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RESEARCH ARTICLE
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Thuesen AD, Finsen SH, Rasmussen LL, Andersen DC, Jensen
BL, Hansen PB. Deficiency of T-type Ca2� channels Cav3.1 and
Cav3.2 has no effect on angiotensin II-induced hypertension but
differential effect on plasma aldosterone in mice. Am J Physiol Renal
Physiol 317: F254–F263, 2019. First published May 1, 2019; doi:
10.1152/ajprenal.00121.2018.—T-type Ca2� channel Cav3.1 pro-
motes microvessel contraction ex vivo. It was hypothesized that in
vivo, functional deletion of Cav3.1, but not Cav3.2, protects mice
against angiotensin II (ANG II)-induced hypertension. Mean arterial
blood pressure (MAP) and heart rate were measured continuously
with chronically indwelling catheters during infusion of ANG II
(30 ng·kg�1·min�1, 7 days) in wild-type (WT), Cav3.1�/�, and
Cav3.2�/� mice. Plasma aldosterone and renin concentrations were
measured by radioimmunoassays. In a separate series, WT mice
were infused with ANG II (100 ng·kg�1·min�1) with and without
the mineralocorticoid receptor blocker canrenoate. Cav3.1�/� and
Cav3.2�/� mice exhibited no baseline difference in MAP compared
with WT mice, but day-night variation was blunted in both Cav3.1 and
Cav3.2�/� mice. ANG II increased significantly MAP in WT,
Cav3.1�/�, and Cav3.2�/� mice with no differences between geno-
types. Heart rate was significantly lower in Cav3.1�/� and Cav3.2�/�

mice compared with control mice. After ANG II infusion, plasma
aldosterone concentration was significantly lower in Cav3.1�/� com-
pared with Cav3.2�/� mice. In response to ANG II, fibrosis was
observed in heart sections from both WT and Cav3.1�/� mice and
while cardiac atrial natriuretic peptide mRNA was similar, the brain
natriuretic peptide mRNA increase was mitigated in Cav3.1�/� mice
ANG II at 100 ng/kg yielded elevated pressure and an increased heart
weight-to-body weight ratio in WT mice. Cardiac hypertrophy, but
not hypertension, was prevented by the mineralocorticoid receptor
blocker canrenoate. In conclusion, T-type channels Cav3.1and Cav3.2
do not contribute to baseline blood pressure levels and ANG II-
induced hypertension. Cav3.1, but not Cav3.2, contributes to aldoste-
rone secretion. Aldosterone promotes cardiac hypertrophy during
hypertension.

angiotensin II; aldosterone; cardiac hypertrophy; hypertension; min-
eralocorticoid receptor pathway; T-type calcium channels

INTRODUCTION

T-type Ca2� channels consist of the subtypes Cav3.1,
Cav3.2, and Cav3.3 (8). Two T-type Ca2� channels, Cav3.1 and
Cav3.2, are of most cardiovascular interest due to their expres-
sion in the adrenal glands and the cardiovascular and renal
systems (6, 12, 23, 28). In the heart, Cav3.1 is expressed in
pacemaker cells in the sinoatrial node and in the atrioventric-
ular node, and targeting Cav3.1 reduced spontaneous pace-
maker activity, automaticity of the conduction system, and
reduced heart rate (HR) (18, 19). T-type Ca2� channels are
expressed in rodent and human blood vessels and are involved
in both endothelial and smooth muscle function (7, 13, 23, 35).
Angiotensin II (ANG II)-induced contraction of renal resis-
tance arterioles was suppressed by a T-type Ca2� blocker (11).
T-type Ca2� channels may play an important role in mediating
Ca2� entry responsible for angiotensin-induced efferent and
afferent arteriolar constriction (10). Wang et al. (39) showed
that ANG II preferentially increased the expression of the
T-type Ca2� channel �1G-subunit (Cav3.1) via ANG II type 1
(AT1) receptors in the heart and endothelial cells. Furthermore,
it has been shown that T-type Ca2� channels (Cav3.1 and
Cav3.2) are present in the adrenal glands in animals (2, 28) and
in human adenocarcinoma cells (14). Aldosterone production
is dependent on transmembrane Ca2� influx in adrenal zona
glomerulosa cells through T-type Ca2� channels (3, 41) and
entry of Ca2� into the mitochondrial matrix, where the steroid-
ogenic pathway is activated (27). In an adrenal cell patch-
clamp study (29), mibefradil (T-type Ca2� channel blocker)
reduced cytosolic Ca2� responses and inhibited aldosterone
formation provoked by KCl and ANG II. In agreement, T-type
Ca2� channels were pivotal for stimulation of aldosterone by
extracellular K� in the range of 4–20 mmol/l (16). Cardiovas-
cular diseases have a clear correlation to aldosterone levels,
and clinical studies using a T-type Ca2� channel blocker
showed a significant reduction in plasma aldosterone levels
(15, 21, 34). However, the molecular correlate to this systemic
effect has not been elucidated. It is unknown which T-type
Ca2� channel subtype affects aldosterone stimulus-secretion
coupling and whether inhibition of T-type Ca2� channels
affects blood pressure through altered aldosterone levels or by
effects on resistance vessels. The aim of the present study was
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to determine whether T-type Ca2� channels contribute to ANG
II-induced hypertension and examine the role of aldosterone
secretion in vivo in response to infusion of ANG II. Specifi-
cally, the experiments were designed to test the hypothesis that
ANG II infusion led to an attenuated blood pressure increase
and aldosterone response in mice deficient in Cav3.1 and
Cav3.2.

MATERIALS AND METHODS

Animals. The experimental protocol was approved by the Danish
Animal Experiments Inspectorate under the Danish Ministry of Jus-
tice, and animal care followed guidelines of the National Institutes of
Health. Experiments were conducted in male and female Cav3.1�/�

mice, Cav3.2�/� mice, and C57BL/6J wild-type (WT) mice, which
were used as controls (Taconic Farm, Ry, Denmark). Cav3.2�/� mice
were purchased from Jackson Laboratory (Ann Arbor, ME).
Cav3.1�/� mice were backcrossed to the C57BL/6 background for
�10 generations, and both genotypes were backcrossed to C57BL/6J
every third generation thereafter. Animals were from 8 to 10 wk of
age and were kept on a 12:12-h light-dark cycle with free access to
normal chow and tap water.

Mean arterial blood pressure and HR measurements in conscious
mice. Mice were anesthetized with a intraperitoneal injection of a
mixture of ketamine (Ketalar, 100 mg/kg) and xylazine (Rompun,10
mg/kg), and chronic indwelling catheters were placed in the femoral
artery and vein for arterial blood pressure measurements and drug
infusions, as previously described (33). Figure 1A shows an overview
of the mice included and those excluded because of technical issues
(displaced venous catheter with lack of infusion, hydronephrosis, or
clotting with weak blood pressure amplitude). For protocol 1, mean
arterial blood pressure (MAP) and HR were measured continuously
for 1 wk. Infusion of ANG II (Sigma-Aldrich, Vallensbaek, Denmark)
was started by a bolus injection of isotonic glucose (50 �l) through the
venous catheter to place ANG II in the dead space of the catheter.
ANG II (30 ng·kg�1·min�1) was infused at a rate of 10 �l/h for 1 wk.
ANG II or vehicle was administered to WT, Cav3.1�/�, and
Cav3.2�/� mice. Two consecutive blood samples (200 �l each) were
collected from the artery line before mice were euthanized with an
infusion of pentobarbital sodium at 50 mg/kg. The heart, kidneys, and
aorta were weighed and snap frozen. Mice with a HR below 200
beats/min were removed from the data set; this occurred in one mouse.
For protocol 2, MAP and HR were measured continuously. Four days
of basal measurement of MAP and HR were performed before
infusion of ANG II (100 ng·kg�1·min�1, Sigma-Aldrich; the higher
ANG II concentration was given to get an augmented response) with
and without concomitant administration of the mineralocorticoid re-
ceptor (MR) blocker potassium canrenoate (30 mg·kg�1·min�1,
Sigma Aldrich) in the drinking water. ANG II (100 ng·kg�1·min�1)
was infused at a rate of 10 �l/h for 1 wk. Administration of the MR
blocker through the drinking water was started at the time of the ANG
II infusion. For protocol 3, continuous infusion of aldosterone (50
�g·kg�1·day�1, Sigma-Aldrich) was started by a bolus injection of
isotonic glucose (50 �l) through the venous catheter to place aldoste-
rone in the dead space of the catheter. Aldosterone was infused at a
rate of 10 �l/h for 1 wk. MAP and HR were measured continuously.
Experiments were discarded if the following predefined criteria were
met during the experiment or at termination: HR under 300 beats/min
for prolonged time, systolic-diastolic blood pressure difference under
5 mmHg, no blood in the venous catheter upon exchange of infusion
fluid, and when major organ pathology was noted at termination
(calcifications or hydronephrosis). The heart, kidneys, adrenal glands
(for protocols 2 and 3), and aorta were harvested, weighed, and then
snap frozen in liquid nitrogen.

PCR analysis. Total RNA was extracted from dissected hearts, as
previously described (7). In brief, RNA was isolated using TRIzol

reagent (Invitrogen, Copenhagen, Denmark) and reverse transcribed
using Iscript (Bio-Rad, Hercules, CA), and real-time PCR was per-
formed using SYBR Green Supermix (Bio-Rad). For one specific set
of genes [brain natriuretic peptide (Bnp), atrial natriuretic peptide
(Anp), S100a4, tranforming growth factor-�1 (Tgfb1), fibronectin 1,
Gapdh, ribosomal protein L41 (Rpl41), and �-actin (Actb)], quantita-
tive RT-PCRs were performed in technical triplicate using the fol-
lowing custom-designed primers: Anp (covering 133 bp), sense 5=-
ATTGACAGGATTGGAGCCCAGAGT-3= and antisense 5=-TGA-
CACACCACAAGGGCTTAGGAT-3=; Bnp (covering 140 bp), sense
5=-GATGCAGAAGCTGCTGGAGCTGA-3= and antisense 5=-TCT-
GCTGGACCCGGAGGGTG-3=; fibronectin 1 (covering 163 bp), sense
5=-AGGAGGCCAGCCCAAGCAGT-3= and antisense 5=-GCGCAG-
AGGCTGCAGGGTAG-3=; Tgfb1 (covering 111 bp), sense 5=-GT-
GGACCGCAACAACGCCAT-3= and antisense 5=-CAGCAATGG-
GGGTTCGGGCA-3=; Gapdh (covering 97 bp), sense 5=-GTCG-
GTGTGAACGGATTTGGC-3= and antisense 5=-TGAAGGGGTCG-
TTGATGGCA-3=; Actb (covering 265 bp), sense 5=-GCTGTA-
TTCCCCTCCATCGTG-3= and antisense 5=-CACGGTTGGCCT-
TAGGGTTCAG-3=; S100a4 (coverin 176 bp), sense 5=-AGCTGC-
CTAGCTTCCTGGGGAAAA-3= and antisense 5=-CCGGGGCTC-
CTTATCTGGGCA-3=; and Rlp41 (covering 160 bp), sense 5=-TCT-
TAGCGCCATCTTCCTTG-3= and antisense 5=-AGCATCCCTCAT
TTCTGCTC-3=. Quantitative RT-PCRs were run on a QuantStudio 7
system (Applied Biosystems, Foster City, CA). Robust and valid
quantitative RT-PCR data were obtained by normalizing the raw data
against multiple stably expressed endogenous control genes [Gapdh,
Actb, Rpl41, and TATA box-binding protein (Tbp)], as determined by
the qBase Plus platform (9, 37). For another set of genes [Mr,
cytochrome P-450 (CYP) 11�-hydroxysteroid dehydrogenase 2
(CYP11bHSD2), CYP11b2, Cav3.1, AT1 receptor (At1), and ANG II
type 2 (AT2) receptor (At2)], quantitative RT-PCRs were performed in
technical duplicate also using custom-designed primers (see below)
and run on the Mx3000P system (Stratagene, La Jolla, CA). For these
genes, normalization was performed against Rpl41 or Gapdh using the
following custom-designed primers: Tbp (covering 169 bp), sense
5=-CAGCCTTCCACCTTATGCTC-3= and antisense 5=-TTGCTGC-
TGCTGTCTTTGTT-3= (GenBank no. MGI:101838); Gapdh (cover-
ing 223 bp), sense 5=-AACTTTGGCATTGTGGAAGG-3= and anti-
sense 5=-ACACATTGGGGGTAGGAACA-3= (GenBank no. NM_
001289726); Rlp41 (covering 160 bp), sense 5=-TCTTAGCGCCA-
TCTTCCTTG-3= and antisense 5=-AGC ATC CCT CAT TTC TGC
TC-3= (GenBank no: MM_RPL41); Cav3.1 (covering 221 bp), sense
5=-GAACGTGAGGCCAAGAGT-3= and antisense 3=-GCTCGTA-
AGCGTTCCCCT-5= (GenBank no. MGI:1201678); At1a�b (cover-
ing 110 bp), sense 5=-TTTGTCATGATCCCTACTCTCTACA-3= and
antisense 5=-CTGGCCACAGTCTTCAGCTT-3= (GenBank no. MGI:
87965); At2 (covering 142 bp), sense 5=-AGTGCATGCGGGA-
GCTG-3= and antisense 5=-GACAACAAAACAGTGAG-3= (Gen-
Bank no. MGI:87966); Cyp11b2 (covering 221 bp), sense 5=-GCAC-
CAGGTGGAGAGTATGC-3= and antisense 5=-GACAGCACATT-
TCGGTTCAG-3= (GenBank no. MGI:88584); CYP11bHSD2 (cover-
ing 121 bp), sense 5=-CCAACATTCCTAGAGAGC-3= and antisense
5=-GATGGCATCTACAACTGG-3= (GenBank no. MGI:104720);
and Mr (covering 117 bp), sense 5=-ATGGGTACCCGGTCCTA-
GAG-3= and antisense 5=-AAGCCTCATCTCCACACACC-3= (Gen-
Bank no. MGI:99459).

Immunostaining of heart tissue. Assessment of fibrosis was per-
formed as previously described (1). Briefly, paraffin-embedded
hearts from WT and Cav3.1�/� mice infused with ANG II (100
ng·kg�1·min�1) and controls were sliced in a stepwise manner, and
sections from three different steps were evaluated for all hearts using
hematoxylin and eosin, Masson’s trichrome, and collagen type
I/desmin immunofluorescence. The antibodies used included the fol-
lowing: rabbit anti-collagen type I (1:100, Abcam, Cambridge, MA)
and goat anti-desmin (1:50, Santa Cruz Biotechnology, Santa Cruz,
CA). Microscopic examinations were performed using a Leica
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DMI4000B cool fluo package instrument equipped with a Leica
DFC340 FX Digital Cam and Leica DFC 300 FX Digital Cam. In all
experiments, exposure (camera settings) and picture processing (slight
adjustment of contrast/brightness and color balance using Photoshop)
were applied equally to sample sections.

Plasma hormone concentration. Arterial blood samples were ob-
tained in EDTA-dipotassium tubes. Two consecutive blood samples
were taken each (200 �l). To avoid stress and release of hormones
caused by blood loss, aldosterone and renin were both measured in the
first blood sample. Plasma aldosterone was measured using a com-
mercial radioimmunoassay kit (Coat-A-Count, Diagnostic Products,
Los Angeles, CA). The detection limit was 11 pg/ml, and mice with
values lower than the detection limit were set at 11 pg/ml. Samples
were diluted with 5% human albumin (Hospital Pharmacy, Odense,
Denmark). Plasma renin concentration was measured with an ultra-
microassay based on radioimmunoassay of angiotensin I generation

after incubation with surplus of renin substrate in plasma from
nephrectomized rats (24).

Measurement of Na� concentrations in the plasma and urine. From
arterial blood samples, Na� concentrations were measured in WT,
Cav3.1�/�, and Cav3.2�/� mice with and without ANG II (30
ng·kg�1·min�1) treatment. Urine osmolality, K�, and Na� were
measured under baseline conditions in WT and Cav3.1�/� mice. The
concentrations were determined by flame photometry (model IL-943,
Instrumentation Laboratory, Lexington, MA). Urine osmolality was
determined by freeze-point depression (Osmomat 030-D, Gonotec,
Bie and Berntsen, Herlev, Denmark).

Statistical analysis. Data are presented as means � SE. Signifi-
cance of changes was calculated by two-way ANOVA with a post hoc
test by Bonferroni reduction for multiple comparisons and a Students
t-test for comparison of two groups. P values of 	0.05 were consid-
ered significant.
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F

A BProtocol 1 ANG II -induced hypertension in
          Cav -deleted and wild-type mice
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Fig. 1. Effect of intravenous infusion of ANG
II (30 ng·kg�1·min�1) or vehicle on mean
arterial blood pressure (MAP) measured by
chronic indwelling catheters in conscious,
freely moving mice during the 1-wk treat-
ment period. A: overview of the included and
excluded mice in the three protocols. B: re-
cordings showing the day (D) and night (N)
rhythm average of MAP for every 6 h in
wild-type (WT) mice (vehicle: n 
 6 and ANG
II: n 
 9) infused with ANG II (30
ng·kg�1·min�1) or vehicle. C: MAP in
Cav3.1�/� mice (vehicle: n 
 7 and ANG II:
n 
 7) before and after ANG II infusion. D:
MAP in Cav3.2�/� mice (vehicle: n 
 7 and
ANG I: n 
 9) before and after infusion of
ANG II. E: average MAP values were com-
pared at basal and maximal blood pressure
response in Cav3.1�/�, Cav3.2�/�, and WT
mice before and after ANG II. F: bar graph
illustrating the alterations in day and night
MAP variation under vehicle infusion in WT,
Cav3.1�/�, and Cav3.2�/� mice. Data are
expressed as means � SE; n 
 6–9. *P 	
0.05; **P 	 0.01; ***P 	 0.001. Statistical
testing was performed by two-way ANOVA
with a Bonferroni’s multiple-comparison test
and Student’s t-test.
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RESULTS

Effect of ANG II on arterial blood pressure and HR in WT
mice and mice with deletion of Cav3.1 and Cav3.2. MAP and
HR were measured for 7 days in WT (n 
 9), Cav3.1�/� (n 

7), and Cav3.2�/� (n 
 9) mice. There was no difference in
MAP between the genotypes before administration of ANG II
(Fig. 1E, basal). MAP rose significantly in response to ANG II
in WT, Cav3.1�/�, and Cav3.2�/� mice (Fig. 1, B–D), with no
difference between the genotypes (Fig. 1E). There was a
significantly greater amplitude in night-day variation in WT
mice compared with Cav3.1�/� and Cav3.2�/� mice at baseline
(Fig. 1F), and the same tendency was found with ANG II
infusion (P 
 0.08). This difference was caused primarily by
an attenuated increase in blood pressure in active time at night
in Cav-deficient mice. HR was significantly lower after ANG II
infusion compared with HR at baseline in Cav3.1�/� mice (n 

7; Fig. 2B). No significant change in HR after ANG II infusion
was observed in WT mice (n 
 9; Fig. 2A). The average HR
values for the observational periods with vehicle and with

ANG II for WT, Cav3.1�/�, and Cav3.2�/� mice are shown in
Fig. 2D. There were no differences between groups at baseline,
but average HR declined significantly in both Cav3.1�/� and
Cav3.2�/� mice but not in WT mice after ANG II (Fig. 2D).
The largest decline was seen in Cav3.1�/� mice, which fell
significantly below values in WT mice. HR showed the same
change in variation between night and day with a significantly
greater amplitude in WT mice compared with Cav3.1�/� and
Cav3.2�/� mice (Fig. 2E).

Effect of deletion of Cav3.1 and Cav3.2 on plasma aldoste-
rone and renin concentrations and adrenal aldosterone syn-
thase after ANG II infusion. At baseline, plasma aldosterone
concentration tended to be lower in Cav3.1�/� mice (n 
 7)
compared with WT mice (n 
 7) and Cav3.2 mice (n 
 8; Fig.
3A), although it did not reach a level of significance. Aldoste-
rone plasma concentration rose numerically, but not statisti-
cally, in response to ANG II infusion in the three genotypes.
However, after ANG II treatment, there was a significantly
attenuated response of plasma aldosterone in Cav3.1�/� com-
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Fig. 2. Effect of intravenous infusion of ANG
II or vehicle on heart rate (HR) in wild-type
(WT), Cav3.1�/�, and Cav3.2�/� mice. A: HR
in WT mice (vehicle: n 
 6 and ANG II: n 

9) after ANG II (30 ng·kg�1·min�1) or vehi-
cle infusion B: HR in Cav3.1�/� mice (vehi-
cle: n 
 7 and ANG II: n 
 7). C: HR in
Cav3.2�/� mice (vehicle: n 
 8 and ANG II:
n 
 9). D: column diagram showing that HR
was significantly lower in Cav3.1�/� mice E:
bar graph showing changes in the HR varia-
tion at night and day under vehicle infusion in
WT, Cav3.1�/�, and Cav3.2�/� mice. Data
are expressed as means � SE; n 
 6–9. *P 	
0.05; **P 	 0.01. Statistical testing was per-
formed by two-way ANOVA with a Bonfer-
roni’s multiple-comparison test.
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pared with Cav3.2�/� mice (Fig. 3A). Plasma renin concentra-
tion was suppressed significantly and similarly in response to
ANG II infusion compared with vehicle in Cav3.1�/�,
Cav3.2�/�, and WT mice (Fig. 3B). There was no difference in
adrenal gland mRNA levels of AT1 receptors (WT mice:
0.018 � 0.002 GU and Cav3.1�/� mice: 0.025 � 0.0093 GU)
and CYPB11 aldosterone synthase (WT mice: 2.97 � 0.43
pg/ml and Cav3.1�/� mice: 3.52 � 0.77 pg/ml) between WT
and Cav3.1�/� mice. Abundance of mRNA for Cav3.1 in
adrenal glands from WT mice with and without ANG II
infusion (100 ng·kg�1·min�1) showed no difference (vehi-
cle: 1.2 � 10�3 � 0.62 � 10�3 and ANG II: 1.1 � 10�3 �
0.13 � 10�3).

Effect of ANG II-induced hypertension on cardiac hypertro-
phy in Cav3.1 and Cav3.2 mice. The difference in aldosterone
plasma concentration did not result in any significant changes
in the heart-to-body weight ratio (Fig. 4A) and kidney-to-body
weight ratio (not shown) between ANG II-infused and vehicle-
infused WT, Cav3.1, and Cav3.2 mice. Myocardial tissue abun-
dance of ANP and BNP mRNA responded differentially to
ANG II infusion with no change in ANP (vehicle-treated WT
mice: 1.38 � 0.22, ANG II-treated WT mice: 1.42 � 0.137,
vehicle-treated Cav3.1�/� mice: 0.612 � 0.135, and ANG

II-treated Cav3.1�/� mice: 1.166 � 0.272), whereas BNP
mRNA abundance increased significantly in response to ANG
II in WT mice compared with baseline. ANG II induced a
significantly higher BNP mRNA level in WT mice compared
with Cav3.1�/� mice (n 
 7; Fig. 4B). In ANG II-induced
hypertension, AT1, AT2, and MR mRNA levels in left ventri-
cles were not significantly different between genotypes, but
CYP11bHSD2 mRNA abundance in the hearts was signifi-
cantly elevated in ANG II-treated Cav3.1�/� mice compared
with vehicle-treated Cav3.1�/� mice (not shown). At the tissue
level, areas with necrosis and remodeling with collagen accu-
mulation were observed in ANG II-treated WT and Cav3.1�/�

left ventricles (Fig. 4, D and E). Without ANG II infusion, no
signs of fibrosis were observed in hearts from WT and
Cav3.1�/� mice (Fig. 4C). No significant changes were found
in the fibrosis markers S100a4, fibronectin 1, and TGF-�1

between Cav3.1�/� and WT mice infused with ANG II com-
pared with baseline (not shown).

Effect of aldosterone-MR blocker on MAP and cardiac
hypertrophy in response to ANG II-induced hypertension in
WT mice. To study the impact of aldosterone on ANG II-
induced hypertension, WT mice were infused with ANG II at
a higher dose than in the first series (100 ng·kg�1·min�1).
MAP increased significantly in response to ANG II compared
with vehicle (n 
 7; Fig. 5A). There was no effect on MAP
when ANG II was coadministered with the MR blocker can-
renoate (30 mg·kg�1·min�1, n 
 8) compared with ANG II
alone (Fig. 5A). Canrenoate alone had no effect on blood
pressure (Fig. 5A). HR was not significantly changed in either
of the groups by ANG II, ANG II � MR blocker, or aldoste-
rone infusion compared with their respective controls (not
shown). ANG II at 100 ng·kg�1·min�1 induced a significant
increase in the heart-to-body weight ratio compared with ve-
hicle (ANG II: n 
 6 and vehicle: n 
 6; Fig. 5B). In contrast,
the heart-to-body weight ratio was not different from vehicle in
mice coinfused with ANG II and the MR blocker (n 
 5; Fig.
5B). Canrenoate alone had no effect on the heart-to-body
weight ratio (Fig. 5B).

In a third experimental series, continuous infusion in WT
and Cav3.1�/� mice with aldosterone only (50 �g·kg�1·day�1,
n 
 5–7) did not affect MAP (Fig. 5, C and D). Heart-to-body
weight ratios were not affected by aldosterone infusion com-
pared with vehicle (n 
 2) or vehicle controls from the ANG
II experiment (n 
 6; not shown). In left ventricular tissue
from mice infused with ANG II and MR blocker, mRNA levels
of fibronectin 1 (P 
 0.08) and ANP (P 
 0.06) were not
significantly different compared with ANG II infusion alone
(Fig. 5, E and F). Also, there was no significant difference in
mRNA levels of TGF-�1 (P 
 0.97) and BNP (P 
 0.25)
between ANG II infusion with and without MR blocker (not
shown).

Effect of Cav3.1 and Cav3.2 deletion on plasma and urine
Na� and K� concentrations. ANG II infusion had no effect on
plasma Na� concentration between the genotypes (Table 1). At
baseline and after water deprivation for 24 h, there were no
differences in water intake, diuresis, urine osmolality, or Na�

or K� excretion between WT (n 
 6) and Cav3.1�/� (n 
 6)
mice (Table 1). Na� excretion significantly increased in both
groups under water deprivation (Table 1).
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Effect of Cav3.1 deletion on AT1 and AT2 levels in the kidney
afterANG II infusion. There were no changes in AT1 receptor
mRNA levels in the kidneys between the genotypes (not
shown). AT2 receptor levels in the kidney from Cav3.1�/�

mice (n 
 7) were significantly higher (0.03) than those in WT
mice after ANG II infusion (n 
 9) (vehicle-treated WT mice:
1.74 � 10�4 � 0.5 � 10�4; ANG II-treated WT mice: 1.14 �
10�4 � 0.14 � 10�4; vehicle-treated Cav3.1�/� mice: 6.4 �
10�4 � 1.1�10�4, and ANG II-treated Cav3.1�/� mice:
8.0 � 10�4 � 2.8 � 10�4). A similar tendency (P 
 0.1) was
observed in vehicle-treated Cav3.1�/� mice (n 
 7) compared
with vehicle-treated WT mice (n 
 6).

DISCUSSION

By combined ANG II infusion and continuous blood
pressure recordings in conscious mice, the present study

shows that the T-type Ca2� channels Cav3.1 and Cav3.2 did
not significantly contribute to resting blood pressure level
and to ANG II-induced hypertension, whereas both contrib-
uted to HR. Deletion of Cav3.1 and Cav3.2 displayed dif-
ferential effects on plasma aldosterone levels in ANG II-
infused mice in vivo, such that Cav3.1 was necessary for full
responsiveness, whereas Cav3.2 was dispensable. Aldoste-
rone itself did not affect MAP, and the MR blocker can-
renoate had no effect on ANG II-induced hypertension in
WT mice. It can therefore be concluded that aldosterone is
not a significant contributor to the acute and short-term (7
days) hypertensive response in MAP caused by ANG II, in
accordance with previous observations (4, 5, 22). In con-
trast, cardiac hypertrophy in response to high-dose ANG II
was attenuated by the MR blocker. This supports that
aldosterone through cardiac MRs is a major contributor to
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ANG II-driven cardiac hypertrophy during hypertension,
whereas ANG II-induced hypertension is driven predomi-
nantly by AT1 receptors and not MRs.

It has been shown that T-type Ca2� channels are present
in the adrenal cortex in animals and human adenocarcinoma
cells (2, 14, 27) and that T-type Ca2� channels are important
for aldosterone synthesis (16, 26, 29). It has not been
clarified which T-type Ca2� channel subtype is necessary
for stimulus-secretion coupling of aldosterone in vivo. Our
results demonstrate that the Cav3.1 channel is necessary for
full responsiveness of plasma aldosterone in vivo to ANG II
infusion. This is probably due to an effect on the intracel-
lular aldosterone stimulus-synthesis response since the ex-
pression of aldosterone synthase and AT1 receptors was not
changed. A decreased plasma aldosterone concentration in
Cav3.1�/� mice could also be accomplished theoretically
through enhanced degradation in the liver, but, to our
knowledge, this has not been previously described in the
literature.

MAP rose significantly in Cav3.1�/� and Cav3.2�/� mice
in response to ANG II infusion with no difference between
genotypes despite differences in aldosterone plasma concen-
tration. Thus, deficiency in vascular, cardiac, adrenal, and
renal Cav3.1 and Cav3.2 does not impair the pressure re-
sponse to ANG II, which, at least in this 7-day model, is
independent of Cav3.1 and Cav3.2 and independent of aldo-
sterone.

The aldosterone escape mechanism, which causes only a
transient increase in renal NaCl reabsorption despite the
continuous presence of aldosterone (32), is well known, but
it was surprising to observe that ANG II-induced hyperten-
sion was similar despite different plasma aldosterone con-
centrations. This dissociation was confirmed in protocol 2
with high-dose ANG II infusion, where concomitant infu-
sion of MR blocker did not attenuate the ANG II-induced
hypertension, and in protocol 3, where aldosterone infusion
alone did not change blood pressure. This confirmed that
aldosterone is not a necessary contributor to ANG II-
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induced hypertension over 7 days. The observation is in
accordance with Crowley et al. (4), who showed that ANG
II-induced hypertension is mediated through AT1 receptors
in the kidney, which results in reduced Na� excretion
independently of ANG II-mediated aldosterone response
from the adrenal glands.

HR in Cav3.1�/� mice tended to be lower at baseline and
decreased significantly more after ANG II infusion com-
pared with WT mice. Cav3.1 is associated with the atrio-
ventricular and sino atrial nodes. Pacemaker firing is af-
fected in Cav3.1�/� mice with lower HR at baseline (18,
19). With lower HR and likely lower cardiac output and
similar blood pressure increase in Cav3.1�/� mice, there
must be a higher peripheral vascular resistance. Therefore, it
is less likely that Cav3.1 contributes importantly to systemic
resistance vessel contractility in vivo.

Despite a tendency to increase, there were no changes in
the heart-to-body weight ratio between groups with low-
dose ANG II infusion at 30 ng·kg�1·min�1. However, in
WT mice, cardiac BNP, but not ANP, mRNA levels in-
creased significantly after ANG II-induced hypertension and
was higher than in Cav3.1�/� mice. This indicates protec-
tion against early cardiac ventricular stress and strain re-
sponses in Cav3.1�/� mice (20). Induction of BNP was rapid
during the development of cardiac hypertrophy, whereas
ANP mRNA turnover and induction were slower in onset
during the process of cardiac hypertrophy (1, 20). As judged
by staining, the myocardium of WT and Cav3.1�/� mice
showed fibrotic areas after ANG II treatment, although with
no clear differences (31, 40). Clear data for a role of MRs in
cardiac hypertrophy distinct from an antihypertensive action
were obtained in protocol 2 with a higher ANG II infusion
dose. Here, the MR blocker canrenoate mitigated cardiac
hypertrophy, whereas hypertension was not affected. In
accordance, Luther et al. (17) demonstrated that genetic
aldosterone deficiency or MR antagonism reduced cardiac
hypertrophy in a model of ANG II/high-salt hypertension.
Taken together, the data point to a direct trophic action of
aldosterone/MR perhaps amplified by upregulated 11�-
HSD2 on the myocardium during elevated ANG II. We
observed a tendency in the reduction of the fibrosis marker

fibronectin 1 and ANP in ANG II-induced hypertension with
MR blocker, as previously observed in more chronic exper-
iments (25, 42). In vitro, it has been shown that aldosterone
induces cell hypertrophy in cardiomyocytes in rats (30).

Plasma renin responded to ANG II infusion as expected
with suppression to similar levels. Wagner et al. (38)
showed that increasing renin levels stimulated by unilateral
renal hypoperfusion in rats were reduced by mibefradil
(T-type Ca2� blocker) compared with amlodipine. The pres-
ent experiments suggest that renin responds predominantly
to elevated pressure/ANG II with no direct contribution to
stimulus-secretion coupling revealed by an absence of func-
tional Cav3.1.

Circadian rhythm was not changed as a result of ANG
II-induced hypertension. Between the genotypes, greater
amplitude between night and day in both MAP and HR was
seen in WT mice compared with Cav3.1�/� and Cav3.2�/�

mice, especially under vehicle infusion. Variation in circa-
dian physiology in response to inhibition of T-type Ca2�

channels has previously been suggested, as optimal changes
in diurnal feeding patterns have been suggested to increase
the metabolic rate during the active phase and thereby
prevent obesity (36).

In summary, global deletion of T-type Ca2� channels
Cav3.1 and Cav3.2 had no effect on baseline blood pressure
and on ANG II-induced hypertension, while deficiency in
Cav3.1 attenuated plasma aldosterone increase, HR, and
early cardiac stress indicators. A role for MRs in ANG
II-induced cardiac hypertrophy was demonstrated by the
MR blocker. In conclusion, T-type Ca2� channels Cav3.1
and Cav3.2 do not contribute to systemic vascular resistance
but have differential effects on HR and aldosterone secre-
tion by ANG II. In perspective, the T-type Ca2� channel
Cav3.1 is a promising target to counter tachycardia and
aldosterone secretion with implications for cardiac hyper-
trophy.
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Table 1. Overview of electrolytes and urine measurements in
WT, Cav3.1�/�, and Cav3.2�/� mice

WT Cav3.1�/� Cav3.2�/�

Plasma Na� (ANG II),
mmol/l 158.5 � 2.86 158.0 � 0.77 157.1 � 1.48

Plasma Na� (vehicle),
mmol/l 149.9 � 5.75 156.6 � 1.47 150.5 � 5.11

Diuresis (basal), ml 0.718 � 0.05 0.520 � 0.06
Urine osmolarity (basal) 4,992 � 303 5,608 � 418
WD (basal), ml 7,985 � 835 8,437 � 953
Urine K� (basal),

�mol/day 602 � 63 441 � 60
Urine K� (WD),

�mol/day 782 � 85 669 � 138
Urine Na� (basal),

�mol/day 112 � 12 80 � 12
Urine Na� (WD),

�mol/day 276 � 47 244 � 57

WT, wild type; WD, water deprivation for 24 h.
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