, Germany) for 2 h at
800°C, and the inorganic salts dissolved in 20% nitric acid
for the measurement of electrolytes by AAS. Aortic tissue
electrolyte contents are expressed as a concentration per g
tissue dry weight. Platelet [Ca2+], was measured with a
fluorescent indicator quin-2 as previously described (P6rsti et
al., 1992).

Atrial natriuretic peptide determinations

Left and right auricles of the hearts were removed to be used
for atrial ANP measurements, and the remaining atrial tissue
carefully dissected from the ventricular tissue. The ventricles
were cut into superior (15-20% of total weight) and inferior
parts, the latter being used for ventricular ANP determina-
tions to avoid atrial tissue contamination. The cardiac sam-
ples were blotted dry, weighed and stored at - 70°C until
assayed. ANP was extracted from plasma as previously des-
cribed (Ruskoaho et al., 1989), and from the cardiac tissues
by the HCO method (Ruskoaho & Leppiluoto, 1988). For the
radioimmunoassay (RIA) the atrial and ventricular extracts
were diluted 3 x 105 and 1.2 x 103 fold, respectively, with the
RIA buffer. The tissue extracts and plasma samples were
then incubated in duplicates of 100 fIl with 100 jl of the
specific rabbit ANP antiserum in the final dilution of
1:25000. ANP was determined from plasma and tissue sam-
ples by RIA as described by Ruskoaho et al. (1989). Tissue
ANP is expressed as concentration per mg tissue wet weight.

Arterial responses in vitro

Two standard sections (3 mm in length) of the mesenteric
artery, beginning 1.5 cm distally from the mesenteric artery
aorta junction, and one standard section (4 mm) of the
thoracic aorta just above the diaphragm were cut from each
rat. The vascular endothelium was removed from all prepara-
tions by gently rubbing with a scuffed injection needle. The
rings were then placed -between hooks and mounted in an
organ bath chamber. The mesenteric arterial rings were
bathed in physiological salt solution (PSS) (adjusted to pH 7.4
with HCl) of the following composition (mM): NaCl 119.0,
NaHCO3 25.0, glucose 11.1, KCl 4.7, CaCl2 1.6, KH2PO4 1.2
and MgSO4 1.2. The aortic rings were bathed in a modified
PSS (adjusted to pH 7.4 with Tris/HCl) containing (mM):
NaCl 142.8, glucose 11.1, HEPES 10.0, KC14.7, CaCl2 1.6,
HaH2PO4 1.2 and MgSO4 1.2 (Ashida et al., 1989). All rings
were aerated with 95% 02: 5% C02, and rinsed with fresh
solutions every 20 min, during which time the pH in the
baths remained stable. The rings were equilibrated for 1 h at
37°C with a resting tension of 1.5 and 2.0 g for mesenteric
arteries and aortas, respectively. The force of contraction was
measured with an isometric force-displacement transducer
and registered on a polygraph (FT03 transducers & Model
7 E Polygraph; Grass Instrument Co., Quincy, Ma., U.S.A.).
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The absence of endothelium in vascular preparations was
confirmed by a lack of relaxation response to 1 pM acetyl-
choline in 1 gM noradrenaline (NA)-precontracted arterial
rings.

Mesenteric arterial preparation 1: After a 30 min stabilization
period the more proximal section cut from each mesenteric
artery was used to determine cumulative concentration-re-
sponse curves for high concentrations of K+. When maximal
contractions after 125 mM K+ had fully developed, the rings
were rinsed with normal PSS and the subsequent relaxation
was observed until resting tension was restored. After ano-
ther 30 min the K+-induced contractions were again gene-
rated in the presence of the Ca2+ entry blocker nifedipine
(10 nM). In solutions containing high concentrations of K+
(20-125 mM), NaCl of the normal PSS was replaced with
KCI on an equimolar basis.

Mesenteric arterial preparation 2: The more distal ring of
each mesenteric artery was used to study the contractile
responses evoked by omission of K+ from the organ baths
and subsequent relaxations induced by re-addition of K+.
The K+-free buffer solution (pH 7.4) was prepared by sub-
stituting KCI and KH2PO4 of the normal PSS with NaCl and
NaH2PO4, respectively, on an equimolar basis. After the rings
had reached a steady contraction plateau in K+-free solution,
0.5 mM K+ was re-added and the subsequent relaxation
registered. In an additional study with Wistar rats under
experimental design identical to that described above, we
further investigated the mechanisms of contractions induced
by the K+-free solution. In order to eliminate the influence of
endogenously released NA on these contractions, endothelium-
denuded mesenteric arterial rings from these animals were
subjected to chemical adrenergic denervation by the method
described by Aprigliano & Hermsmeyer (1976). The rings
were denervated in vitro by exposing them to a buffer-free
solution containing 1.2 mM 6-hydroxydopamine, and
vigorously gassing them with nitrogen for 15 min, followed
by a 2 h recovery period in normal PSS. Thereafter, the
above described K+-free contraction procedure was per-
formed.

Aortic preparation: The aortic rings were used to examine
indirectly the vascular Na+, Ca2+ exchange mechanism and
Ca2'-ATPase activity, using basically the procedure des-
cribed by Ashida & Blaustein (1987). The preparations were
first exposed to 5 mm caffeine, which induced rapid, spon-
taneously fading contractions. After 10 min at resting tension
the modified PSS (Na+ 144.0 mM) was changed to low Na+
(1.2 mM) medium, and the gradually developing contractions
were observed for 10 min. Thereafter the medium was re-
placed with Ca2+-free solution containing normal Na+ (144.0
mM), and the resultant relaxation was registered. After
another 10 min at resting tension in the modified PSS the
aortic rings were again contracted by low Na+ medium,
upon which relaxation was elicited by Ca2+-free solution with
low Na+ concentration (1.2 mM). The low Na+ solutions
(pH 7.4) were prepared by equimolar substition of NaCl in
the modified PSS with N-methyl-D-glucamine. In Ca2+-free
solutions CaCI2 was replaced with MgCl2 on an equimolar
basis. All aortic contractile and relaxation responses were
performed in the presence of 5 mM caffeine, 1 pM nifedipine
and 10 tiM phentolamine to inhibit intracellular Ca2+ seques-
tration, voltage-dependent Ca2+ entry, and effects of endo-
genously liberated NA on vascular responses, respectively.

Materials

The following compounds were used: acetoxymethyl ester of
quin-2 (Aldrich Chemical Co., Milwaukee, Wi., U.S.A.),
deoxycorticosterone trimethylacetate (Ciba-Geigy Ltd., Basel,
Switzerland), noradrenaline hydrogentartrate (Fluka Chemie
AG, Buchs SC, Switzerland), caffeine (E. Merck AG, Darms-

tadt, Germany), nifedipine (Orion Pharmaceutical Co., Espoo,
Finland), buprenorphine hydrochloride (Reckitt & Colman,
Hull, U.K.), and acetylcholine chloride, 6-hydroxydopamine
hydrobromide, N-methyl-D-glucamine, phentolamine hydro-
chloride (Sigma Chemical Co., St. Louis, Mo., U.S.A.)

Analysis of results

The arterial contractile and relaxation responses were related
to tissue dry weight, which was obtained after drying the
arterial preparations overnight at 100°C. The effect of nife-
dipine on K+-induced contractions was calculated by com-
paring the contractions in the presence of nifedipine to those
without it. After re-addition of K+ upon K+-free contrac-
tions the reduction in smooth muscle contractile force during
1 min was considered the maximal relaxation rate, which was
related to tissue dry weight. K+ relaxation was additionally
related to the pre-existing contraction induced by the K+-free
medium.

Statistical analysis was carried out by one-way analysis of
variance (ANOVA) supported by Bonferroni confidence in-
tervals using BMDP Statistical Software (Los Angeles, Ca.,
U.S.A.). P<0.05 was considered statistically significant. All
results are expressed as mean ± s.e.mean.

Results

Blood pressure, heart and body weights, andplasma and
tissue ANP

The mean systolic BP was stable and comparable in the
Wistar and Ca-Wistar groups during the 8-week study. The
DOC-NaCI treatment-induced steady rise in BP was marked-
ly attenuated in the Ca-DOC group, whose final BP level
remained about 35 mmHg lower than that of the DOC
group. The final systolic BPs in the experimental groups
were: Wistar 147 ± 4, Ca-Wistar 147 ± 5, DOC 201 ± 6, and
Ca-DOC 165 ± 3 mmHg (Figure 1). The heart weights in the
Wistar and Ca-Wistar groups were similar. The cardiac
hypertrophy induced by the DOC-NaCl treatment was
significantly decreasd by concurrent oral calcium loading
(Table 1). The body weights in the Wistar, DOC and Ca-
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Figure 1 Systolic blood pressure (BP) in control (0, n = 13),
calcium-supplemented (@, n = 8), deoxycorticosterone (DOC)-NaCI-
treated (0, n = 13), and calcium-supplemented DOC-NaCI-treated
(U, n = 13) Wistar rats during the 8-week study. Symbols indicate
means with s.e.mean. *P<0.05 when compared with control rats;
tP<0.05 when compared with DOC-NaCl-treated rats (Bonferroni
test).
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Table 1 Experimental group data at the end of the 8-week study

Variable Wistar

Body weight (g)
Heart weight (mg)

Right auricle
Left auricle
Ventricles

Heart:body weight ratio (mgg-')
Plasma electrolytes (mM)
Na4
K+
Ca2+
Mg2+

Aortic tissue
Na+ (Amolg')
K4+ (mo g -)
Na4:K4 ratio

Platelet intracellular
free Ca2+ (nM)

435±9

19± 1
22 ± 2
868 ± 26
2.4 ± 0.1

121.7 ± 2.8
4.19 ± 0.12
2.25 ± 0.04
1.17 ± 0.03

337 ± 22
155 ± 11
2.2 ± 0.2
108 ±4

Ca- Wistar

395 ± 12*

19 ± 1
20± 2
838 ± 37
2.5 ± 0.1

119.4± 3.3
3.95 ± 0.12
2.54 ± 0.03*
1.09 ± 0.02*

343 ± 28
156 ± 13
2.2 ± 0.2
108 ± 5

DOC

441 ± 13

23 ± 2
37 ± 2*

1281 ± 41*
3.5 ± 0.1*

140.6 ± 3.0*
4.35 ± 0.17
2.44 ± 0.02*
0.96 ± 0.03*

399 ± 22
154 ± 6
2.6 ± 0.2
131 ± 8*

Ca-DOC

429 ± 11

21 ± 1
28+± *t

1049 ± 41*t
2.9 ± 0.1*t

127.9 ± 2.2t
4.06 ± 0.12
2.38 ± 0.04*
0.89 ± 0.02*

347 ± 13
189 ± 12t
1.9±0.1t
129 ± 7*

Values are mean ± s.e.mean. Ca = calcium-supplemented Wistar rats, DOC = deoxycorticosterone-NaCl-treated Wistar rats, n = 13 for
Wistar, DOC and Ca-DOC groups, n = 8 for Ca-Wistar group.
*P<0.05 compared with Wistar group; tP <0.05 compared with DOC group (Bonferroni test).

DOC groups were comparable, but were slightly lower in the
Ca-Wistar group (Table 1).
The concentrations of ANP in plasma and cardiac tissues

were comparable in the Wistar and Ca-Wistar groups. The
plasma ANP in the DOC group, but not in the Ca-DOC
group, was significantly higher than in the Wistar group. The
clear increase in ventricular ANP induced by the DOC-NaCl
treatment was attenuated by calcium supplementation. The
concentrations of ANP in the left atrium were decreased in
both DOC and Ca-DOC groups, and in the right atrium in
the Ca-DOC group (Figure 2).

Plasma and tissue electrolytes, and platelet intracellular
free calcium

The DOC-NaCl treatment elevated the plasma Na4 concent-
ration, and the high calcium diet inhibited the elevation in
the Ca-DOC group, while it did not affect plasma Na4 in the
Ca-Wistar group. Plasma K+ levels were similar in all study
groups. Both oral calcium supplementation and the DOC-
NaCl treatment, and their combination, increased Ca24 and
decreased Mg2" concentrations in plasma (Table 1). Tissue
Na' and K+ contents, and the Na4:K4 ratios in the aorta
were comparable in the Wistar, Ca-Wistar and DOC groups,
although tissue Na4 tended to be increased in the DOC
group. In the Ca-DOC group aortic tissue K+ content was
higher and the Na+:K4 ratio lower than in the DOC group
(Table 1). Platelet [Ca2i+], measured with quin-2, was equal
in the Wistar and Ca-Wistar groups and significantly lower
than in the DOC and Ca-DOC groups. Thus, the oral cal-
cium loading did not affect the DOC-NaCl-induced rise in
[Ca2+]i (Table 1).

Food, fluid and electrolyte intake, and urinary electrolyte
excretion

Chow consumption was comparable between the Wistar and
Ca-Wistar rats, and also between the DOC and Ca-DOC
rats, the consumption in the two latter being more pro-
nounced than in the two former groups at the end of the
study. Thus, the Ca-Wistar and Ca-DOC groups gained ap-
proximately 2.5 fold more Ca2` than the corresponding
groups on standard diet. Fluid consumption was greater in
both DOC-NaCl-treated groups than in the other groups
throughout the study. However, during week 8 the fluid
intake (and thus Na+ gain) in the Ca-DOC rats was
attenuated to only about 60% of that in the DOC rats, Na4

intake being increased 9.6 and 5.7 fold in the DOC and
Ca-DOC groups, respectively, when compared with the Wis-
tar group. The K4 and Mg2" gains were comparable in the
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Figure 2 Atrial natriuretic peptide (ANP) concentrations in ventri-
cular tissue (a), plasma (b), and in right (c) and left atrial tissues (d)
of Wistar rats. Groups are control ( =l, n = 12), calcium-sup-
plemented ( A, n = 8), deoxycorticosterone (DOC)-NaCl-treated
(Ea, n = 1 1), and calcium-supplemented DOC-NaCl-treated ( A,
n = 11) Wistar rats. Columns indicate means with s.e.mean. *P<
0.05 when compared with control rats; tP <0.05 when compared
with DOC-NaCl-treated rats (Bonferroni test).
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Wistar and Ca-Wistar groups, and increased in both DOG-
NaCl-treated groups at the end of the study (Table 2). The
urinary excretion of Na' was unaltered in the Ca-Wistar
group, and increased in both DOC-NaCl-treated groups.
Despite the lower Na' intake in the Ca-DOC than in the
DOC group at the end of the study, Na' excretion did not
differ significantly between these groups. K+ excretion was
proportional to the intake in all groups. Both oral calcium
supplementation and DOC-NaCl treatment independently
elevated urinary excretions of Ca2+ and Mg2+ to a level
higher than would be expected on the basis of intakes. In the
Ca-DOC group, Ca2+ excretion was further enhanced,
whereas that of Mg2' was reduced when compared to the
DOC group (Table 2).

Arterial responses in vitro

The smooth muscle contractions in response to depolariza-
tion by K+ (20-125 mM) in mesenteric arterial rings were
similar in the Wistar, Ca-Wistar and Ca-DOC groups, but
significantly enhanced in the DOC group with lower K+
concentrations (20-30 mM) (Figure 3). Nifedipine (10 nM)
was clearly more effective in inhibiting the K+-evoked con-
tractions in the DOC group than in the Wistar and Ca-
Wistar groups. In the Ca-DOC group the effect of nifedipine
was significantly greater than in the Wistar group only with
30 mM K+. Thus the K+ response in the presence of
nifedipine in the Ca-DOC group was shifted towards that in
the Wistar controls when compared with the DOC group
(Figure 3). The washout time after maximal 125 mM K+-
induced contractions was comparable in the Wistar, Ca-
Wistar and Ca-DOC groups, and shorter than in the DOC
group (Table 3).
The contractions elicited by omission of K+ from the

organ baths in endothelium-denuded mesenteric arterial rings
with intact adrenergic nerve-endings (representative tracing
of the response shown in Figure 4) were similar in the Wistar

and Ca-Wistar groups. In the DOC group the K+-free res-
ponse started earlier but the contractile rate and maximal
force attained were lower than in the Wistar group. The
dietary calcium supplementation during the DOC-NaCl treat-
ment shifted the curve notably towards control (Figure 5 and
Table 3). In an additional study, where the calcium supple-
mentation again attenuated the DOC-NaCl-induced rise in
BP (by 27 mmHg), the K+-free contractions in endothelium-
denuded mesenteric arterial rings were elicited after in vitro
adrenergic denervation with 6-hydroxydopamine. When com-
pared with the results obtained in rings with intact nerve-
endings, the denervation markedly decreased the maximal
K+-free contractile force, and prolonged the time from K+
omission to the onset of contraction and that required to
reach the maximal contraction in control and calcium-
supplemented Wistar rats. In DOC-NaCl-treated rats this
attenuation of the K+-free contractile rate was much smaller
than in controls. In contrast to rings with intact nerve-
endings, the denervated rings of DOC-NaCl-treated rats
developed significantly greater maximal contractile force in
shorter time, and thus a faster rate of K+-free contraction,
than those of control rats. The concurrent calcium sup-
plementation again shifted the response towards that in con-
trols (Table 4). The relaxations induced by 0.5 mM K+ upon
full K+-free contractions were similar in the Wistar and
Ca-Wistar groups and faster than in the DOC group, in
which complete relaxation was not achieved. In the Ca-DOC
group the K+ relaxation was also slower than in the Wistar
group, but nevertheless the response returned to the baseline
and was clearly faster than in the DOC group (Figure 5 and
Table 3).
The 5mM caffeine-induced aortic contractions were en-

hanced by the DOC-NaCl treatment, but were unaffected by
oral calcium loading (Table 3). The contractile force develop-
ment in response to exposure to low Na+ medium in the
presence of 5 mM caffeine, 1 gLM nifedipine and 1OgM phen-
tolamine, the response thus reflecting Ca2" entry via Na+,

Table 2 Metabolic data (per 24 h) from experimental groups during study weeks I and 8

Variable

Week 1
Chow intake (g)
Fluid intake (ml)
Urine volume (ml)
Electrolyte intake (mmol)
Na+
K+
Ca2+
Mg2+

Urinary excretion (mmol)
Na+
K+
Ca2+
Mg2+

Week 8
Chow intake (g)
Fluid intake (ml)
Urine volume (ml)
Electrolyte intake (mmol)
Na+
K+
Ca2+
Mg2+

Urinary excretion (mmol)
Na+
K+
Ca2+
Mg2+

Wistar

26 ± 1
37 ± 1
17 ± 1

3.4 ± 0.1
5.3 ± 0.2
7.1 ±0.2
2.1 ± 0.1

3.3 ± 0.2
3.9 ± 0.2

0.09 ± 0.02
0.36 ± 0.06

13 ± 2
23 ± 2
15 ± 2

1.7 ± 0.2
2.7 ± 0.3
3.6 ± 0.5
1.1 ± 0.1

2.5 ± 0.2
3.5 ± 0.3

0.09 ± 0.01
0.21 ± 0.02

Ca- Wistar

26 ± 1
34±2
15 ± 1

3.4 ± 0.1
5.3 ± 0.2

16.2 ± 0.6*
2.1 ± 0.1

3.1 ± 0.1
4.0 ± 0.2

0.24 ± 0.03*
0.73 ± 0.09*

15 ± 1
20± 1
12± 1

2.0 ± 0.1
3.2 ± 0.2
9.7 ± 0.5*
1.3 ± 0.1

2.4 ± 0.2
3.5 ± 0.2

0.31 ± 0.05*
0.50 ± 0.03*

DOC

23 ± 4
75 ± 9*
43 ± 7*

12.9 ± 1.6*
4.8 ± 0.8
6.4± 1.1
1.9 ± 0.3

14.8 ± 1.3*
4.1 ±0.4

0.20 ± 0.03*
0.90 ± 0.13*

25 ± 2*
100 ± 17*
80± 12*

16.3 ± 2.4*
5.1 ± 0.4*
6.8 ± 0.5*
2.0 ± 0.2*

17.0 ± 2.6*
5.4 ± 0.4*

0.40 ± 0.05*
0.84 ± 0.13*

Ca-DOC

29± 1
67 ± 8*
35 ± 5*

12.4± 1.1*
5.9 ± 0.2

17.8 ± 0.6*t
2.4 ± 0.1

12.8 ± 1.3*
4.2 ± 0.2

0.43 ± 0.07*1
0.86 ± 0.10*

22 ± 2*
53 ± 4*t
41 ± 4*t

9.7 ± 0.7*t
4.5 ± 0.3*
13.6 ± 1.0*t
1.8 ± 0.1*

12.2 ± 0.9*
5.0 ± 0.4*

0.69 ± 0.08*t
0.53 ± 0.03*t

Values are mean ± s.e.mean. Ca = calcium-supplemented Wistar rats, DOC = deoxycorticosterone-NaCI-treated Wistar rats, n = 13 for
Wistar, DOC and Ca-DOC groups, n 8 for Ca-Wistar group.
*P<0.05 compared with Wistar group; tP <0.05 compared with DOC group (Bonferroni test).
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Figure 4 Representative tracings of the contractile response of an

endothelium-denuded mesenteric arterial ring induced by K+-free
solution and the relaxation after the re-addition of 0.5 mM K+ to the
organ bath (a); and the contractile responses of an endothelium-
denuded aortic ring induced by 5 mm caffeine, and by reduction of
organ bath Na+ concentration from 144.0 to 1.2 mM (Na+ replaced
by N-methyl-D-glucamine), and plots of subsequent aortic relaxa-
tions elicited by Ca2+-free solution in normal (144.0mM) and low
(1.2mM) organ bath Na+ concentration. All aortic contractile and
relaxation responses were performed in the presence of 5 mM

caffeine, I tLM nifedipine and 1O gM phentolamine (b).
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Figure 3 Concentration-response curves of Wistar rat endothelium-
denuded mesenteric arterial rings to potassium chloride (a), and the
effect of 10 nm nifedipine on these contractions (b). Groups are

control (0, n = I1), calcium-supplemented (0, n = 8), deoxycorti-
costerone (DOC)-NaCl-treated (0, n = 10), and calcium-supplemen-
ted DOC-NaCl-treated (U, n = 10) Wistar rats. Symbols indicate
means with s.e.mean. *P<0.05 when compared with control rats
(Bonferroni test).

Ca2" exchange, was similar in aortic rings from the Wistar,
Ca-Wistar and Ca-DOC groups in two successive responses
(representative tracing in Figure 4). In the DOC group the
low Na' medium-induced contractions were slower than in
the other groups. The rates of relaxation evoked by Ca2"-free
medium in a normal organ bath Na' concentration (144.0
mM) upon low Na' contractions (the relaxation evaluating
Ca2" extrusion by both Na', Ca2+ exchange and Ca2+-
ATPase) were also equal in the Wistar, Ca-Wistar and Ca-
DOC groups, and attenuated in the DOC group. When
relaxations were induced by Ca2+-free medium in a low

60 80

Figure 5 Contractile responses induced by K+-free solution and
subsequent relaxations in response to re-addition of 0.5 mM K+ in
Wistar rat endothelium-denuded mesenteric arterial rings with intact
adrenergic nerve-endings. Groups are control (0, n = 11), calcium-
supplemented (@, n = 8), deoxycorticosterone (DOC)-NaCl-treated
(0, n = 10), and calcium-supplemented DOC-NaCl-treated (U,
n = 10) Wistar rats. Symbols indicate means with s.e.mean. The
onset of K+-free contractions occurred earlier, and the maximal
force was lower and attained later in DOC-NaCl-treated than con-
trol rats (P <0.05). The concurrent calcium supplementation clearly
diminished these differences. Subsequent K+ relaxations were slower
in DOC-NaCl-treated rats than in control and calcium-supplemented
DOC-NaCl-treated rats (P< 0.05). Statistical analysis was per-

formed by Bonferroni tests.

organ bath Na' concentration (1.2 mM), the responses (eval-
uating Ca2" extrusion by Ca2+-ATPase alone) were slower
than those in the normal Na+ concentration, and again
slowest in the DOC group and similar in the other groups

(Figure 6 and Table 3). However, the difference between the
relaxation rate in normal and low organ bath Na+ in each
aortic preparation (representing the contribution of Na+,
Ca2` exchange in these relaxations) was comparable in all
four groups (Table 3).

Discussion

The present study shows a marked antihypertensive effect of
increased dietary calcium in one-kidney DOC-NaCl hyperten-

a
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Table 3 Parameters of arterial smooth muscle responses at the end of the 8-week study

Variable Wistar

Mesenteric arterial ringj
Washout time after 8.2 0.9
125mM KCI (min)

K+-free contraction
Onset of contraction (min) 9.1 0.7
Time to maximum (min) 28.8 1.5
Maximal force (gmg-' tissue) 4.0 0.3

K+ relaxation
Time to baseline (min) 18.0 2.8
30 min relaxation 100 0
(% of K+-free contraction)
Maximal rate (g mg-' tissue min-') 1.18 0.13

Ca- Wistar

7.4± 1.1

10.2 ± 0.7
31.5 ± 2.3
3.9 ± 0.3

16.7 ± 2.1
100 ± 0

1.24 ± 0.17

DOC

20.4 ± 3.0*

6.8 ± 0.6*
51.8 ± 3.8*
2.3 ± 0.4*

b

65 ± 8*

0.14 ± 0.04*

Aortic ring
Caffeine (5 mM) contraction 266 ± 28
(mg mg-' tissue)

Mean low Na' medium-induced contractile rate (mg mg'
1st response 11.8 ±0.7
2nd response 13.1 1.6

Mean relaxation rate after low Na' contraction (mgmg-'
1st response 26.1 2.4
(normal Na+, Ca2+-free)
2nd responsec 8.1 1.5
(low Na+, Ca2+-free)
Difference between 17.6 2.2
1st and 2nd response

2nd response: relaxation 104 16
in 30min (mgmg-' tissue)

255 ± 18

tissue min -)
12.5 ± 1.0
14.0 ± 1.0

tissue min-')
26.5 ± 2.4

8.6 ± 1.0

16.6± 1.5

104± 18

410 ± 48*

7.4 ± 0.6*
8.3 ± 0.7*

18.0 ± 1.3*

4.1 ± 0.4*

14.2± 1.2

58 ± 6*

417±23*

12.0 ± 1.4t
14.1 ± 1.7t

26.0 ± 2.7t

7.2±0.5t

18.8 ± 2.6

101 ± 7t

Values are mean ± s.e.mean. Ca = calcium-supplemented Wistar rats, DOC = deoxycorticosterone-NaCI-treated Wistar rats, n = 9-11
for Wistar, DOC and Ca-DOC groups, n = 8 for Ca-Wistar group.
*P<0.05 compared with Wistar group; tP<0.05 compared with DOC group (Bonferroni test).
aRings with intact adrenergic nerve-endings; btotal relaxation not achieved; ccalculated from the first 10min of the 2nd relaxation.

Table 4 Parameters of contractile responses induced by K+-free solution in chemically denervated mesenteric arterial rings

Variable Wistar

Onset of contraction (min)
Time to maximum (min)
Maximal force (gmg-' tissue)

40.2 ± 9.8
98.1 ± 8.5
1.6 ± 0.2

Ca- Wistar

44.0 ± 9.6
106.2 ± 4.9

1.7 ± 0.2

DOC

3.8 ± 1.2*
72.3 ± 3.1*
2.2 ± 0.1*

Ca-DOC

8.0 ± 1.7*t
81.7 ± I.9*t
1.9 ± 0.1

Values are mean ± s.e.mean. Ca = calcium-supplemented Wistar rats, DOC = deoxycorticosterone-NaCl-treated Wistar rats, n = 6 for
all groups. Adrenergic denervation of the rings was performed in vitro with 1.2 mm 6-hydroxydopamine.
*P<0.05 compared with Wistar group; tP<0.05 compared with DOC group (Bonferroni test).

sive rats. Earlier investigations have also reported considerable
BP reductions by supplementary calcium in sodium-volume-
dependent forms of experimental hypertension (Resnick et
al., 1986; Yang et al., 1989; Pamnani et al., 1990), whereas in
genetic hypertension the effect is usually only moderate
(Ayachi, 1979; Porsti, 1992; Porsti et al., 1992). This suggests
that the mechanisms of action of oral calcium loading may
particularly involve the correction of those abnormalities
characteristic of sodium-volume-dependent hypertension (e.g.
in systemic and cellular electrolyte metabolism, and mem-
brane permeability).

In the present work, the reduction in cardiac afterload
achieved by calcium supplementation was confirmed by a

clear attenuation of both DOC-NaCl-induced cardiac hyper-
trophy and rise in ventricular ANP concentrations. The
hypertension-induced ventricular hypertrophy is associated
with increased synthesis, storage and release of ANP (Lattion
et al., 1986; Ruskoaho et al., 1989; Itoh et al., 1991). Thus,
the attenuated rise in ventricular ANP and coincident reduc-
tion in plasma ANP levels in the Ca-DOC group indicates
diminished ventricular ANP synthesis and release when com-
pared with the DOC group. The ANP concentrations in the
left atria were reduced in both DOC-NaCI-treated groups.

This probably reflects increased atrial ANP release in res-
ponse to increased cardiac load (Sugimoto et al., 1986)
because the rate of ANP synthesis in the atria of hyper-
trophied rat heart is known to remain fairly constant (Kin-
nunen et al., 1991). Fujimara et al. (1989) reported that acute
hypercalcemia is a potent stimulus for ANP release from rat
hearts. Since the right atrial ANP concentrations were re-
duced in the Ca-DOC group but unaffected by either high
calcium diet or DOC-NaCl treatment alone, the combination
of local hypercalcemia in the right atrium as a result of
increased calcium delivery from the intestine to venous
blood, and the DOC-NaCl-induced volume load apparently
augmented ANP release from the right atria of Ca-DOC rats.
The DOC-NaCl treatment caused clear sodium retention in

the present study as judged by the elevated plasma N+
concentration (and a similar tendency in arterial tissue Na+
content) in the DOC group. Plasma and ventricular ANP
concentrations were also increased in the DOC group,
reflecting an attempt by the heart to reduce the volume load
(Lang et al., 1987). Since plasma Na+ and ANP levels in the
Ca-DOC group were comparable to those in the Wistar
controls, the sodium-volume retention was attenuated by oral
calcium loading. This can partially be explained by lower

Ca-DOC

11.0 ± 2.3t

8.0 ± 0.3
36.7 ± 3.8t
3.1 ±0.6

31.8 ± 4.5*
96 ± 7t

0.42 ± 0.07*t
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Figure 6 Contractile responses of Wistar rat endothelium-denuded aortic rings induced by reduction of organ bath Na+
concentration from 144.0 to 1.2mM (Na' replaced by N-methyl-D-glucamine), and subsequent aortic relaxations elicited by
Ca2+-free solution in normal (144.0 mM) and low (1.2 mM) organ bath Na+ concentration. All responses were performed in the
presence of 5 mm caffeine, 1 gM nifedipine and 10 gAM phentolamine. Groups are control (0, n = 10), calcium-supplemented (0,
n = 8), deoxycorticosterone (DOC)-NaCI-treated (0, n = 10), and calcium-supplemented DOC-NaCi-treated (U, n = 9) Wistar
rats. Symbols indicate means with s.e.mean. The low Na' contractions and both subsequent Ca2+-free solution-induced relaxations
were slower in DOC-NaCI-treated than control rats (P<0.05, Bonferroni test), while calcium-supplemented DOC-NaCl-treated
rats did not differ from control rats.

sodium intake in the Ca-DOC than the DOC group. Lower
sodium intake consequently decreased urinary Na' excretion
in the Ca-DOC group, which nevertheless did not
significantly differ from that in the DOC group. This suggests
that additional dietary calcium enabled the Ca-DOC rats to
maintain effective natriuresis at considerably lower BP levels
when compared with the DOC rats. Since the pressure nat-
riuresis was probably reduced along with the reduction of
BP, the results point to the natriuretic effect of calcium
supplementation previously demonstrated both in experi-
mental animals (Ayachi, 1979; Porsti et al., 1991) and in man
(Lasaridis et al., 1989; Saito et al., 1989). In the calcium-
supplemented groups, urinary excretion of Ca2+ was in-
creased more than would be expected on the basis of calcium
intake, suggesting a relative enhancement of intestinal Ca2"
absorption during high calcium diet, a phenomenon which
may be attributed to increased paracellular diffusion of Ca2"
in the gut (Wasserman & Fuller, 1989). Previously mineralo-
corticoid-salt treatment has been shown to induce hypercal-
ciuria (Zikos et al., 1986), a result also observed in the
present study. Additional dietary calcium also increased the
loss of Mg2" into urine. This has been regarded as an

adverse side-effect potentially leading to Mg2" deficiency and
thus impeding the beneficial effects of oral calcium loading
(Evans et al., 1990; Wuorela et al., 1992). Accordingly,
plasma Mg2+ levels were decreased in the calcium-supple-
mented groups, but no signs of compromised well-being of
the animals were observed during the study, probably due to
a relatively high Mg2" content of the chow. Interestingly,
despite its own Mg2" wasting effect calcium supplementation
seemed to attenuate urinary Mg2" loss in the Ca-DOC
group.
The concentration of cytosolic free Ca2+ is a primary

factor determining arterial contractions (Stull et al., 1991).
Previously, increased dietary calcium has been found to lower
both BP and [Ca2+], in SHR (Furspan et al., 1989; Pbrsti et

al., 1992; Wuorela et al., 1992), giving rise to the conception
that the reduction of [Ca2+], is an important antihypertensive
mechanism of calcium supplementation in genetic hyperten-
sion. In the present study, platelet basal [Ca2+], was clearly
higher in the DOC than the Wistar group, and was
unaffected by oral calcium loading. These results are consis-
tent with the finding that caffeine-induced aortic smooth
muscle contractions, generated by Ca2+ release from intracel-
lular stores (Karaki & Weiss, 1988), were also enhanced by
the DOC-NaCl treatment and unaffected by the high calcium
diet. Thus, the inability of calcium supplementation to
decrease [Ca2+]i despite a clear antihypertensive effect sug-
gests that reduction of basal [Ca2+], is not a crucial BP-
lowering mechanism of action by supplementary calcium in
this type of sodium-volume-dependent hypertension.
The arterial smooth muscle contractions induced by K+-

free medium have commonly been used as a tool for studying
cell membrane permeability to ions (Bohr et al., 1988). The
K+-free solution inhibits vascular Na', K+-ATPase and
leads to Na' leak to the cells, which causes depolarization
increasing Ca2+ entry through voltage-dependent channels
(Mulvany, 1985). The depolarization of vascular adrenergic
nerve-endings releases endogenous NA, which stimulates a-
adrenoceptors and contributes to the contractile response
(Vanhoutte & Lorenz, 1984). Additionally, passive Na'
influx during Na', K+-ATPase inhibition decreases the mem-
brane Na' gradient and can thereby reduce Ca2+ extrusion
by the Na', Ca2+ exchange mechanism and lead to increased
intracellular Ca2+ (Ashida & Blaustein, 1987). However,
since Na', Ca2+ exchange did not noticeably affect mesen-

teric arterial tone in our experimental conditions, voltage-
dependent Ca2' entry and endogenous release of NA are the
main mechanisms of K+-free contractions in rat mesenteric
arteries (Arvola et al., 1992). In the present study, the onset
of K+-free contractions occurred earlier in the DOC group
than in the Wistar controls. Adrenergic denervation with
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6-hydroxydopamine attenuated the K+-free contractions less
effectively in the DOC-NaCl-treated than in control rats,
suggesting that these contractions are more dependent on
Na+ leak and Ca2l influx to the smooth muscle cells in
DOC-NaCl hypertensive than in normotensive rats, in which
endogenous NA liberation is the predominant contraction
mechanism. Similar finding has previously been shown in
SHR (Arvola et al., 1992). Furthermore, after adrenergic
denervation the rate of contractile force development as well
as the maximal force induced by the K+-free solution were
greater in the DOC-NaCl-treated rats than Wistar controls.
The concurrent calcium supplementation partially abolished
these differences. Since DOC-NaCl hypertension is known to
be characterized by increased permeability to Na' and other
substances in vascular smooth muscle (Friedman & Tanaka,
1987), the premature onset of the K+-free contractions and
the faster rate of the contractions in denervated rings in the
DOC group suggest increased cell membrane permeability to
ions in DOC-NaCl hypertension, which phenomenon dietary
calcium supplementation appeared to reduce.
The relaxation responses following re-addition of K+ upon

K+-free contractions indirectly evaluate vascular Na+, K+-
ATPase activity (Hermsmeyer & Harder, 1986). In support of
this, ouabain almost completely inhibits these relaxations in
rat mesenteric arterial preparations (Arvola et al., 1992).
Na', K+-ATPase has been reported to be both decreased
(Songu-Mize et al., 1982) and increased (Magliola et al.,
1986; Yang et al., 1989) in DOC-NaCl hypertension. In the
present study, K+ relaxation was markedly attenuated in
mesenteric arteries from the DOC group, while the response
was clearly improved in the Ca-DOC group. The results
support the concept of impaired vascular Na+, K+-ATPase
function in chronic DOC-NaCl hypertension and its partial
restoration during high calcium diet, a similar process being
shown in calcium-supplemented SHR (Porsti et al., 1992).
This indirect evidence of enhanced Na+, K+-ATPase by oral
calcium is further supported by the reduced Na+ :K+ ratio in
aortic tissue from the Ca-DOC rats when compared with the
DOC group. Since the membrane repolarization initiating the
relaxation after re-addition of K+ is probably very rapid,
while complete K+ relaxation takes several minutes, the rate
of K+ relaxation most likely also reflects general relaxation
mechanisms (e.g. contractile protein dephosphorylation, Ca2 +
sequestration and extrusion), which appear to be impaired in
DOC-NaCl hypertension and enhanced by calcium sup-
plementation. This interpretation is in agreement with the
greatly prolonged washout time after maximal 125 mM KCI-
induced contractions in the DOC group, but not in the
Ca-DOC group.
Smooth muscle contractions induced by depolarizing the

cell membrane with high concentrations of K+ depend
mainly upon Ca2` influx through voltage-dependent chan-
nels, a minor proportion of the response resulting from the
release of stored Ca2` (Karaki & Weiss, 1988). Additionally,
the release of endogenous NA during depolarization par-
ticipates in these contractile responses (Fouda et al., 1991). In
the present study, the K+-induced (20-125 mM) mesenteric
arterial contractions were enhanced in the DOC group when
using lower concentrations of K+ (20-30mM), and calcium
supplementation abolished this enhancement. The concen-
tration-response curves for K+ in the presence of the dihy-
dropyridine Ca2` entry blocker, nifedipine, even more clearly
differentiated the Wistar and DOC groups, nifedipine more
effectively inhibiting the contractions in the DOC group.
However, the inhibition by nifedipine appeared to be reduced
in the Ca-DOC group. These results suggest that enhanced
contractions and increased voltage-dependent Ca2+ entry in
response to depolarization occur in DOC-NaCl hypertensive
arterial smooth muscle, and that oral calcium can partially
inhibit the development of these alterations. Since the effects
of endogenous NA release were not eliminated in the present
experiments, different adrenergic neuronal influences may
have affected the results. However, the increased inhibition of

these contractions by nifedipine, acting rather selectively on
voltage-dependent Ca2" channels, and the minor contribution
of sympathetic nerve terminals on the K+-free contractions
in the DOC group suggest that increased receptor-operated
Ca2" entry due to enhanced NA release is not a likely
explanation for the enhanced high K+-induced contractions
of the DOC rats.
The low Na' medium-induced vascular contractions in the

presence of nifedipine, phentolamine and caffeine are con-
sidered to be due to Ca2" entry via the Na', Ca2+ exchange,
the dominant mechanism elevating smooth muscle [Ca2+]J in
these experimental conditions (Ashida & Blaustein, 1987).
Nifedipine and phentolamine inhibit voltage-dependent Ca2+
entry activated by depolarization and receptor-operated Ca2+
entry stimulated by endogenous NA, respectively, and
caffeine minimizes the cytosolic sequestration of influxed
Ca2+. The rate of low Na+ contractions in endothelium-
denuded aortic preparations was slower in the DOC than in
the Ca-DOC group, which in turn did not deviate from the
Wistar group. Therefore, if these contractions reflect Ca2+
entry into aortic smooth muscle via the Na', Ca2+ exchange,
this appears to be diminished in DOC-NaCl hypertension
and to be normalized by concurrent oral calcium loading.
However, an alternative explanation for the attenuated low
Na+ contractions of the DOC rats may be more pronounced
inhibition of aortic responses by nifedipine, since it more
effectively inhibited the K+-induced mesenteric arterial con-
tractions in the DOC group than in the Wistar and Ca-DOC
groups. Previously Ashida et al. (1989) have reported in-
creased Na+, Ca2+ exchange in SHR aortaes when compared
with normotensive controls. Thus genetic and DOC-NaCl-
induced forms of experimental hypertension appear to differ
from each other in this respect. Different endothelial
influences may however have affected the results, since in
contrast to the present investigation the vascular endothelium
was not removed in the above-mentioned study. The presence
of intact endothelium may considerably depress slowly devel-
oping vascular contractions, particularly in arteries from nor-
motensive animals (Arvola et al., 1992). The role of Na+,
Ca2" exchange in vascular smooth muscle function is still
unclear (Matlib, 1991). This mechanism may be operative in
large arteries (Ashida & Blaustein, 1987), but in smaller
vessels its importance appears to be marginal (Mulvany et
al., 1984). Consistent with this, we have detected no contrac-
tile force development in mesenteric arterial preparations
subjected to low Na+ medium in the conditions described
above (unpublished observations).
The rate of relaxation following removal of organ bath

Ca2+ upon low Na+ contractions reflects the ability of
smooth muscle cells to pump out cytoplasmic Ca2' by two
potential mechanisms: Ca2+-ATPase and passive Na+, Ca2'
exchange (Ashida & Blaustein, 1987). The latter can mediate
either Ca2+ entry or extrusion depending on the prevailing
Na+ and Ca2` gradients across the cell membrane. At nor-
mal organ bath Na+, the Ca2+-free medium-induced relaxa-
tion response represents the combined effect of the two above
mechanisms. However, at low Na+ concentration, the relaxa-
tion is mediated by Ca2+-ATPase alone, since in the absence
of an inward Na+ gradient the Na+, Ca2+ exchange cannot
translocate Ca2` out of the cell. In the present study, the
Ca2+-free medium-induced relaxation responses upon low
Na+ contractions were slowest in aortic smooth muscle in the
DOC group whether the organ bath Na+ concentration was
normal or low, whereas no significant differences were found
between the Ca-DOC and Wistar groups. The difference
between the relaxation rate in normal and low organ bath
Na+ concentration in each aortic preparation, evaluating the
contribution of the Na+, Ca2+ exchange to the relaxation
response, was comparable in all study groups. Thus, the role
of Na', Ca2+ exchange in aortic relaxation seems to be
unaltered in DOC-NaCl hypertension. Instead, the slow
relaxation rate induced by Ca2'-free solution in aortae from
DOC-NaCI-treated rats is suggestive of impaired ability of
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the cell membrane to extrude Ca2" via the active Ca2"-
ATPase, the function of which appears to be enhanced by
concurrent calcium supplementation. Correspondingly, Wuo-
rela et al. (1992) have previously reported that a high calcium
diet activates erythrocyte Ca2+-ATPase in SHR. However,
since the decreased magnitude of the low Na' contractions in
the DOC group suggests that less Ca2+ had entered into
aortic smooth muscle cells of the DOC rats when compared
with the other groups, the reduced rate of aortic relaxation in
the DOC group may also be due to a decrease in the driving
force for Ca2+ extrusion.

In conclusion, calcium supplementation clearly attenuated
the development of hypertension, cardiac hypertrophy and
sodium retention induced by the DOC-NaCl treatment.
However, the associated rise in platelet basal [Ca2+], was not
prevented, suggesting that in this form of experimental
hypertension increased dietary calcium does not lower blood

pressure by reducing [Ca2J]i. The results from vascular res-
ponses in vitro suggest that in arterial smooth muscle the
DOC-NaCl treatment increased contractile sensitivity to de-
polarization, voltage-dependent Ca2" entry, and cell mem-
brane permeability to ions, and attenuated arterial relaxation
and vascular Na', K+-ATPase function. The results further
suggest reduced ability of the cell membrane to transport
Ca2" (possibly via Ca2+-ATPase) in DOC hypertension. The
high calcium diet opposed these alterations. The present
results thus provide evidence that the antihypertensive effect
of a high calcium diet in mineralocorticoid-salt hypertension
is mediated by its beneficial effects on systemic sodium
balance and arterial smooth muscle function.

This study was supported by the Emil Aaltonen Foundation (P.A.,
I.P.).
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