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Zusammenfassung

In der Zona glomerulosa (ZG) der Nebenniere spielt Kalzium eine zentrale Rolle bei der
Stimulation der Aldosteronproduktion. Aldosteron ist ein Stereoidhormon, welches die
Salz-Wasser-Homöostase und somit den Blutdruck reguliert. Spannungsabhängige Kalzi-
umkanäle sind entscheidend für die Kontrolle der intrazellulären Kalziumkonzentration ([Ca2+]i)
in ZG-Zellen.

Die Stimulation von ZG-Zellen durch die primären Stimuli Angiotensin II (Ang II) oder
Kalium führt zu Oszillationen sowohl im Membranpotential als auch in der [Ca2+]i. Dieser
Anstieg in der [Ca2+]i ist das Signal für die Aldosteronsynthese.

Die unverzichtbare Rolle des T-Typ Kalziumkanals CaV3.2 für die Erzeugung von Mem-
branpotentialoszillationen wurde postuliert, seine genaue Rolle bei der Erhöhung der [Ca2+]i
ist jedoch noch nicht vollständig geklärt. Sollte CaV3.2 auch für Oszillationen in der [Ca2+]i
erforderlich sein, wie er es für die Generierung der Membranpotentialoszillationen ist, er-
wartet man bei einer Deletion des CaV3.2 eine Abnahme der Aldosteronspiegels.

Mäuse, die CaV3.2 nicht exprimieren, zeigten jedoch keine Veränderungen der Aldos-
teronspiegel, was auf das Vorhandensein zusätzlicher Kalziumeinstromwege hinweist. Um
diese Wege in CaV3.2-defizienten Mäusen zu untersuchen, wurden Kalzium-Imaging, RNA-
Sequenzierung und Whole-Cell Patch-Clamp-Aufzeichnungen durchgeführt.

In Abwesenheit von CaV3.2 blieben die Kalziumoszillationen in ZG-Zellen bestehen.
Diese wurden durch L-Typ Kalziumkanäle vermittelt. Die akute Hemmung der T-Typ Kalzi-
umkanäle führte zu einer unvollständigen Unterdrückung des Ang II-vermittelten Kalziume-
instroms in ZG-Zellen von Wildtyp-Tieren. Stattdessen zeigte eine Untergruppe von Zellen
immer noch einen oszillierenden Kalziumeinstrom, der über L-Typ Kalziumkanäle vermittelt
wurde. Darüber hinaus induziert Ang II ausschließlich durch die Rekrutierung von T- und L-
Typ Kalziumkanälen und ohne Beteiligung intrazellulärer Kalziumspeicher die Erhöhungen
der [Ca2+]i.

Diese Ergebnisse zeigen, dass sowohl T- als auch L-Typ Kalziumkanäle eine entschei-
dende Rolle bei der Regulation des Kalziumeinstroms in ZG-Zellen unter physiologischen
Bedingungen spielen. Dies hat bedeutende Implikationen für pharmakologische Interven-
tionen und stellt die Hypothese in Frage, dass die alleinige Hemmung von T-Typ Kalzi-
umkanälen die Aldosteronsynthese effektiv senken könnte. Unsere Ergebnisse lassen ver-
muten, dass die alleinige Inhibition von T-Typ Kalziumkanälen zu einem kompensatorischen
Kalziumeinstrom über L-Typ Kanäle führen würde.
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In menschlichen ZG-Zellen werden primär T-Typ und L-Typ Kalziumkanäle exprimiert.
Mutationen in diesen Kanälen sind mit primärem Aldosteronismus (PA) assoziiert, einer
Erkrankung, die weltweit etwa 50 Millionen Menschen betrifft. PA ist durch eine übermäßige
Aldosteronproduktion gekennzeichnet, die zu Bluthochdruck führt. Bei Patienten mit PA
wurden Mutationen in den Genen CACNA1H (kodiert den CaV3.2 Kanal) und CACNA1D
(kodiert den L-Typ Kalziumkanal CaV1.3) identifiziert. Diese Mutationen tragen zu einem
erhöhten Kalziumeinstrom und erhöhten Aldosteronspiegeln bei.

In dieser Arbeit wurden die Auswirkungen einer der Mutationen im CACNA1H Gen auf
die Kalziumsignale in ZG-Zellen mit Hilfe eines Mausmodells untersucht. Diese Mäuse
weisen die Mutation M1560V/+ im Cacna1h Gen auf, die mit PA assoziiert ist.

ZG-Zellen dieser Tiere zeigten ein erhöhtes [Ca2+]i. Dies lässt vermuten, dass in diesem
Fall eine spezifische Blockade des CaV3.2-Kanals das Potenzial hätte, die Kalziumspiegel
zu senken und den pathologischen Phänotyp zu lindern.

Das Cacna1dI772M/+-Mausmodell spiegelt den menschlichen Phänotyp von PA wider, ein-
schließlich erhöhter [Ca2+]i und Aldosteronspiegel sowie neurologischen Auffälligkeiten.
Die Behandlung dieser Mäuse mit dem L-Typ-Kanal-Inhibitor Isradipin führte zu einer Ver-
ringerung der [Ca2+]i, einer Abnahme des Aldosteronspiegels und einer Verbesserung der
motorischen Funktion.

Diese Ergebnisse legen nahe, dass Patienten mit PA aufgrund von Mutationen in Kalzi-
umkanälen von einer Behandlung mit kanalspezifischen Inhibitoren profitieren könnten.

Bei erhöhter Aldosteronsynthese ohne spezifische Kalziumkanal-Mutation würde jedoch
die Inhibition eines einzelnen Kanaltyps, T-Typ oder L-Typ, den Aldosteronspiegel langfristig
nicht effektiv senken, da jeder Kanaltyp in Abwesenheit des anderen die Kalziumaktivität
vermitteln kann. Diese Erkenntnisse zur Rolle von Kalziumkanälen in ZG-Zellen haben
wichtige Auswirkungen auf die Entwicklung zielgerichteter therapeutischer Strategien, die
das Ziel haben, die Aldosteronproduktion zu reduzieren.



Abstract

Within the adrenal gland’s zona glomerulosa (ZG), calcium plays a central role in stimulat-
ing aldosterone production, a hormone critical for maintaining salt-water balance and blood
pressure regulation. Voltage-gated calcium channels (VGCCs) are key components re-
sponsible for controlling intracellular calcium levels ([Ca2+]i) in ZG cells. Stimulation of ZG
cells by angiotensin II (Ang II) or potassium elicits oscillations in both membrane potential
and [Ca2+]i providing the signal for aldosterone synthesis.

While the involvement of the T-type VGCC CaV3.2 in generating membrane potential
oscillations has been suggested, its precise role in elevating [Ca2+]i remains incompletely
understood.

If CaV3.2 is also needed for oscillations of [Ca2+]i as it is for the membrane potential, one
would expect a decrease in aldosterone levels.

However, mice lacking the CaV3.2 did not display altered aldosterone levels, indicating
the presence of additional calcium influx pathways.

To investigate these pathways in CaV3.2-deficient mice, a range of techniques, including
calcium imaging, RNA-sequencing, and whole-cell patch-clamp recordings, was employed.

Surprisingly, calcium oscillations persisted in the absence of CaV3.2 and were mediated
by L-type calcium channels. Acute inhibition of T-type calcium channels did not fully abolish
Ang II-mediated calcium influx in wild-type ZG cells. Instead, a subset of cells still exhib-
ited oscillatory calcium influx via L-type calcium channels. Furthermore, Ang II induces
increases in [Ca2+]i within ZG cells exclusively through the recruitment of T- and L-type
calcium channels, without involvement of intracellular calcium stores.

These findings emphasize the vital roles played by both T-type and L-type calcium chan-
nels in regulating calcium influx in ZG cells under physiological conditions. These observa-
tions also have significant implications for pharmacological interventions, challenging the
notion that inhibiting T-type calcium channels alone can effectively lower aldosterone syn-
thesis, as compensatory calcium influx via L-type channels would occur.

In human ZG cells, T-type and L-type calcium channels are the predominantly expressed
VGGCs, and mutations in these channels are associated with primary aldosteronism (PA),
a condition characterized by excessive aldosterone production leading to hypertension and
cardiovascular risks and impacting approximately 50 million individuals globally. Mutations
in CACNA1H (encoding CaV3.2) and CACNA1D (encoding CaV1.3, L-type VGCC) genes
have been identified in PA patients, contributing to increased calcium influx and elevated
aldosterone levels.

This work further investigated the impact of two mutations in these channels on cal-
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cium signaling. Calcium imaging in ZG cells of Cacna1hM1560V/+ mice, displayed heightened
[Ca2+]i, suggesting the potential of specific CaV3.2 channel blockade to lower calcium lev-
els and alleviate the pathological phenotype.

The Cacna1dI772M/+ mouse model closely mirrors the human phenotype of PA, including
elevated [Ca2+]i and aldosterone, along with neurological abnormalities.

Treatment of these mice with the L-type channel inhibitor isradipine resulted in reduced
[Ca2+]i, decreased aldosterone production, and improved motor function.

These findings suggest that patients with PA due to mutations in VGGCs may benefit
from treatment with channel-specific inhibitors.

However, in cases of elevated aldosterone synthesis without a specific VGCC mutation,
a single-channel inhibition, whether T-type or L-type, may not suffice to effectively lower
aldosterone levels, as each channel sustains calcium activity in the absence of the other.
These insights into calcium channel regulation in ZG cells have important implications for
developing targeted therapeutic strategies.
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1 Introduction

1.1 The role of calcium in biological systems

Calcium plays a pivotal role in transmitting signals to nearly all critical cellular functions,
including secretion, muscle contraction and gene-regulatory events1. Due to its indispens-
able role in cellular processes, unregulated spatial and temporal fluctuations of calcium
within cells can lead to a spectrum of severe cellular dysfunctions, ultimately resulting in
cell death2,3.

Calcium ions (Ca2+) act as intracellular messengers. Therefore, the intracellular Ca2+

concentration ([Ca2+]i) needs to be rigorously controlled at low basal levels to avoid exces-
sive energy expenditure required for the modulation of the [Ca2+]i. A large array of proteins
has evolved to facilitate the transportation or reversible binding of calcium ions regulat-
ing the [Ca2+]i within cells. Due to the distinctive coordination chemistry of calcium, it is
possible to sustain very low intracellular concentrations of this ion, enabling it to function
effectively as a signaling molecule.

In this context, calcium demonstrates a notable advantage over other coexisting divalent
metals, particularly magnesium, which was significantly more abundant in the primordial
seawater where life originated4. The inherent flexibility in calcium’s coordination properties
allowed it to be it highly amenable to interaction with sites characterized by irregular ge-
ometries, such as those presented by complex biomolecules, e.g. proteins5. Ca2+ typically
features coordination numbers ranging from 6 to 8, which can be extended up to 12, and a
variable bond length and angle3.

In contrast, magnesium’s smaller ionic radius (0.65 Å compared to calcium’s 0.99 Å, Table
1) and substantially lower polarizability requires a fixed octahedral geometry involving six
coordinating ligands with minimal variability in bond lengths. As a result, coordinating lig-
ands are less prone to accommodate magnesium due to its lack of coordination flexibility3,6.
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1 Introduction

Table 1. Comparison of ion radii6.

Compound ionic radius [Å]

Na+ 0.95
Cl– 1.81
K+ 1.33
Ca2+ 0.99
Mg2+ 0.65
Zn2+ 0.74

The advantages of the coordination chemistry of calcium facilitate the modulation of its
intracellular concentration enabling it to function as a signal carrier. The reduction in cellular
calcium levels is a requisite for the effective execution of signalling processes.

Typically, the cytosol of most cells maintains a free calcium concentration within the range
of low-to-mid nmol/l, which is about 10 000 times lower than the extracellular environment
where calcium concentrations range from 2.1 to 2.6 mmol/l5,7–9. However, certain intra-
cellular organelles known as "Ca2+ stores" possess the ability to accumulate calcium and
uphold a higher [Ca2+]i compared to the cytoplasm (typically within the range of 100 µmol/l
to 5 mmol/l)10,11. The endoplasmic reticulum represents the main internal reservoir for cal-
cium storage.

Diverse cellular stimuli, including events like membrane depolarization or the presence
of extracellular signaling molecules, induce elevations of [Ca2+]i from their low-nanomolar
baseline to 1 µmol/l or higher, thereby generating a calcium signal. The return to low [Ca2+]i
mainly relies on the actions of the plasma membrane calcium transport ATPase12 and the
Na2+/Ca2+-exchanger transporting Ca2+ across the plasma membrane13 as well as the sar-
coendoplasmic reticulum calcium ATPase replenishing calcium stores in the endoplasmic
reticulum/sarcoplasmic reticulum12. These proteins are capable of sensing and becoming
activated by Ca2+, thereby ensuring homeostatic control of [Ca2+]i.

Besides proteins that facilitate the translocation of Ca2+ across cellular membranes (e.g.
calcium channels and transporters), low [Ca2+]i is also maintained by proteins that buffer
Ca2+ through direct binding (primarily proteins harboring a Ca2+-binding EF-hand motif, e.g.
calmodulin14 and calcineurin15). Besides their buffering role, these proteins are also able
to convey and process calcium-mediated information. Enzymes, for instance, exhibit alter-
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1 Introduction

ations in their catalytic activity upon Ca2+ binding, thus propagating the signal downstream.

Calcium plays a pivotal role in regulating almost every facet of cellular functions, includ-
ing processes such as secretion, gene expression, muscle contraction, and metabolism1.
Unregulated elevations in [Ca2+]i would compromise the proper functioning of these cellu-
lar processes. Therefore, it is imperative to guarantee both spatial and temporal regulation
of [Ca2+]i.

1.2 Voltage-gated calcium channels

Voltage-gated calcium channels (VGCCs) play a crucial role in many physiological pro-
cesses in excitable as well as non-excitable cells. VGGCs can be found in various tissues
throughout the body, including the brain, kidneys, muscle, pancreas and other endocrine
tissues16. Upon membrane potential depolarization, VGCCs are activated and become
permeable. The typical concentration gradient between extra- and intracellular Ca2+ lev-
els generates an influx of calcium along its electrochemical gradient. This increase in in-
tracellular calcium initiates various events in a variety of cell types including the release
of hormones17–19 and neuro-transmitters20,21, the calcium-dependent transcription of many
genes22,23 as well as spontaneous pacemaker activity24,25.

VGCCs are complex proteins comprising a pore-forming α1-subunit and up to four auxil-
iary subunits (α2, β, γ, and δ, Fig. 1)26. The α1-subunit is the largest subunit (˜200 kDa) and
is ancestrally and structurally most closely related to the pore-forming subunits of voltage-
gated sodium (Nav) and potassium channels. All three channel types belong to a large
super family of (cat-)ion channel proteins consisting 143 members27.

The pore-forming subunits of both Ca2+ and Na+ channels are composed of four homol-
ogous transmembrane (TM) domains in a single polypeptide chain (Fig. 2)28. Each of the
domains comprises six TM helices (S1-S6) plus a pore loop (p-loop) motif between seg-
ments S5 and S6 forming the conduction pore and ensuring selectivity for calcium ions29.
The S4 segment constitutes positively charged residues that are crucial for voltage sensi-
tivity allowing the channel to open in response to membrane depolarization30.

The three linkers between the four TM domains are facing the cytoplasm. These loops
as well as the intracellular amino- and carboxy-termini serve as important interaction sites
for channel regulation mediated by second messengers31.
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Figure 1. The general structure of VGCCs. They are heteromultimers comprising a pore-forming
α1-subunit plus up to four auxiliary subunits (α2, β, γ, and δ), which modulate the biophysical proper-
ties of the α1-subunit. CaV1.x and CaV2.x α1-subunits require association with the auxiliary subunits
to form functional channel proteins. CaV3.x α1-subunits can function as channel monomers.

Figure 2. Transmembrane topology model of the α1-subunit of VGCCs. Transmembrane (TM)
domains I–IV and segments S1–S6 are indicated. The voltage sensing S4 helix is highlighted.

Through phylogenetic and protein family analyses the most likely evolutionary path of
the voltage gated ion channel superfamily has been deduced32. It is assumed that the
structure of the 6 TM helices within a TM domain evolved from a basic motif comprising two
TM helices and a loop (Fig. 3A)33. This basic structure is though to be the precursor of the
S5 and S6 helices within a TM domain.

Further evolution added four TM helices including the positively charge S4 helix respon-
sible for voltage sensitivity. The S1-S4 motive can also be found in other voltage-sensing
proteins, e.g. voltage-sensor-containing phosphatase Ci-VSP34 and voltage-gated proton
channel HV135. The addition of the four TM helices gave rise to the 6 core helices of a TM
domain observed in the bacterial sodium channel NaChBac36 and voltage-gated potassium
channels37 (Fig. 3B).
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1 Introduction

Figure 3. Evolution of the fundamental α1-subunit structure of VGCCs. (A) Evolution of the
pore-forming subunit of VGCCs structure is thought to have started with a configuration featuring two
TM segments coupled with a P-loop motif. (B) This was followed by the addition of a voltage-sensing
helix being part of a segment comprising four TM helices. (C-D) Based on sequence similarity
analysis, it is postulated that the development of the 4x6 TM structure in VGCCs can be attributed
to two successive gene duplication events. Adapted from32.

Duplications first gave rise to the two TM domain-comprising channels (like two-pore
channels, Fig. 3C) and then to the four TM domain-spanning channel structures found
in Nav and voltage-gated Ca2+ channels (Cav) (Fig. 3D)38,39. Several ion channel types
and motifs identified in eukaryotes can be found in prokaryotes. Therefore, the evolution
of many ancestral ion channel types, including Nav and Cav, appears to have taken place
early in ancestral prokaryotes highlighting their importance40,41.

In mammals, the family of the pore-forming α1-subunits comprises ten members (en-
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1 Introduction

coded by genes CACNA1A to -I and -S), which can be divided into three subfamilies, the
CaV1, CaV2 and CaV3 channels, based on their electrophysiological and pharmacological
properties (Fig. 4)28.

Figure 4. Evolutionary tree of the α1-subunits of VGCCs. The tree is based on an aligment of the
putative membrane-spanning regions and pore loops of the human channels. The scale represents
the percentage of identity between the α1-subunits of VGCCs. Low-voltage-activated (LVA, CaV3 or
T-type subfamily) VGCCs seem to have evolved separately from an ancestral Ca2+channel prior to
the split of the high-voltage-activated (HVA) channel family into CaV1 (L-type subfamily) and CaV2
subfamilies. Adapted from42.

CaV1 and CaV2 calcium channels are classified as high voltage-activated (HVA) as they
require larger membrane depolarizations to open than the low-voltage activated (LVA) CaV3
calcium channels43,44.

The CaV1 family includes four channels (CaV1.1 to CaV1.4). They were classified as
L-type calcium channels due their larger single-channel conductance (approx. 2-3 times
greater than CaV3) and slower inactivation kinetics resulting in larger long-lasting calcium
currents compared to CaV3 channels28,45. L-type calcium channels can be distinguished
from other HVA channels by their larger sensitivity to dihydropyridines (DHPs).

The CaV2 family comprises P/Q- (CaV2.1), N- (CaV2.2) and R-type (CaV2.3) channels.
The CaV2.1 and 2.2 channels were identified due to their insensitivity to DHPs but sensi-
tivity to agatoxin and conotoxin, respectively46. The R-type (CaV2.3) calcium currents are
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1 Introduction

resistant to DHPs and the P/Q- and N-type to channel toxins.

Members of the CaV3 family (CaV3.1-CaV3.3) were termed as T-type calcium chan-
nels as they exhibit small single-channel conductances and fast inactivation kinetics lead-
ing to smaller ("tiny") transient calcium currents compared to L-type CaV1 channels47,48.
CaV3 channels are relatively insensitive to DHPs as well as to the toxins that block CaV2
channels42.

CaV1.x and CaV2.x calcium channels require association with the auxiliary subunits in
order to form properly functioning channels49. In contrast, CaV3.x channels function as α1

subunit monomers50. All ten α1subunits are known to undergo alternative splicing which
gives rise to additional functional diversity51. The auxiliary subunits also form splice vari-
ants, thus fine-tuning the biophysical properties of the calcium channels26.

As tight control over [Ca2+]i is crucial (see Section 1.1), even minor dysregulation of
VGCC activity can cause various diseases. This ranges from cardiovascular disorders to
neurological and psychiatric conditions such as epilepsy and autism52–54.

1.3 The zona glomerulosa and aldosterone

The adrenal glands are paired endocrine glands found above the kidneys (Fig. 5)55. Each
gland is encased by a capsule and comprises an outer cortex producing steroid hormones
from the same precursor cholesterol and an inner medulla producing catecholamines. The
adrenal cortex itself is further divided into three layers: the outermost zona glomerulosa
(ZG), the zona fasciculata (ZF) and the innermost zona reticularis (ZR) (Fig. 5).

The ZG lies directly below the capsule and comprises densely packed cell clusters
(glomeruli) and is responsible for the production of aldosterone. The ZF consists of cells
arranged in parallel columns synthesizing cortisol in humans and corticosterone in rodents.
The ZR, which is found in humans and other mammals but not in mice and rats, is respon-
sible for androgen synthesis.

In young (8 days of age postnatal) female and male mice an additional zone is present
between the ZF of the cortex and the inner medulla56. This zone is termed X-zone and
disappears in male mice during puberty (before 40 days of age)57. In female mice the X-
zone undergoes regression at 5–15 days of their first pregnancy58. Without pregnancy, the
X-zone in female mice regresses gradually between 3 and 7 months of life. It is suggested
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Figure 5. Location of the adrenal gland its outer layers. The adrenal glands are located above
the kidneys. The adrenal cortex consists of three cell layers, the zona glomerulosa (producing
aldosterone), zona fasciculata (producing either cortisol in humans or corticosterone in mice) and in
humans the zona reticularis (producing androgens).

that this zone and the fetal zone in humans represent analogous structures, as they share
molecular, functional and phenotypic characteristics59.

The fetal zone in humans disappears within the first two to three weeks after birth60. It
was proposed that the X-zone serves similar functions as the outer cortical zones but is not
the main site of steroid hormone production56.

In human ZG cells, T- and L-type are the predominantly expressed VGCCs52,61–63. Among
the CaV3 familiy, CaV3.2 has been found to be the most highly expressed sub-type and
besides this channel, only CaV3.1 showed relevant mRNA levels in the ZG63. Among the
L-type VGCCs, mainly CaV1.2 and 1.3 are expressed52,63 while no mRNA of CaV1.1 and
CaV1.4 were detected63. In ZG cells, differences in VGCCs vary little between species.
Studies of rodent64,65 and bovine66 ZG cells demonstrated the presence of both T- and
L-type channels with CaV3.2 being the main T-type channel component67.

Aldosterone plays a crucial role in the maintenance of electrolyte and fluid balance, thus
regulating blood pressure68. The aldosterone production in the ZG is mainly controlled
by two physiological stimuli: reduction of extracellular fluid volume and elevated serum
potassium levels (hyperkalemia). Upon volume depletion, renin is released from the kidney
leading to the production of the peptide hormone angiotensin II (Ang II) (Fig. 6)69,70.

The stimulation of ZG cells with Ang II or increases in extracellular K+ is transduced
into a signal for aldosterone synthesis via a depolarization of the cells from a their resting
membrane potential (primarily maintained by potassium channels at approximately -75 mV

8
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Figure 6. Schematic representation of the Renin-Angiotensin-Aldosterone System (RAAS).
A drop in blood pressure activates the RAAS leading to the conversion of Angiotensinogen to An-
giotensin I, the precursor of Ang II. Subsequently, Ang II is generated from Ang I by the angiotensin-
converting enzyme (ACE, produced mainly in the lung) and stimulates aldosterone synthesis in the
adrenal gland. Aldosterone acts on the kidney promoting sodium and water reabsorption and potas-
sium excretion69,70.

(Fig. 7)25,55,71. This leads to the influx of Ca2+ through VGCCs, which controls key events
in the aldosterone production.

The mechanism of Ang II-induced increases in [Ca2+]i involves its binding to the G
protein-coupled angiotensin II type 1 receptor (AT1R). This activates phospholipase C
(PLC), which cleaves phosphatidylinositol-4,5-bisphosphat (PIP2) into inositol trisphosphate
(IP3) and diacylglycerol (DAG). This results in the inhibition of background potassium chan-
nels thus leading to depolarization and activation of VGCCs72,73. Additionally, the release
of Ca2+ from intracellular stores is supposedly triggered by IP3 increasing [Ca2+]i and sub-
sequently promoting aldosterone production74. Increases in extracellular K+ levels directly
depolarize ZG cells initiating calcium influx71.

Calcium is required for the activation of transcription factors that promote the expression
of the STAR (encoding the steroidogenic acute regulatory protein, StAR) and CYP11B2
genes (encoding the aldosterone synthase). One of the rate-limiting steps during aldos-
terone synthesis is the transport of cholesterol to the inner mitochondrial membrane, which
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Figure 7. Calcium signaling in ZG cells. Increases in [Ca2+]i can take place through activa-
tion of VGCCs and binding of ang II to its G protein-coupled receptor. Both mechanisms lead to a
deploarization of the cell membrane. Additionally, increases in extracellular K+ levels directly de-
polarize the cell. Ang II triggerd formation of IP3 release can also lead to increases in [Ca2+]i via
opening of Ca2+ stores (e.g. the ER). The rise in [Ca2+]i promotes the transcription of the aldos-
terone synthase (gene CYP11B2) and facilitates the transport of cholesterol into the mitochondria,
where it is converted to aldosterone. Taken from75.

is facilitated by the StAR protein.
Cholesterol is then converted to aldosterone through a series of enzymatic steps with the

aldosterone synthase catalyzing the last rate-limiting step (Fig. 8).
Calcium is also needed for the regeneration of NAD+ to NADH, which is correlated with

the rate of aldosterone production77. It is therefore crucial to control the [Ca2+]i withhin ZG
cells in order to achieve tight regulation of the aldosterone synthesis.

1.4 The CaV3.2 calcium channel in the zona glomerulosa

The CaV3.2 calcium channel is a T-type calcium channel and is encoded by the CACNA1H
gene located on chromosome 1678. Both activation and inactivation of T-type calcium chan-
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Figure 8. The enzymes, substrates and products in human steroidogenesis and their cellular
location. The steroid hormones are grouped in their major classes: progestagens, mineralocorti-
coids, glucocorticoids, androgens and estrogens. Adapted from76.

nels, including CaV3.2, are strongly voltage dependent. Activation of the CaV3.2 channel,
being a LVA calcium channel, typically starts at -70mV48. In contrast, HVA channels of the
CaV1 and CaV2 families need higher depolarizations (above -40 mV) to be opened (Fig.
9A).

Steady-state inactivation curves of CaV3.2 range from no inactivation at -80 mV to com-
plete inactivation at -40 mV (Fig. 9B, dashed green line). The overlap of the activation
and inactivation curves define the so called "window current". Within this voltage range
(approximately between -65 and -40 mV for CaV3.2) channels can be activated but not
be completely inactivated. This leads to a steady-state rather then a transient calcium
influx48,78.
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Figure 9. Current-voltage relationships and the window current (A) Examplary current-voltage
relationships of T-type channel CaV3.2 (green) and L-type channel CaV1.3 (orange) demonstrating
the difference in voltage dependence. (B) The overlap of the activation (solid line) and inactivation
(dashed line) curves of CaV3.2 produces the window current between -65 and -40 mV (hatched
area). This plot is based on62

.

The CaV3.2 channel, being a low-voltage activated channel, activates at membrane volt-
ages positive to -70 mV, which is close to the resting membrane potential of ZG cells
(˜80mV). Therefore, small depolarizations may already suffice to open CaV3.2 which leads
to the influx of calcium further depolarizing the ZG cells. This biophysical characteristic of
the CaV3.2 has been proposed to mediate membrane potential oscillations25.

These oscillations exhibited an intermediate frequency (˜1 Hz) that correlates to the level
of stimulation with K+ and Ang II (Fig. 10A and B)25. The individual depolarizations showed
a uniform shape like those of action potentials.

Exposure of these cells to Ni2+, a T-type calcium channel inhibitor, silenced all oscillatory
activity suggesting an important contribution of this channel class in generating these de-
polarizations (Fig. 10C and D)25.

Since CaV3.2 is the main sub-type of the HVA calcium channels expressed in the ZG,
it was hypothesized that the activation of CaV3.2 channels underlies the fast depolarizing
phase of the ZG cell oscillation cycle (Fig. 11)25. However, CaV3.2 channels are most likely
not able to drive the depolarization from a resting membrane potential by itself, considering
that the CaV3.2-mediated current was less than 11% of the current that would be necessary
(26 pA) to raise the membrane potential from –80 to –64 mV25.

This suggests that other conductances must play a role at the start of an oscillatory
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Figure 10. ZG cells exhibit oscillatory behavior. (A) Representative current clamp recordings of
ZG cells in buffer containing 3 and 5 mM K+. (B) Representative current clamp recording of a cell
spontaneously oscillating before and during exposure to 100 nM Ang II. Expanded traces in A and B
are calculated average cycles from same voltage recordings. (C) Representative cell with periodic
oscillations, before and after exposure to 50 µM Ni2+ (T-type calcium channel inhibitor). (D) Mean
oscillation frequency was abolished by Ni2+ in all recorded cells (n = 6). Taken from25.

cycle. These ion channels would mediate the initial depolarization needed for the opening
of LVA channel, i.e CaV3.2. CaV3.2 channels would then further depolarize the membrane
potential facilitating the opening of HVA channels like CaV1.3.

The increase in Ca2+ levels would recruit Ca2+-activated K+ channels returning the mem-
brane potential back to the resting potential thereby allowing the start of another oscillatory
cycle (Fig. 11).

Furthermore, it was shown, that ZG cells not only exhibit oscillations in the membrane
potential but also show oscillatory influx of calcium into the ZG cell with a similar frequency
as observed in the membrane voltage (Fig. 12A)80–82.

When stimulated with physiological concentrations of Ang II, these oscillations in [Ca2+]i
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Figure 11. A proposed model of a oscillatory cycle within ZG cells. At the start of an oscilla-
tory cycle at the resting potential, depolarizing conductance(s) (Xv ) elicit the opening of LVA CaV3.2
channels. These further depolarize the membrane potential allowing the opening of HVA channels
(e.g. CaV1.3). Influx of Ca2+activates Ca2+-dependent K+ channels that hyperpolarize the mem-
brane potential back to resting conditions allowing another oscillatory cycle. Taken from79.

are, unlike the electrical signals, not continuous but grouped into "burst of calcium spikes"
that are separated by pauses with no oscillations (no activity)80–82. Elevating the level of
Ang II stimulation increases the number and length of the bursts leading to higher [Ca2+]i
(Fig. 12B)81,82.

It was suggested that the CaV3.2 channel plays a critical role in generating these oscilla-
tions as the electrical oscillations were abolished in ZG cells upon specific CaV3.2 inhibition
with Ni2+25. Accordingly, the authors were able to elicit voltage oscillations in human adrenal
tumor cells (H295R) upon transfection of CACNA1H, which are not present in untransfected
cells25. Inhibition of L-type calcium or sodium channels did not alter voltage oscillations25.
Additionally, it was suggested before that specific inhibition of T-type VGCCs might provide
a potential strategy to pharmacologically lower aldosterone production17.

These investigations propose a fundamental role for CaV3.2 channels in eliciting volt-
age oscillations, which are most likely the foundation of oscillatory calcium influx within ZG
cells. Nevertheless, with regard to aldosterone production, it is the calcium signals rather
than alterations in voltage that represent the crucial determinant. The function of the CaV3.2
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Figure 12. ZG cells exhibit oscillatory influx resembling the membrane voltage oscillation.
(A) The changes in [Ca2+]i of one representative cell at 5 mmol/l K+ and 1 nmmol/l Ang II) is
shown. Red circles highlight the peaks of calcium spikes that are group into bursts. Purple colored
parts of the signal represent phases without soiking activity and represent baseline concentrations.
Adapted from83. (B) Number of bursts per cell is dependent on Ang II concentration. Means ± SEM
are shown (Bonferroni’s test: 50 pM vs 300pM (*P = 0.029); 300pM vs 3 nM (***P < 0.0001); 3 nM
vs 1 µM (***P < 0.0001). Adapted from82. (C) Plasma aldosterone is not significantly changed in
mice lacking CaV3.2 (KO: n = 13; P = 0.895; Kruskal–Wallis test and Dunn’s MCP). Adapted from83.

calcium channel in calcium signaling within ZG cells remains unclear, but it is likely to be a
significant one, as voltage oscillations are likely to underlie calcium oscillations.

If CaV3.2 were exclusively responsible for Ca2+ signaling as it was suggested for voltage
oscillations, it would be anticipated that the loss of CaV3.2 would result in reduced levels of
aldosterone. However, contrary to this hypothesis, mice deficient of CaV3.2 did not demon-
strate changed aldosterone or renin levels in comparison to wild-type mice (Fig. 12C)83,84.
Furthermore, when CaV3.2-deficient mice were infused with Ang II the increase in mean
arterial blood pressure was indistinguishable from those observed in wild-type mice84.

These studies mainly focused on systemic effects in KO mice. Compensatory secondary
mechanisms (e.g., activation of the renin-angiotensin system or upregulation of other cal-
cium influx pathways in the ZG) may have mitigated the loss of the CaV3.2 channel. There-
fore, this study aimed to investigate the mechanisms regulating calcium influx in the ZG of
CaV3.2-deficient mice.
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1.5 Calcium channels in primary aldosteronism

If the aldosterone production is partially uncoupled from its stimuli primary aldosteronism
(PA) arises. PA is a frequent cause of secondary hypertension and is estimated to underlie
about 6% of all hypertension cases affecting approx. 50 million people world wide85. Apart
from hypertension, excess aldosterone production can cause hypokalemia and increased
risk of cardiovascular disease86. Common causes of PA are diffuse hyperplasia of the
adrenal gland (increase in the number of aldosterone synthase-positive cells in ZG), aldos-
terone producing (miro)nodules and aldosterone-producing adenomas (APAs)87. APAs and
(micro)nodules exhibit increased expression of aldosterone synthase and are distinguished
by size ((micro)nodules: < 10 mm in diameter; APA: ≥ 10 mm in diameter).

Over the past decade, next-generation sequencing studies elucidated that PA is largely
caused by genetic mutations. These mutations can occur sporadically as somatic mutations
and in rare cases as hereditary germline mutations resulting in familial hyperaldosteronism
(FH). Somatic and germline mutations were identified in ion channels, ion pumps and other
genes in overlapping gene sets. For example, heterozygous gain-of function mutations in
VGCC genes CACNA1D52,88 (L-type) and CACNA1H89 (T-type) have been shown to directly
lead to elevated calcium influx.

Indirect increases in [Ca2+]i by depolarizing ZG cells and activating VGCCs are asso-
ciated, for example, with mutations in ion channels CLCN2 (encodes chloride channel
ClC-2)90 and KCNJ5 (encodes potassium channel Kir3.4)91 as well as ion pump genes
ATP1A1(encodes α1- subunit of the Na+/K+-ATPase)88,92 and ATP2B392 (encodes plasma
membrane Ca2+-ATPase).

Heterozygous mutations identified in the germline occur in genes KCNJ591, CLCN293,94,
CACNA1H62 and CYP11B2 (aldosterone synthase)95 and lead to FH.

Cases of mutations in CACNA1H are classified as the FH-IV subtype. The mutations
M1549V62 and M1549I96 are located in the 6th transmembrane helix of the 3rd transmem-
brane domain an lead to early-onset PA in patients and in one case with M1549I additionally
to a multiplex developmental disorder. It was demonstrated that the M1549V mutation re-
sulted in a gain of channel function. The mutation caused a reduced inactivation and a
shift of activation to more negative potentials (Fig. 9) leading to elevated calcium influx and
aldosterone synthesis62. Additional mutations have been identified with slightly different or
yet unknown biophysical properties (see Table 2).
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Table 2. Published CACNA1H variants associated with PA. Adapted from75.

Mutation G/S* Position # of cases Age at dx‡ Abnormalities Electrophysiological phenotype

M1549V62 G S6, DIII 8 (6m, 2f) 2m – 9y No Delayed inactivation, left-shifted
activation

M1549I96 G S6, DIII 1 (1m) 2m No Delayed inactivation, left-shifted
activation

S196L96 G S4, DI 2 (1m, 1f) >30y Nodule visible in CT Delayed inactivation
V1951E96 G C-terminus 1 (1f) >50y Left adrenal nodule Faster recovery from inactivation
P2083L96 G C-terminus 2 (2m) >30y Slight hyperplasia Faster recovery from inactivation
R890H97 G S4, DII 1 (2f) >30y No Loss-of-Function; Smaller

whole-cell currents in HEK293
I1430T89 S S5, DIII 3 (1f, 2m) >40y 2 APA, 1 not visible Unknown, but increased aldos-

terone synthesis in HAC15 cells
P277S98 S Extracell. between

S5 and S6, DI
1 ? Unilateral hyperpla-

sia or APA
Unknown

W482X98 S Cytopl. between S6,
DI and S1, DII

1 ? Unilateral hyperpla-
sia or APA

Unknown

T615P98 S Cytopl. between S6,
DI and S1, DII

1 ? Unilateral hyperpla-
sia or APA

Unknown

Q875R98 S Extracell., after S3,
DII

1 ? Unilateral hyperpla-
sia or APA

Unknown

Q904X98 S S4, DII 1 ? Unilateral hyperpla-
sia or APA

Unknown

V1937M99 S C terminus 1 43 0.6 cm left nodule Unknown, but increased aldos-
terone synthesis in HAC15 cells

*: G: Germline; S: Somatic
‡: dx-diagnosis
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Mutations in the CACNA1D gene (encodes L-type channel) CaV1.3 lead to primary
aldosteronism seizures and neuromuscular abnormalities PASNA)52,88. Furthermore, ap-
proximately 60% of micronodules observed in patients with PA lacking adenomas100,101 and
roughly 25% of micronodules found in seemingly normal adrenal glands, carry somatic
CACNA1D mutations102,103.

One of the identified CACNA1D mutations (I770M) shifts the voltage dependence of ac-
tivation to more hyperpolarized potentials resulting in increased Ca2+ influx52.

This results in elevated aldosterone synthesis within the adrenal gland and potentially
also accounts for neurological irregularities. Therefore, the reduction of Ca2+ influx via
CaV1.3 channels could potentially serve as a viable therapeutic strategy for mitigating
symptoms in individuals affected by this mutation.

Most of the mutations in the ion channel or ion pump genes mentioned above result
eventually in an increased calcium entry via VGCCs, emphasizing the importance of these
channels for the physiological functions of the ZG.
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The production of aldosterone in the ZG comprises complex mechanisms and is controlled
by several stimuli. Many of these factors, such as the serum concentrations of potassium
and Ang II, have been proposed to regulate this process by mediating oscillatory calcium
influx into ZG cells. This rise in [Ca2+]i is triggered by depolarization of the cell membrane
leading to activation of VGGCs and also the release of calcium from intracellular stores
(see Section 1.3).

Previous studies have suggested that these depolarizations require the T-type calcium
channels, specifically CaV3.2 (see Section 1.4).

Even though CaV3.2 plays a crucial role in the electrical excitability of ZG cells, CaV3.2
knock-out mice did not display changes in systemic aldosterone or renin levels, nor changed
responses to Ang II infusion, indicating additional calcium influx pathways. The exact
molecular mechanisms responsible for the aldosterone synthesis in CaV3.2 knock-out mice
remain presently undetermined.

Therefore, one aim of this work was to investigate the regulation of [Ca2+]i in the ZG of
CaV3.2-deficient mice. Moreover, the implications from these results on the physiological
role of VGCCs in the ZG function and the pharmacology of the ZG are to be studied.

Additionally, mutations in human VGGCs such as CaV3.2 and CaV1.3 have been linked
to primary aldosteronism . The gain-of function mutation M1459V in the CaV3.2 channel
(gene CACNA1H) represents the most common mutation in the FH-IV subtype of familial
hyperaldosteronism (see Section 1.5).

This work was additionally aimed to evaluate the impact of this mutation on calcium sig-
naling by using the Cacna1hM1560V/+ knock-in mice (homologous to the human M1549V
mutation) as a model system.

Moreover, mutations in the CACNA1D gene (encodes L-type channel CaV1.3) also lead
to primary aldosteronism and neurological abnormalities (see Section 1.5). The
Cacna1d I772M/+ mouse closely models the human phenotype showing elevated [Ca2+]i
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and aldosterone levels. This work was aimed to study the potential of a pharmacological
treatment with the specific L-type channel inhibitor isradipine to rescue the phenotype.

The following objectives were proposed in pursuit of the goals:

1. Investigating calcium oscillations in ZG cells of CaV3.2 knock-out mice and their de-
pendency on extracellular stimuli (Ang II and extracellular K+; see Section 4.1.1 and
4.1.2).

2. Elucidating the role of other VGCCs in mediating calcium signals in ZG cells of wild-
type and CaV3.2 knock-out mice (see Section 4.1.3 and 4.1.7).

3. Investigating the contribution of additional calcium influx mechanisms (besides VGCCs)
in a physiological setting in increasing [Ca2+]i upon stimulation (see Section 4.1.8).

4. Characterisation of calcium oscillations in ZG cells of the Cacna1hM1560V/+ mouse
model (see Section 4.2).

5. Evaluating calcium levels in ZG cells of Cacna1d I1560M/+ mice in the presence of
specific L-type channel inhibitor isradipine (see Section 4.3.2).

6. Studying the behavioral phenotype and aldosterone levels of Cacna1d I1560M/+ mice
under isradipine treatment (see Section 4.3.3).
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3.1 Mice

3.1.1 The Cacna1hM1560V/+ and Cacna1h−/− mouse model

The Cacna1hM1560V/+ and Cacna1h−/− mice were generated as described previously83.
Briefly, genome editing based on CRISPR/Cas9 was performed at the Yale Genome Edit-
ing Center to introduce the p.Met1560Val mutation on exon 25 of the Cacna1h gene into
the mouse genome yielding Cacna1hM1560V/+ mice (Cacna1h KI). Additionally, mice car-
rying an 8-bp deletion resulting in a frameshift and termination codon (p.His1570Glnfs*83,
Cacna1h+/−) were generated. Cacna1hM1560V/+ and Cacna1h+/− mice backcrossed to the
C57BL/6J strain. Cacna1h+/− mice were further bred to obtain homozygous knock-out
(KO) mice (Cacna1h−/−).

3.1.2 The Cacna1d I772M/+ mouse model

CRISPR/Cas9-mediated genome editing in the Cacna1d gene (p.Ile772Met) was performed
at the Yale Genome Editing Center as described previously104 using fertilized eggs from
C57BL/6J mice.

3.1.3 Breeding

Mice were bred at the Forschungseinrichtungen für Experimentelle Medizin (FEM; Charité
- Universitätsmedizin Berlin). The breeding scheme implemented in this study aimed to
maintain a controlled population of experimental animals.

Adult mice with at least 10 weeks of age were selected as breeding candidates to ensure
they had reached sexual maturity. Breeding pairs were terminated after a maximum of four
breeding events.

For Cacna1hM1560V/+, and Cacna1h+/+ (wild-type, WT) mice, heterozygous were bred
with each other or with WT mice to generate both genotypes.
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To generate Cacna1h−/− and WT mice, two different breeding strategies were employed
based on the existing genotypes within the mouse colony. Either breeding pairs consisting
of heterozygous knockout mice (carrying one wild-type allele and one knockout allele) of
both sexes were used, or exclusively utilized homozygous knockout pairs alongside wild-
type pairs were employed.

To obtain mice with the Cacna1d I772M/+ (Cacna1d KI), initial attempts were made to
crossbreed these mice with WT mice. However, successful pregnancies were not achieved
when mating male Cacna1d I772M/+ mice with female WT mice. On the other hand, when
female Cacna1d I772M/+ mice were bred with male WT mice, pregnancies occurred, but
the resulting offspring were found deceased shortly after birth. Sperm extracted from
Cacna1d I772M/+ mice exhibited normal motility and was utilized for in vitro fertilization (IVF),
which yielded viable offspring. In subsequent generations, traditional breeding methods still
proved ineffective. Therefore IVF was employed for the production of all subsequent exper-
imental animals.

3.1.4 Housing

Cacna1hM1560V/+, Cacna1h KO, Cacna1d I772M/+ and wild-type (WT) control mice were
housed at the Forschungseinrichtungen für Experimentelle Medizin (FEM; Charité - Uni-
versitätsmedizin Berlin) under specific-pathogen free conditions in a 12h light/dark cycle
with ad libitum access to food and water.

3.1.5 Ethical statements

All animal experiments in this project were approved by the supervisory authority (Lan-
desamt für Gesundheit und Soziales (LaGeSo), G0210/17, G0095/20 and T0425/17). The
animals were kept under standard mice housing conditions and treated according to the
German and EU Animal Welfare regulations.

Mice were used for experiments between age 10 and 30 weeks (unless otherwise men-
tioned).
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3.2 Calcium imaging in acute adrenal slices

Method

Calcium imaging is a technique to assess intracellular calcium concentrations. This method
uses calcium-sensitive fluorescent dyes or genetically encoded sensors. The dyes gener-
ally comprise a Ca2+-chelating motive and a fluophore. For staining of living cells, an ace-
toxymethyl (AM) ester is often attached, allowing the dye to cross the cell membrane105.
After cleavage of the AM group by intracellular esterases, the now hydrophilic dye can not
diffuse back through the cell membrane. In general, there are two categories of calcium
indicators: non-ratiometric dyes, like Calbryte 520, and ratiometric dyes, such as Fura-2.
Calbryte 520 has excitation and emission wavelengths at 490 nm and 515 nm, respectively
(Fig. 13A)106. Upon binding Ca2+, its fluorescence intensity is increased by >100 times.
Quantitative assessment of [Ca2+]i using non-ratiometric dyes can be achieved using flu-
orescence lifetime imaging107. Unfortunately, with the experimental setup available in this
project, lifetime determination was not possible.

Figure 13. (A) Fluorescence emission spectra of Calbryte 520 in solutions containing 0 to 39 µmol/l
free Ca2+. (B) Fluorescence excitation spectra of Fura-2 in solutions containing 0 to 39 µmol/l free
Ca2+. Adapted from108,109

Instead, the fluorescence intensity was assessed. However, the use of non-ratiometric
dyes only allowed the relative measurement of intracellular calcium concentrations as the
intensity is not only dependent on [Ca2+]i but also the unknown intracellular concentration
of the dye. It is possible to get absolute [Ca2+]i values by calibrating the relative signal in
situ. However, this technique is prone to errors due to the long incubation times resulting
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in a loss of cell viability and due to bleaching of the dye during to the long recording duration.

Absolute measurements can be more easily achieved by the use of ratiometric dyes.
These undergo a shift in the emission or excitation spectra upon binding Ca2+. The ex-
citation peak of Fura-2, for example, shifts to shorter wavelengths with increases in Ca2+

concentration (Fig. 13B)110. The ratio of the intensity at 340 nm (Ca2+-bound fluophore) and
380 nm excitation (Ca2+-unbound fluophore) can be used in equation 1 to convert these val-
ues to intracellular calcium concentrations110. [Ca2+] is the calcium concentration, R is the
Fura-2 340/380 ratio, Rmin and Rmax are the 340/380 ratios in the absence of calcium or
in the presence of a saturating concentration of calcium, respectively. Sf2 is the fluores-
cence intensity at the 380 nm excitation wavelength when Fura-2 is not bound to calcium.
Sb2 is the fluorescence intensity at the 380 nm excitation wavelength when the dye is fully
saturated with Ca2+. Sf2 and Sb2 are calibration parameters specific to a particular set of
experimental conditions, including the imaging system, equipment settings, and the Fura-2
dye preparation.

In order to asses [Ca2+]i based on the ratio of fluorescence intensities at 340 nm and
380 nm it is necessary to perform a calibration to obtain Rmin and Rmax, Sf2, Sb2, Kd. The
calibration should be performed under conditions used in the calcium imaging experiment
to ensure accurate conversion of fluorescence ratios into calcium concentrations. However,
it can be performed in a different cell preparation than the recording of interest.

[Ca2+] = Kd ∗
R−Rmin

Rmax −R
∗ Sf2

Sb2

(1)

Procedure

For intracellular Ca2+ measurements in acute adrenal slices, similar to previously pub-
lished procedures81,83, mice were anesthetized using isoflurane (400 µL as open drop in
a 2 l beaker) and euthanized by cervical dislocation (Fig. 14). The abdominal cavity was
then opened using scissors. The adrenal glands were identified, rapidly extracted and
transferred into ice-cold bicarbonate-buffered solution (BBS) (Table 3). During all follow-
ing steps, BBS was continuously gassed with carbogen (95% O2 + 5% CO2) to guarantee
adequate oxygen delivery to the cells. The surrounding fat tissue was removed and the
glands were embedded in 4% low-melting agarose providing support and stability to the
tissue sample. The agarose block containing the glands was glued to the mounting stage
of a vibratome (7000 smz-2, Campden Instruments) and slices were cut at 120 µm thick-
ness. Due to the small size of adrenal glands (each < 2 mm in diameter), embedding these
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Figure 14. Scheme of the calcium imaging procedure. Adrenal glands were extracted from
mice and embedded in agarose to facilitate the preparation of thin sections (120 µm). Slices were
incubated in gassed BBS and loaded with calcium fluorescent dye. Slices were placed in a recording
chamber and continuously perfused with gassed solution from a reservoir. The fluorescence signal
is recorded and a representative adrenal slice is depicted.

organs in agarose helps in achieving uniform and consistent section thickness because the
tissue is held firmly in place, which is usually not necessary in the case of larger tissue
samples (e.g brain).

Adrenal glands in the agarose block and slices were maintained in ice-cold, gassed BBS
during slicing. Slices were then transferred into BBS at 35°C for 15 minutes for regeneration
and subsequently stored for up to 6 h at RT in BBS supplemented with 2 mmol/l CaCl2.

Slice staining was conducted in a cell culture insert within a single well of a 24-well plate
at room temperature. The well was filled with 750 µL BBS (supplemented with 2 mmol/l
CaCl2) and continuously gassed with carbogen. The insert was filled with 250 µL containing
initially either 64 µmol/l Fura-2 AM (final concentration: 16 µmol/l) and 0.16% Pluronic F-
127 or 37 µmol/l Calbryte 520 AM (final concentration: 9.25 µmol/l) and 0.001% Pluronic
dissolved in BBS (supplemented with 2 mmol/l CaCl2). Slice incubation was performed in
the staining solution for 1 h. Following Fura-2 AM staining, slices were transferred to fresh
BBS (supplemented with 2 mmol/l CaCl2 and without Fura-2) for 15 min de-esterification.

For recording, slices were placed in a recording chamber and continuously perfused with
solution from a reservoir. The solution reservoir was gassed with carbogen and heated via
an inline heating coil to a temperature of 30 ± 1°C. BBS 2K+ and BBS 7K+ solutions (Table

25



3 Methods, Procedures and Materials

3) were prepared and mixed in order to yield the potassium concentration of interest. Ang
II (1 µmol/l) was added to yield final concentrations as indicated. Fura-2 was alternately
excited at 340 and 385 nm using a FuraLED light source (Cairn Research) while Calbryte
fluorescence was excited at 470 nm. Using an OptiMOS camera (QImaging) Images were
taken every 100 ms with 10-ms exposure.

Table 3. BBS (pH 7.4) in mmol/l

Compound BBS BBS supplemented BBS 2 K+ BBS 7 K+

NaCl 100 100 100 100
KCl 2 2 2 2
NaHCO3 126 126 126 126
CaCl2 0.1 2 2 2
MgCl2 5 5 1 1
NaGluconate – – 5 –
KGluconate – – – 5
D-glucose 10 10 10 10
HEPES 10 10 10 10

Calibration of Fura-2 signals To calibrate the 340/385 nm ratios to calcium concentra-
tions adrenal slices stained with Fura-2 AM were incubated with solutions containing known
extracellular calcium concentrations (Calcium Calibration Buffer Kit from Promocell). These
solutions were further supplemented with 25 µmol/l ionomycin, an ionophore, allowing the
influx of extracellular Ca2+ ions into the cell. Using this method the [Ca2+]i can be con-
trolled by the extracellular solutions. The selection of these solutions aimed to achieve final
free calcium concentrations ranging from 0 to 39.8 µmol/l. Fluorescence ratios of 340/385
nm excitation were observed over time. Final values were determined once recordings re-
mained within 5% of each other for either a) more than 30 minutes or b) for at least two
observations (longer than 15 minutes) after a change in ratio values. The final ratio values
were plotted against the corresponding calcium concentrations. A Hill equation was em-
ployed to fit the resulting curve, allowing for the determination of the Kd of Fura-2 within ZG
cells. Ratios from other recordings could then be converted into absolute [Ca2+]i according
to equation 1 based on110. The results of the calibration can be found in section 4.2.1.
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3.3 Primary cell culture of adrenal cortical cells

For electrophysiological recordings in dissociated adrenocortical cells, adrenal glands were
extracted from mice following euthanizing by cervical dislocation under isoflurane anaes-
thesia (400 µL as open drop in a 2-l beaker). Glands were rapidly transferred into bath
solution (Fig. 15, Table 4) on ice. After the removal of the surrounding fat tissue under a
stereo-microscope, the glands were cut in half and the medulla manually removed. The
glands were further cut into fragments (< 0.5 mm) and incubated in bath solution supple-
mented with collagenase type I (1 mg/ml), collagenase type IV (1 mg/ml), penicillin (50
U/ml) and streptomycin (50 mg/ml) for 20 min at 37°C on a shaker set to 300 rpm. Sub-
sequently, shear-based dissociation of the cells was performed in a 1 ml syringe attached
to a cannula (20 G) and polyethylene tubing (30 cm length, 1.1 mm diameter). A flow rate
of 700 µL/min of the cell suspension through the cannula and tubing was controlled by a
syringe pump. The cell suspension was centrifuged for 5 min at 300 g and room tempera-
ture. The supernatant was removed and the cell pellet was resuspended in supplemented
DMEM/F12 media (1 ml, Table 5). Coverslips (9 mm diameter) were cleaned by sonication
(10 min) with Ultrasonol 7 (5% in H2O) and were rinsed at least 5 times with water. Cleaned
coverslips were stored in ethanol (70%) at 4°C until further use. On the day of use, cov-
erslips were coated with poly-L-lysine for a duration of 5 minutes, followed by rinsing with
PBS and laminin (75µg/ml) coating for 45 minutes. Coverslips were rinsed with PBS and
placed in a 24-well plate. 400 µl medium was added to each coverslip. Cells (200 µl) were
seeded onto coverslips and incubated in a 5% CO2 humidified atmosphere at 37°C and
used for whole-cell patch-clamp recordings the next day.

Table 4. Bath solution (pH 7.4) for dissociating ZG cells

Compound mmol/l

NaCl 140
KCl 4
CaCl2 2
MgCl2 1
HEPES 10
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Figure 15. Scheme of the adrenal cortical cell dissociation and patch-clamp method. Adrenal
glands were extracted from mice and the surrounding fat tissue was removed. The glands were cut
into fragments and incubated in bath solution supplemented with collagenase to ensure enzymatic
dissociaton. Subsequently, shear-based dissociation of the cells was performed in a 1 ml syringe
attached to a cannula and polyethylene tubing. The cell suspension was pushed through the can-
nula and tubing by an an automated syringe pump. After centrifugation of the cell suspension and
removing of the supernatant, the cell pellet was resuspended in medium and seeded onto coverslips
placed in a 24-well plate. Cells were incubated in a 5% CO2 humidified atmosphere at 37°C and
subjected for whole-cell patch-clamp recordings the next day.

Table 5. Supplements for DMEM/F12 media for culturing of dissociated adrenal cortical cells

Compound

Ultroser G 2%
Penicillin 50 U/ml
Streptomycin 50 mg/ml
α-Tocopherol 1 µmol/l
Insulin Transferrin Selenium 1%
Ascorbic acid 100 µmol/l

3.4 Electrophysiological recordings

Method

Whole-cell patch-clamp recordings were conducted to record calcium currents in cells. In
this method a glass micropipette electrode filled with an electrolyte solution is carefully
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pressed against the cell membrane and slight negative pressure is generated in the pipette
to create an electrically tight connection, the giga seal. Subsequently, the membrane patch
beneath the pipette is ruptured through the application of short pulses of negative pressure.
This establishes a whole-cell configuration and grants direct access to the cell’s cytoplasm
(Fig. 15). The pipette solution comes into contact with the cell’s cytoplasm. A waiting time
of approx. 1 min facilitates the equilibration of the cell cytoplasm with the pipette solution.
This configuration allows for the control of the intracellular environment. The extracellular
conditions are controlled by the bath solution surrounding the cell.

To measure calcium currents, a series of depolarizing voltage steps with specified dura-
tions and amplitudes is applied (Fig. 16). These steps start from a specific initial holding
potential. Calcium channels open in response to the depolarizing changes in voltage, al-
lowing calcium ions to flow into the cell, and this current is recorded.

K+, Cl– , and Na+ currents are potential influencing factors and sources of contamination
in Ca2+ current measurements. To reduce the impact of K+ currents, tetraethylammonium
(TEA, as TEA-Cl) and cesium ions (as CsCl), both of which block K+ channels, were added
to the extracellular and pipette solution, respectively (Table 6 and 7). The influence of
Cl– currents was considered negligible due to their slow activation kinetics and short time
of recording, resulting in small mediated currents within the applied voltage range111,112.
Moreover, the contribution of Na+ currents was anticipated to be minimal, as demonstrated
by previous findings indicating that they do not play a role in the oscillatory depolarizations
of ZG cells25.

Procedure

Recordings of calcium currents in dissociated adrenal cortical cells were carried out in
HEPES-buffered extracellular solution (bath solution, Table 6). A coverslip was removed
from a well of the 24-well plate, placed into the coverslip holder and fixed to the bottom
of the holder using small drops of cyanoacrylate glue. A droplet of the bath solution was
applied onto the coverslip to prevent the cells from drying out. After drying of the glue (5-10
seconds) the entire coverslip was washed with bath solution 3 times. The coverslip holder
was placed into the microscope setup. All recordings were conducted at room temperature.

Calcium currents were recorded on a HEKA EPC 10 amplifier (HEKA Elektronik) using
Patchmaster software. Borosilicate glass pipettes with resistances of 2–4 MΩ were pulled
on a Sutter P-1000 puller (Harvard Apparatus), fire polished using a Narishige MF-890
microforge and filled with pipette solution (Table 7). At least 80% of the series resistance
was compensated for.
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Currents were recorded in response to two separate voltage clamp protocols113 (Fig. 16):
First from a holding potential of -80 mV, then from a holding potential of -40 mV. At -80 mV,
voltage-gated calcium channels reside in the closed but activatable state leading to currents
from all types of calcium channels (Fig. 16, left; Fig. 17).

With the second protocol (from -40 mV), the low-voltage activated T-type channels are
already inactivated before the start of the recording. Only non-T-type calcium channels
(including the L-type channels) remain available (Fig. 16, right). The subtraction of the
current from the holding potential of -40 mV from the one from -80 mV revealed the T-type
channel component.

Figure 16. Voltage clamp protocol in whole-cell patch-clamp experiments. Voltage clamp
protocols starting from a holding potential at - 80 mV with 10 mV voltage steps between -95 and
+75 mV were applied to evoke T- and non T-type calcium currents (left). Starting from a holding
potential at - 40mV with 10 mV voltage steps between -55 and +75 mV evoked only non-T-type
calcium currents (right).

The resulting maximum amplitude of a T- and L-type [Ca2+]i current trace of a recorded
cell was determined by fitting each current trace with the sum of two exponential decaying
functions52 (equation 2) and subsequently calculating the minimum point of that fitted curve
(Fig. 18).

I(t) = a1 · e−
t
τ1 + a2 · e−

t
τ2 + c (2)

I represents the current and t the time. The first and second exponential term represent
the activation and inactivation of the Ca2+ channel, respectively. a1 and a2 are coefficients
that scale the magnitude of the two exponential functions, with a1 having positive values and
a2 having negative values. τ1 and τ2 (both having positive values) are the time constants
associated with the first and second exponential functions. They represent the time con-
stants of the activation and inactivation, respectively. c is a constant term that represents
an offset value added to the function and determines the vertical shift of the curve.

In some cases the current remains almost constant over time. In these cases a biexpo-
nential fit is not appropriate and the fitting algorithm does not converge. Instead, the mean
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Figure 17. Three-state model of VGCCs. The transitions between the closed, open and inactivated
states are shown (left). Depolarization from a holding potential of -80 mV activates both T- and non
T-type calcium channels. Depolarization from a holding potential of -40 mV opens only non T-type
calcium channels since T-type channels reside in an inactivated state (right).

value was computed within the initial 0.1 seconds following the voltage step.
For each genotype and voltage clamp protocol, the values of the calculated maximum

current amplitude (or the current mean) were plotted against the applied potential, and the
resulting current-voltage relation datasets were subjected to fitting using equation 352

I(V ) = G · (V − Vrev) ·
1

1 + e
−(V −V0.5)

k

(3)

where I is the measured macroscopic current and V is the tested voltage. G (the max-
imum conductance), Vrev (the reversal potential), V 0.5 (the half-maximal activation) and k

(the slope) are the fitting parameters determined by the fitting algorithm.
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Figure 18. Representative current traces of a recorded cell. The cell was held at -80 mV for 10
ms before applying voltage steps between -95 and 75 mV (Fig. 16). Only traces at -25 mV and 35
mV are displayed (black lines). The red line represents the fitted biexponential function. In cases,
where the current remained almost constant (e.g. 35 mV), the fitting algorithm did not converge. In
these cases the mean value was calculated within the first 100 ms following the voltage step (blue
line).

Table 6. Extracellular solution (pH 7.4) for whole-cell patch-clamp experiments

Compound mmol/l

NaCl 100
KCl 4
CaCl2 10
MgCl2 1
TEACl 20
HEPES 10

Table 7. Pipette solution (pH 7.4) for whole-cell patch-clamp experiments

Compound mmol/l

NaCl 10
EGTA 5
CsCl 140
MgCl2 2
HEPES 10
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3.5 RNA-sequencing

For RNA extraction from whole adrenal cortices, adrenal glands from 6 WT and 6 KO (3
male, 3 females each) were extracted after euthanizing by cervical dislocation under isoflu-
rane anaesthesia (400 µL as open drop in a 2-l beaker). Glands were rapidly transferred into
PBS on ice. The surrounding fat was removed, the glands were cut in half, manually sep-
arated from the medulla and placed in RNA-preserving solution (RNAlater, ThermoFisher).
Total RNA was isolated using the RNeasy Mini Kit (Qiagen) with subsequent DNAse diges-
tion according to the manufacturer’s instructions. Purified RNA was then further processed
and sequenced at the Core Unit Genomics of the Berlin Institute of Health at Charité –
Universitätsmedizin Berlin as follows. Depletion of ribosomal RNA cDNA transcription was
performed using the TruSeq Stranded Total RNA kit (Illumina). 150bp paired-end Sequenc-
ing was carried out on a NovaSeq 6000 device on a single lane of a SP flow cell (all from
Illumina). Raw data was provided to us as FASTQ files. Results were analyzed by us on the
background of Ensembl release 106 of the GRCm39 cDNA transcriptome. Transcriptome
indexing was conducted using Salmon114 (version 1.5.2). Initial quality control of the results
was performed using MultiQC115 (version 1.11). Further quality checks, filtering and trim-
ming was performed using fastp116 (version 0.12.4). Mapping of reads was also performed
using Salmon. Upon inspection, one sample (male KO) had to be excluded from further
analysis as ribosomal RNA made up more than 80 % of all reads (likely due to a failure of
rRNA depletion).

Filtered gene data was further processed and analyzed using DESeq2117 (version 1.38.3)
in R (version 4.2.1). To identify differentially expressed genes (DEGs) the DESeq function
was applied with the chosen threshold criteria of p-values < 0.05 (adjusted using the Ben-
jamini–Hochberg correction) and a 2-fold change (log2 transformed fold change ± 1, after
shrinkage using the apeglm method118).

Using the DESeq function resulted in normalized read counts (to account for differences
in transcript length and total number of reads per samples) which were used for heatmap
generation. If indicated, a Z-score normalization was performed on the normalized read
counts across samples for each gene.

Functional enrichment analysis of the identified DEGs was assessed based on Gene
Ontology119 (GO) and KEGG pathway120 over-representation using the ClusterProfiler121

package (version 4.6.2) in R. A p-value less than 0.05 was considered as statistically sig-
nificant.
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3.6 Isradipine Treatment

Eight different groups were formed by randomly assigning half of the mice (WT: 11 female,
12 male; Cacna1d I772M/+: 9 female, 9 male; age 13-14 weeks) into either a isradipine
treatment or untreated control group. The randomization was carried out using a custom
Python script and the Python library ’random’. The script was provided with a list of the
animals IDs, their genotype and sex. A random subset of animal IDs were selected for
each group and the size of this subset varied randomly between 4 and 5 for male and
female Cacna1d I772M/+ and 5 and 6 for female WT mice. Male WT mice were randomly
assigned in to groups of six animals. The python library ’random’ was provided with a ’seed’
as a starting point to initialize randomization. This ensures that the randomization process
will be reproducible. The resulting list containing the allocation to the treatment group was
not available to personnel that conducted or analyzed the experiments. The experimenters
were blinded to the administration of isradipine, by employing different personnel for the
preparation and feeding of the yogurt (no isradipine) or isradipine-supplemented yogurt.

Mice were given either sweetened yogurt (330 mg, 9% glucose) without (control group)
or supplemented with 12.5 mg isradipine per kg bodyweight (treated group) once daily.
A slow-release formulation of isradipine (powder of Vascal uno 5 mg capsules, CHEP-
LAPHARM Arzneimittel GmbH; 1mg isradipine in 33 mg powder formulation) was mixed
with the sweetened yoghurt and weighed for dosing. The manufacturer confirmed that the
capsules could be removed without compromising the slow-release function.

The slow-release formulation controls the release of the medication over an extended
period by incorporating the active drug into a lipid-based matrix. When the slow-release
formulation is ingested, it comes into contact with the fluids in the gastrointestinal tract.
Over time, the matrix begins to swell allowing the active drug particles within the matrix to
dissolve in the water and to be released122.

After a week of treatment, three behavioral tests were conducted to assess activity, motor
function, and ability to build nests. The open field, rotarod and nest construction test were
conducted either 18 h, 4 h , or immediately after yogurt/isradipine feeding, respectively.
Collection of blood samples was performed approx. 20 h after the last yogurt/isradipine
dose.

Mice were either anesthetized using isoflurane via a vaporizer set to 5% at 1 l/min oxygen
flow. Euthanasia was performed using terminal blood collection by cardiac puncture. The
blood was collected into Vacutainer EDTA tubes (Becton Dickinson) and were centrifuged
(10 min, 2000g, 4°C). The supernatant (plasma) was stored at -20°C until further analysis.
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3.7 Behavioral Phenotyping

3.7.1 Open field

Method

The open field test assesses general activity, exploratory and fear-related behavior in mice123.
Generally, the open field is an square enclosure with surrounding walls preventing the
mouse from escaping. The mouse is allowed to explore the arena for a short amount
of time (usually 2-10 minutes). Mice that have fear tend to stay to the outside perimeter
and spend less time in the center of the arena. Anxiety and fear causes mice to freeze and
suppress locomotion.

Procedure

Mice were placed individually in the center of a square arena (50cm X 50cm, 50 cm height,
Fig. 19). They were allowed to explore the open field for 6 minutes. The animal’s activity
was recorded using a video camera placed above the arena. The total distance moved
(tracklength) was analyzed (Viewer 3.0.1, Biobserve).

Figure 19. Experimental setup of the open field test. The mouse is placed in the center of a
square arena (50cm X 50cm, 50 cm height).
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3.7.2 Rotarod

Method

The rotarod test assesses balance and motor coordination in rodents124. During this test,
the animals ability to remain on a horizontal, rotating beam is measured. The initial speed
of the rod’s rotation is set to 4 rpm and accelerates gradually to 40 rpm withhin the test
duration of 5 minutes. During the test, the animals must walk continuously forward to avoid
falling of the rod. The latency at which the animals fall of the rod is then recorded. An
individual with impaired motor function will show reduced times spent on the rod.

Procedure

Quantification of motor function was performed using the rotarod test (RotaRod Advanced,
TSE Systems GmbH, Germany, Fig. 20).The mice were placed on a rotating rod set to 4
rpm. Once they were able to safely walk on the rod, the timer was started and the rotational
speed gradually increased to a maximum of 40 rpm within 5 minutes. The duration until the
mice fell off was recorded. The experiment was conducted three times, with 15-minute
intervals between each trial.

Figure 20. Experimental setup of the rotarod test. Up to three mice can be place simultaneously
in the setup. Adapted from125.
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3.7.3 Nest Construction

Method

This test evaluates the ability of mice to build a nest when provided with clean nesting
material126. For small rodents like mice, nest are vital as they facilitate heat conservation
as well as for reproduction and shelter. The assessment of this natural behavior is based
on the shape of the nest and the amount of used material.

Procedure

Immediately after feeding with yogurt/isradipine, mice were placed in seperate home-cages
and were singly housed for the duration of the test. The cage included regular bedding, food
and water ad libitum as well as a defined, previously weighed sheet of cellulose nesting ma-
terial (5 x 5 cm square of pressed white cotton). After approximately 18 h, the structure of
the built nest was assessed according to a scale from 0 to 5 and by weighing the remaining,
unused nesting material (Table 8)127.

Table 8. Nests are assigned scores of 0 to 5 based on the shape of the nest an the amount of used
nesting material.

Score Criteria

0 untouched cotton square
1 cotton square largely untouched (>90% intact)
2 cotton square is partially torn up (50-90% remaining intact)
3 cotton square is mostly shredded (< 50% remains intact; often without

a identifiable nest site; < 90% is within a quarter of the cage floor area)
4 identifiable, but flat nest (> 90% of the material is torn up, gathered

into a nest within a quarter of the cage floor area; walls are higher than
mouse body height on less than 50% of its circumference)

5 (almost) perfect nest (> 90% of the cotton square is shredded, the nest
is a crater with walls higher than mouse body height on more than 50%
of its circumference)
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3.8 Aldosterone ELISA

Method

Aldosterone levels in blood plasma were determined using a competitive solid phase en-
zyme-linked immunosorbent assay (ELISA). This technique detects an analyte (antigen,
e.g. aldosterone) in a sample using antibodies directed against a unique antigenic site of
the analyte128. The antibodies are immobilized to a solid phase e.g. the well of a 96-well
plate (Fig. 21). The samples are added on to the antibody-coated wells and are incubated
together with an enzyme-conjugate composed of horseradish-peroxidase and aldosterone.
The enzyme-conjugate and the analyte from the samples compete against the binding
sites of the antibodies. After removing all unbound substances by washing, a substrate
solution is added. The horseradish-peroxidase from the conjugate reacts with the substrate
producing a colorimetric signal. The intensity of the color is inversely proportional to the
aldosterone levels in the sample. Absolute concentrations of the analyte in the sample can
be determined by using concentration standards and construction of a standard curve.

Procedure

To obtain blood plasma samples, mice were anesthetized with isoflurane (via a vaporizer
set to 3% at 1 l/min oxygen flow) and blood was collected by cardiac puncture into Vacu-
tainer EDTA tubes (Becton Dickinson). Blood samples were centrifuged (10 min, 2000g, 4
°C), and the supernatant (plasma) was stored at -20 °C until further analysis. Plasma al-
dosterone was determined by ELISA (aldosterone: RE52301, IBL International). Standard,
control, and samples (100 µL) were added into appropriate wells coated with antibodies
and incubated for 30 minutes at RT. The Enzyme Conjugate was added into each well,
thoroughly mixed for 10 seconds and incubated for 60 minutes at RT. Using an automated
plate washer the wells were rinsed three times with wash solution (100 µL per well). Sub-
sequently, the substrate solution (100 µl) was added to each well and incubated for 30
minutes at RT. After termination of the enzymatic reaction by adding the stop solution (50
µl per well) the optical density of the solution in each well was measured at 450 nm.

3.9 Statistics

All P-values (except for the differential expression analysis) are results from a likelihood
ratio test of linear mixed models and are indicated as follows: ns, P ≥ 0.05; *, <0.05; **,
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Figure 21. Schematic representation of the competitive ELISA principle. Enzyme-conjugate
and the target analyte (i.e. sample/aldosterone) compete for binding sites of the antibodies immobi-
lized to the well. The enzymatic-conjugate catalyzes the enzymatic color reaction and the signal is
proportional to the amout of bound conjugate.

P<0.01; ***, P<0.001. Statistical mixed model analysis was performed in R (4.2.1) using
the glmmTMB package (version 1.1.5). Normality of the data was assured visually using
quartile-quartile plots and inspection of residuals after fitting. If data was not normally
distributed, a diverse set of distributions was tested using DHARMa (version 0.4.6), and
either the log-Tweedie or log-Gamma distribution was chosen for further analysis using
glmmTMB. Individual recordings were treated as random effect.

For differential expression analysis, reads obtained by RNA sequencing were normalized
and differentially analyzed using the DESeq2 package (version 1.38.3).

If not otherwise specified, all error bars and bands show 95% confidence interval (CI) of
the mean value.

All box plots follow Tukey-style with the box showing 25th (upper box limit), median (central
horizontal line) and 75th percentiles (lower box limit). Whiskers reach to the maximum and
minimum values within a range of 1.5 inter-quartile range(distance between 25thand 75th

percentiles) and values outside of this range are shown as diamonds.
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Figures

Figures 1, 2, 5, 6, 7, 14, 15, 17 and 21 were created using Biorender.com.

40



3 Methods, Procedures and Materials

3.10 Chemicals and reagents

Table 9. List of chemical, reagents and solvents

Chemical, reagent
or solvent

Molecular
weight
[g/mol]

CAS Catalog
number

Manufacturer
(location,
country)

.(+)-α-Tocopherol,
C29H50O2

430.71 59-02-9 sc-214454 ChemCruz®
Biotchemicals
(Dallas, USA)

2-Mercaptoethanol,
C2H6OS
≥99%, p.a.

78.13 60-24-2 4227.1 Carl Roth
(Karlsruhe,
Germany)

Agarose
Low Melt, ROTI®Ga-
rose with lower melting
and gelation tempera-
tures

- 39346-81-1 6351.5 Carl Roth
(Karlsruhe,
Germany)

Aldosterone ELISA Kit - - RE5230 IBL International
(Hamburg,
Germany)

Angiotensin II human,
C50H71N13O12

powder
≥93% (HPLC)

1046.18 4474-91-3 A9525-1MG Sigma-Aldrich
(St. Louis, USA)

Calbryte™ 520 AM,
≥95%

1090.90 - 20650 AAT Bioquest
(Pleasanton,
USA)

Calcium Calibration
Buffer Kit

- - C3008MP Thermo Scien-
tific (San Diego,
USA)
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Table 9. List of chemical, reagents and solvents

Chemical, reagent
or solvent

Molecular
weight
[g/mol]

CAS Catalog
number

Manufacturer
(location,
country)

Calcium chloride dihy-
drate,
CaCl2 · 2 H2O,
≥99%

147.01 10035-04-8 C3306-
250G

Sigma-Aldrich
(St. Louis, USA)

Collagenase Type II
sterile filtered

- - BS.C2-28 Bio&Sell
(Worthington,
USA)

Collagenase Type IV
sterile filtered

- - BS.C4-28 Bio&Sell
(Worthington,
USA)

CsCl

D-(+)-Glucose,
C6H12O6

powder, BioReagent
≥99.5%

180.16 50-99-7 G7021-1KG Sigma-Aldrich
(St. Louis, USA)

DMEM/F-12 (1:1)
Dulbecco’s Modified
Eagle Medium, F-12
Nutrient Mixture (Ham)

- - 11320033 Gibco
(Carlsbad, USA)

DMSO, (CH3)2SO
Dimethyl sulfoxide
Hybri-Max™, sterile-
filtered, BioReagent
≥99.7%

78.13 67-68-5 D2650-
5X5ML

Sigma-Aldrich
(St. Louis, USA)

EGTA, C14H24N2O10

≥99%, p.a.
380.35 67-42-5 3054.2 Carl Roth

(Karlsruhe,
Germany)
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Table 9. List of chemical, reagents and solvents

Chemical, reagent
or solvent

Molecular
weight
[g/mol]

CAS Catalog
number

Manufacturer
(location,
country)

Ethanol, C2H6O
ROTIPURAN®

≥99.8%, p.a.

46.07 64-17-5 9065.1 Carl Roth
(Karlsruhe,
Germany)

Ethanol, C2H6O
≥96%, vergällt

46.07 64-17-5 T171.5 Carl Roth
(Karlsruhe,
Germany)

Fura-2 AM
UltraPure Grade
≥95%

1001.86 108964-32-
5

21023 AAT Bioquest
(Pleasanton,
USA)

HEPES, C8H18N2O4S
N-2-Hydroxyethylpi-
perazine-N’-2-ethane
sulphonic acid
PUFFERAN®,
Buffer Grade, ≥99.5 %

238.31 7365-45-9 HN78.2 Carl Roth
(Karlsruhe,
Germany)

Hydrochloric acid 37%,
HCl AnalaR® NORMA-
PUR® Reag. Ph. Eur.
analytical reagent

36.46 7647-01-0 20252.295P VWR Interna-
tional LLC
(Radnor, USA)

Ionomycin
Ionophore

709.01 56092-81-0 sc-263405 Santa Cruz Bio-
technology, Inc.
(Dallas, USA)

Isofluran CP 1 ml/ml
Isoflurane
Anaesthetic gas

184.5 26675-46-7 1214 CP-Pharma
(Burgdorf,
Germany)

Isradipine 371.4 75695-93-1 Cay17536-5 Cayman Chemi-
cal (Ann Arbor,
USA)
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Table 9. List of chemical, reagents and solvents

Chemical, reagent
or solvent

Molecular
weight
[g/mol]

CAS Catalog
number

Manufacturer
(location,
country)

ITS™+Premix
Universal Culture
Supplement
(Insulin (5 µg/ mL),
Transferrin (5 µg/ mL),
and Selenious Acid
(5ng/ mL))

- - 354352 Corning
(Bedford, USA)

Laminin, ≥90% 400000-
900000

- sc-29012 Santa Cruz Bio-
technology,
Inc. (Dallas,
USA)

L-Ascorbic acid,
C6H8O6, Free acid,
≥98%

176.12 50-81-7 sc-202686 ChemCruz® Bio-
chemicals
(Dallas, USA)

Magnesium chloride
hexahydrate, MgCl2 ·
6 H2O, CELLPURE®,
≥99 %

203.30 7791-18-6 HN03.2 Carl Roth
(Karlsruhe,
Germany)

PBS (1x),
phosphate buffered
saline, ROTI®Cell, pH
7.4 ± 0.1, CELLPURE®

ready-to-use, sterile,
without Ca/Mg

- - 9143.1 Carl Roth
(Karlsruhe,
Germany)
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3 Methods, Procedures and Materials

Table 9. List of chemical, reagents and solvents

Chemical, reagent
or solvent

Molecular
weight
[g/mol]

CAS Catalog
number

Manufacturer
(location,
country)

Pen Strep (100x)
Penicillin Streptomycin
[+] 10.000 Units/ml
Penicillin, [+] 10.000
µg/ml Streptomycin
Prevention of Cell Cul-
ture Contamination

- - 15140-122 Gibco
(Grand Island,
USA)

Pluronic®F-127,
(C3H6O · C2H4O)x

Powder, BioReagent

1̃2600 9003-11-6 P2443-250G Sigma-Aldrich
(St. Louis, USA)

Poly-L-Lysin,
(C6H14N2O2)x

0.01% Lösung

- 25104-18-1 BS.L7250 Bio&Sell
(Feucht,
Germany)

Potassium chloride,
KCl, Extra Pure,
Specified Laboratory
Reagents, Eur. Ph.,
>95%

74.55 7447-40-7 P/4240/60 Fisher Chemical
(Loughborough,
United Kingdom)

Potassium D-
gluconate, C6H11KO7

99 %

234.25 299-27-4 B25135.0B Thermo Scien-
tific Chemicals
(Heysham,
United Kingdom)

RNase AWAY™
Surface Decontaminant
Removes RNase &
DNA Contamination

- - 7005-11 Thermo Scien-
tific (San Diego,
USA)

RNeasy Mini Kit
Total RNA isolation Kit

- - 74106 Quiagen
(Hilden, Ger-
many)
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Table 9. List of chemical, reagents and solvents

Chemical, reagent
or solvent

Molecular
weight
[g/mol]

CAS Catalog
number

Manufacturer
(location,
country)

Sodium bicarbonate,
CHNaO3

≥ 99.7%, ACS reagent

84.01 144-55-8 424270010 Thermo Scien-
tific Chemicals
(Heysham,
United Kingdom)

Sodium chloride, NaCl
p.a., ACS,ISO
≥99.5 %

58.44 7647-14-5 3957.2 Carl Roth
(Karlsruhe,
Germany)

Sodium gluconate,
C6H11NaO7, ≥99 %

218.14 527-07-1 S/4100/53 Fisher Chemical
(Loughborough,
United Kingdom)

TEACl

Trypsin-EDTA
(1X, 0.05%)
Cell dissociation
reagent

- - 25300-054 Gibco
(Carlsbad, USA)

TTA-P2 431 918430-49-
6

T-155 Alomone labs
(Jerusalem,
Israel)

Ultroser™ G
Serum substitute for
animal cell culture

- - 15950-017 Pall BioSepra
(Cergy, France)

vascal® uno 5 mg
Retardkapseln 100
Hard capsule, retard
formulation
Isradipine for treatment
of mice

371.4 - PZN
04640357

CHEPLAPHARM
Arzneimittel
GmbH
(Greifswald,
Germany)
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4.1 Calcium Signals in Cacna1h KO mice

The data in this section has additionally been published in129

4.1.1 ZG cells from CaV3.2 KO still exhibit intracellular calcium
oscillations

To investigate [Ca2+]i in ZG cells of WT and CaV3.2 KO mice, fresh slices from the adrenal
gland were prepared and loaded with fluorescent calcium sensitive dyes (see Methods
section 3.2). This technique retains ZG cells in a more physiological setting compared
to cultured primary cells that were enzymatically or mechanically dissociated from tissue.
The intensiometric calcium indicator Calbryte 520 AM was used to achieve a high temporal
resolution while the ratiometric Fura-2 AM dye allowed for absolute measurements of the
[Ca2+]i.

Stimulation of ZG cells from WT mice with Ang II (500 pM) and K+ (4 mM) elicited pro-
nounced [Ca2+]i oscillations of intermediate frequency (∼ 0.5 Hz) (Fig. 22A) similar to
those observed in a previous study81. These Ca2+oscillations consist of individual spikes
(Ca2+signals) which exhibited a homogeneous appearance regarding amplitude and fre-
quency. Spikes were clustered in bursts that were separated by pauses without activity.
These pauses represent the baseline. The [Ca2+]i during the baseline remained at mostly
constant levels.

As discussed in the introduction (see Section 1.4), it has been proposed that Ca2+signals
in the murine ZG are dependent on the function of CaV3.2.

However, ZG cells from mice lacking the CaV3.2 calcium channel also exhibited calcium
signals in this project (Fig. 22B). Their appearance was very similar to those in WT slices.
One of the most striking differences was that ZG cells from KO mice exhibited a significantly
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elevated overall spiking activity (average number of spikes per seconds (Fig. 23A, data in
Table A1) due to an increased spike frequency within bursts (Fig. 23B) as well shorter
pauses between the bursts (Fig. 23C). The burst length was unchanged between the two
genotypes (Fig. 23D).

Figure 22. Calcium oscillations are preserved in mice lacking the Cacna1h gene. (A-B) The
fluorescence signals were captured over a 3.5-minute period from one representative ZG cell of a
WT (A) and knockout (B) adrenal slice stained with Calbryte 520 AM. These cells were stimulated
with 4 mmol/l K+ and 500 pmol/l Ang II. On the right, a corresponding 30-second magnification
(indicated by the black rectangle on the left) is shown.
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Figure 23. Activity and bursting parameters of WT and KO ZG cells. (A) The calcium spike
activity (average number of spikes per cell per second) recorded in ZG cells over 7.5 minutes is
lower in WT than in KO mice. Adrenal slices were stained with Calbryte 520 AM. (B) The mean
frequencies of calcium oscillations during a bursts (intra-burst frequency) were elevated in KO ZG
cells compared to WT. (C) The average time not spent in calcium bursting (inter-burst interval) was
decreased in KO cells. (D) The mean length of a burst was unchanged between genotypes. P
values were assessed with a likelihood ratio test of linear mixed models (see section statistic 3.9).
The mean of all mean values per slice in A-D are shown as white circles ± 95 % confidence intervals
(CI, error bars). Mean values per slice and cell are shown as larger colored and smaller grey circles,
respectively.
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4.1.2 The sensitivity to physiological stimuli is unchanged in ZG cells
of CaV3.2 KO mice

To investigate whether the increase in activity in CaV3.2 KO cells represents a compen-
satory mechanism to reach mean [Ca2+]i - which are required for aldosterone synthesis -
similar to WT, ZG cells were loaded with the Fura-2 AM dye (see Methods section 3.2).

Mean [Ca2+]i levels were measured in ZG cells stimulated with varying concentrations of
potassium (Fig. 24A, data in Table A2) and Ang II (Fig. A24B, data in Table A3), the main
physiologic stimuli of aldosterone synthesis.

Between genotypes, the mean [Ca2+]i concentrations were similar over all tested con-
centrations. This indicates that the increase of activity and intra-burst frequency of calcium
signals is sufficient to maintain the [Ca2+]i and thus the physiological regulation of aldos-
terone synthesis.

Figure 24. The average [Ca2+]i was determined in ZG cells of slices stained with Fura-2 AM.
In (A), the level of Ang II was maintained at 100 pmol/l, in (B), the potassium concentration remained
fixed at 4 mmol/l. Data are plotted as mean values of all cells (circles) ± 95% CI (shaded areas).

4.1.3 Adrenal cortical cells from CaV3.2 KO mice exhibit only few
differentially expressed genes

The loss of CaV3.2 in KO mice might result in the differential expression of compensatory
genes. To identify up- or down regulated genes and to quantify the overall expression of
VGCCs in WT, bulk RNA-sequencing was performed of adrenal cortices from 6 WT and 5
KO mice (see Methods section 3.5).

In WT, Cacna1h (CaV3.2), Cacna1c (CaV1.2) and Cacna1d (CaV1.3) exhibited the strongest
expression among the VGCC pore-forming α1-subunits (Figure 25A, data in Table A4-5).
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For an overall analysis of differentially expressed genes (DEGs), a cutoff of at least a 2-
fold change between KO and WT was chosen. With this analysis, 12 differentially expressed
genes were identified (Figure 25B and C). Apart from a strong downregulation of Cacna1h
mRNA in KO cells, most likely due to nonsense-mediated decay (NMD), the expression of
other known VGCC genes was not significantly changed between genotypes (Figure 25B
and C, data in Table A6).

The process of NMD entails the degradation of mRNAs containing translation termina-
tion codons situated in abnormal positions130. These mRNAs encode truncated proteins
with no or undesired functions. NMD prevents the accumulation of these transcripts and
mitigates the potential buildup of aberrant proteins.

A second analysis was performed without a specific threshold for the fold change be-
tween KO and WT samples, in order to not miss smaller changes in gene transcription
involved in the aldosterone synthesis.

Conducting analyses without employing stringent cutoffs introduces the possibility of de-
tecting more false positives. However, this approach was considered acceptable, given the
focus on only a limited subset of genes associated with aldosterone synthesis.

This analysis was performed for known genes within the aldosterone synthesis pathway
according to the KEGG database120.

Predefined gene sets and pathways are genes grouped together based on their function
and molecular interaction. A collection of such gene sets and pathways can be found in
databases (e.g. GO119, KEGG120).

While the use of a predefined gene sets may introduce a bias by potentially excluding
unidentified or unannotated genes, these curated sets remain widely accepted for their ef-
ficiency and ability to provide meaningful insights into known pathways and functions.

In adrenal cortices from KO animals, a small but significant upregulation of Agtr1a (an-
giotensin II receptor) and Star (transports cholesterol into the mitochondria for conversion
in aldosterone) as well as a downregulation of Gna11 (encodes the Gq protein α-subunit,
which activates the PLC-PIP2-DAG-IP3 cascade) were identified (Table A7).

To identifiy gene sets or pathways that significantly overlap with the set of observed DEGs
an overrepresentation analysis was performed. Overrepresentation analyses for the set of
DEGs did not yield any over- or under-represented sets or pathways withhin the KEGG or
GO databases including the aldosterone synthesis in general.
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Figure 25. RNA-seq of adrenal cortical cells from WT and CaV3.2 KO mice reveals only few
differentially expressed genes. (A) Heat map illustrating the normalized log2 transformed read
counts of VGCC transcripts detected in WT samples (columns, nanimals, WT = 6). (B) Volcano plots
with the log2-fold change (LFC, cutoff = |1|) in gene expression in KO vs. WT samples (nanimals,WT
= 6, nanimals,KO = 5) and the log10 transformed statistical significance (p-value, corrected for multiple
testing, log2 transformed cutoff=0.05). The 12 differentially expressed genes (DEGs) with more than
2-fold change are highlighted as up- (red) or down (blue) regulated. (C) Heatmap illustrating the row
Z-score of the normalized read counts of significantly up- or down regulated genes sorted by their
LFC.
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4.1.4 Adrenocortical cells lacking CaV3.2 exhibit L-type calcium
currents

To study the calcium conductances present in WT and KO tissue, adrenal cortices were
dissociated into a cell suspension (see Methods section 3.3) and whole-cell patch-clamp
recordings were performed in these cells (see Methods section 3.4).

The ion concentrations for both the pipette and extracellular bath solution have been
selected to replicate physiological conditions of the ionic strength (see Table 6 and 7),
facilitating the recording of calcium currents.

The bath solution contains Na+, Cl– , K+, and Mg+ ions, mirroring the composition of the
extracellular environment. To minimize the influence of K+ channels, TEA-Cl, which blocks
K+ channels has been added to the bath solution.

The pipette solution follows a similar approach to mimic physiological conditions, except
for the inclusion of Cs+. Instead of KCl, CsCl is included to further reduce the influence of
K+ currents.

To enhance the amplitude of calcium currents and improve the signal-to-noise ratio, the
extracellular Ca2+concentration has been increased to 10 mmol/l compared to the typical
physiological concentration of approx. 2 mmol/l.

EGTA has been introduced into the pipette solution to mitigate calcium-dependent inac-
tivation of VGCCs.

To maintain a stable pH level of 7.4 in both the bath and pipette solutions, HEPES has
been included.

Using two separate voltage protocols, calcium currents mediated by low voltage activated
T-type calcium channels could be distinguished from currents mediated by non-T-type cal-
cium channels113 (see Section 3.4).

WT cells showed calcium currents mediated by both T- and non-T-type calcium channels
(Fig. 26A-B, data in Table A8). However, all tested KO cells exhibited only non-T-type
calcium currents but no T-type calcium currents (Fig. 26B, representative cell in Fig. 26C,
data in Table A9). Additionally, the maximum amplitude and voltage-dependency of the
non-T-type current was unchanged in KO compared to WT cells (Fig. 26A and B). This
excludes large post-translational modifications mediated by non-T-type calcium channels
to increase the calcium current and to compensate for the loss of CaV3.2.
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Figure 26. ZG cells from KO cells do not exhibit T-type currents. Whole-cell patch-clamp
recordings were conducted in isolated adrenocortical cells. (A) Voltage dependence of the T-type
peak current amplitudes shown as I-V curves reveals larger amplitudes in WT compared to KO at
-35 mV. (B) Voltage dependence of the non-T-type peak current amplitudes demonstrates similar
amplitudes in both genotypes. Mean + or - 95% CI (only one half) are shown. Solid lines represent
fits of the data by equation 3. (C) Exemplary recordings of calcium currents in isolated adrenocortical
cells from both WT and KO mice were obtained using two different voltage clamp protocols. The first
protocol from a holding potential of -80 mV involved voltage steps from -95 mV to +75 mV (upper,
left). The second protocol started from -40 mV with voltage steps spanning from -55 mV to +75 mV
(upper, middle). T-type current (right) was calculated by subtracting the current elicited from -40 mV
(middle) from the current elicited from -80 mV (left).
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4.1.5 Calcium signals in ZG cells from CaV3.2 KO animals do not
require other T-type Ca2+channels

The absence of detectable T-type currents in whole-cell patch-clamp recordings already
implied that CaV3.2 was the only T-type calcium channel present in adrenocortical cells.

In order to further confirm its role for calcium oscillations in ZG cells, adrenal slice prepa-
rations were subjected to the T-type calcium channel inhibitor TTA-P2131. The effect in
both genotypes was again studied using calcium imaging. TTA-P2 was employed at a
concentration of 15 µmol/l, slightly exceeding the concentration previously administered to
ZG cells82. At this concentration, an almost complete inhibition of all T-type calcium chan-
nels is expected while the inhibiton of L-type channels is anticipated to be less than 10%132.

In the presence of TTA-P2, ZG cells from KO mice exhibited unaltered oscillatory cal-
cium fluctuations (Fig. 27A). This further implies the absence of other T-type channels.
Treatment of WT slices resulted in a mixed response where some cells showed continued
calcium spiking (Fig. 27B), while other became completely quiescent (Fig. 27C). In general,
approximately 34% of the WT cells maintained their activity (Fig. 27D, data in Table A10-11)
significantly decreasing the mean activity compared to untreated controls (Fig. 27E, data
in Table A12). In contrast, the KO cells remained unaffected relative to controls (Fig. 27E,
data in Table A13; Fig. 27F, absolute data in G).

Interestingly, WT cells that maintained their activity in the presence of TTA-P2 exhibited
an increased intra-burst frequency (Fig. 28A, data in Table A14; absolute data in 28B and
C, data in Table A15), reminiscent of but still below the level observed in KO cells.

These results confirm the important role of CaV3.2 in generating calcium spikes in WT
mice. Moreover, it is evident that alternative calcium influx pathways must exist that can
sustain calcium oscillations even in the absence of T-type calcium channels. These mech-
anisms are present in at least a subset of the WT cells and may contribute to the calcium
oscillations observed in KO cells.
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Figure 27. TTA-P2 does not affect calcium spiking in CaV3.2 KO ZG cells and only partially
inhibits calcium oscillations in WT ZG cells of mice. (A-C) Changes in Ca2+ spiking recorded
in one representative KO (A) and two WT (B-C) ZG cells. Adrenal slices were stained with Calbryte
520 AM and recorded at 4 mmol/l K+ and 500 pmol/l Ang II. Grey bars indicate TTA-P2 application.
(D) Fraction of ZG cells in a slice that still exhibited calcium spike activity under 15 µmol/l TTA-P2
(determined in the time span from 5.5 to 7.5 minutes after addition of TTA-P2, indicated by the black
line in (E) compared to the number of active cells before addition of TTA-P2 (from -2 to zero minutes,
indicated by the black dashed line in (E)). This value was significantly decreased in WT slices but not
KO slices compared to respective untreated controls. (E) In WT but not KO ZG cells calcium spike
activity (in 0.5 minutes bins) was lowered by 15 µmol/l TTA-P2 (indicated by the grey bar, circles:
mean) when compared to untreated controls (triangles: mean; shaded area: 95% CI). (F) Relative
activity between 5.5 and 7.5 minutes after the start of the perfusion was significantly reduced by 15
µmol/l TTA-P2 in WT but not KO cells (absolute data in G). Individual values per slice and cell are
shown as larger and smaller circles, respectively. Overall mean values over slices in D, F and G
are shown as white circles ± 95% CI (error bars). Data in (F) were calculated relative to untreated
control recordings. Values per genotype were tested against respective controls (likelihood ratio test
of linear mixed models).
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Figure 28. WT but not CaV3.2 KO cells showed a significantly changed intra-burst frequency
upon perfusion with 15 µmol/l TTA-P2, when compared to corresponding controls. (A) Only
cells that remained active at 15 µmol/l TTA-P2 are shown (absolute data in (B) and (C). Data are
shown as overall mean per group (white circle) ± 95% CI (error bars). Individual values of cells and
slices are shown as smaller and larger spots, respectively. Values per genotype were tested against
respective controls (likelihood ratio test of linear mixed models).

4.1.6 L-type calcium channels mediate calcium signals in the ZG of
CaV3.2 KO mice

The expression data from WT mice obtained by RNA-sequencing showed that not only T-
type channels were expressed by the adrenal cortex but also L- and, although to a lesser
extent, N- and P/Q type calcium channels.

In order to assess the importance of L-type channels for calcium signaling in the ZG of
WT and KO mice, adrenal slices were treated with the specific L-type channel inhibitor,
isradipine, and calcium imaging was conducted.

Isradipine belongs to the dihydropyridine class of compounds, characterized by the pres-
ence of a dihydropyridine ring in its chemical structure, a common motive shared by calcium
channel blockers. Unlike other dihydropyridines, Isradipine targets L-type channels CaV1.3
and CaV1.2 with an equal potency and is a clinically approved drug for the treatment of high
blood pressure133–135.

The concentration of isradipine was chosen to target L-type calcium channels with a high
specificity133,134,136,137. A concentration of 0.05 µmol/l was used, which may not entirely
suppress CaV1.3 activity (only around 70% inhibition) but should not have an impact on
non-L-type calcium channels.
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Figure 29. The L-type inhibitor isradipine inhibits calcium spikes in CaV3.2 KO but not WT
cells. (A-B) Changes in Ca2+ spiking recorded in one representative CaV3.2 KO (A) and WT (B)
ZG cell from adrenal slices. Slices were stained with Calbryte 520 AM and recorded at 4 mmol/l
K+ and 500 pmol/l Ang II. Application of isradipine (0.05 µmol/l, indicated by the grey bars) inhibits
calcium spikes in almost all KO but not WT cells. (C) Fraction of cells in a slice that are still active
at 0.05 µmol/l isradipine (time span from 5.5 to 7.5 minutes after addition of isradipine, indicated
by the black line in D) compared to cells at zero isradipine (from -2 to 0 minutes, indicated by the
black dashed line in D) was significantly decreased in KO but not WT when compared to control.
(D) Calcium spike activity (in 0.5 minutes bins) of ZG cells from KO but not WT adrenal slices, was
lowered by 0.05 µmol/l isradipine (indicated by the grey bar, mean: circle; shaded area: 95% CI).
Data in C are shown as overall mean per group (white circle) ± 95% CI (error bars). Individual
values of cells and slices are shown as smaller and larger spots, respectively. Values per genotype
were tested against respective controls (likelihood ratio test of linear mixed models).

In CaV3.2 KO mice, the use of isradipine resulted in a substantial reduction in calcium
spiking, characterized by a gradual onset of inhibition, while having nearly no impact on
WT cells (Fig. 29A and B). At a concentration of 0.05 µmol/l isradipine may not entirely
inhibit the activity of L-type channels. Consequently, a significant decrease in active cells
to approximately 32% (Fig. 29C, data in Table 16-17) and the overall activity was observed
between 5.5 to 7.5 minutes after the initiation of perfusion (Fig. 29D, data in Table A18).

In contrast, during the same time period, the majority of WT cells remained active and
unaffected (Fig. 29C-D, data in Table A19; Fig. 30A, absolute data in B). Additionally, the
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inhibition of L-type channels had no impact on the intra-burst frequency in neither WT nor
KO cells that maintained their activity in the presence of isradipine (Fig. 30C and D, data in
Table A 16-17, A20).

In summary, these findings suggest that L-type calcium channels play an essential role
in maintaining calcium signals in mice that lack CaV3.2. However, no significant changes in
calcium spiking in WT ZG cells were observed in the presence of L-type channels inhibitors
alone.

Figure 30. Isradipine lowered activity in CaV3.2 KO but not WT ZG cells while the intra-burst
frequency remained unaffected in both genotypes. (A) Calcium spike activity (relative to control)
was significantly changed by isradipine in KO but not WT (absolute data in (B). (C-D) intra-burst
frequency was unchanged upon perfusion with 0.05 µmol/l isradipine in WT and KO cells compared
to control. Only cells that remained active at 0.05 µmol/l isradipine were analyzed and shown in C
and D. Data is shown as overall mean per group (white circle) ± 95% CI (error bars). Individual
values of cells and slices are shown as smaller and larger spots, respectively. Values per genotype
were tested against respective controls (likelihood ratio test of linear mixed models).
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4.1.7 Both L- and T-type calcium channels are necessary for the
generation of Ang II induced calcium oscillations

The selective suppression of T-type calcium channels exclusively in WT cells and L-type
calcium channels solely in KO cells indicated a crucial role of these two calcium channel
types in generating calcium signals. It is, however, possible that other calcium channels are
also involved in generating [Ca2+]i oscillations. To further investigate this hypothesis, we
simultaneously blocked T- and L-type calcium channels.

Figure 31. Inhibition of L- and T-type calcium channels simultaneously fully abolishes cal-
cium signals. (A) Changes in fluorescence intensity recorded from one representative WT ZG cell
from an adrenal slice stained with Calbryte 520 AM and recorded at 4 mmol/l K+ and 500 pmol/l Ang
II. Application of both TTA-P2 (5 µmol/l) and isradipine (0.3 µmol/l) simultaneously abolishes calcium
spikes. (B) Calcium spike activity (in 1-minute bins) of WT ZG cells was decreased by TTA-P2 (5
µmol/l) and isradipine (300 nmol/l) (mean: blue circle). Grey bars indicate the application of the
inhibitors. Activity of control cells (no application of inhibitors) is shown as grey triangles (shaded
areas represent 95% CI). The last two minutes of each condition comprising inhibitors of the record-
ing (steady-state phase) are highlighted with color-coded lines (used in Fig. 32).
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The experimental protocol comprised two phases: first, a 10-minute period during which
only the T-type calcium channel inhibitor TTA-P2 was perfused, followed by another 10
minutes during which TTA-P2 was supplemented with isradipine to additionally block L-type
calcium channels (Fig. 31). To ensure a more specific inhibition of T- over L-type channels,
we reduced the concentration of TTA-P2 to 5 µmol/l. Additionally, the concentration of
isradipine was increased to 300 nmol/l to achieve complete inhibition of CaV1.3133.

Figure 32. Application of both inhibitors reduced the number of active cells per slice. (A)
Fraction of cells in a WT adrenal slice that were active during the steady-state phases as indicated
in Fig 31B compared to untreated controls (grey). (B) Calcium activity in ZG cells from WT adrenal
slices during the steady-state phases as highlighted in Fig 31B (absolute data in (C)). (D) Intra-burst
frequency of WT cells during the green steady-state phase as indicated in Fig 31B relative to controls
(absolute data in (E), only cells that are active during the green phase are shown). White circles
show overall mean of slices per group. Colored circles in show mean values of slices (green or pink:
WT; grey: WT control). For control, cells were perfused without calcium channel inhibitors. The
color of the mean values correspond to the color-coded intervals in Fig. 31B. Values per genotype
were tested against respective controls (likelihood ratio test of linear mixed models).
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Although there was a possibility of some non-specific inhibition of T-type channels, this
was considered to be tolerable in this context due to the parallel incubation with TTA-P2.

In concordance with the findings observed at higher concentrations, the presence of TTA-
P2 alone resulted in an incomplete reduction in activity (Fig. 31A and B, data in Table A21).
Also, the number of active cells (Fig. 32A) as well as the activity (Fig. 32B, absolute data
in C) was reduced (data in Table A22-23). The intra-burst frequency of cells with remaining
activity during inhibition with TTA-P2 was increased (Fig. 32D, data in Table A24; absolute
data in E, data in Table A25) similar to the observation presented previously in Fig. 28A-B.

However, when isradipine was added, all signals ceased, clearly indicating that the com-
bination of both, T-type and L-type calcium channels is indispensable for calcium oscilla-
tions in the WT ZG and cannot be substituted by other calcium channels.

4.1.8 Only T- and L-type channels mediate Ang II-stimulated
increases in calcium levels in murine ZG

Up until now, this study has been focused solely on examining oscillatory calcium fluctua-
tions triggered by Ang II stimulation, However, it is possible that non-oscillatory increases
in [Ca2+]i may be mediated by alternative calcium sources such as intracellular stores or
other calcium channels.

To test this hypothesis, the mean and baseline levels of the [Ca2+]i were assessed over
time. The baseline was defined as the [Ca2+]i during pauses, i.e. segments lacking calcium
spikes.

The experimental procedure consisted of four sequential phases. Initially, there was a
5-minute period during which a buffer solution devoid of Ang II and inhibitors was perfused.

Subsequently, there was a 10-minute stimulation with 100 pmol/l Ang II. Following this,
inhibitors were introduced into the perfusion solution to effectively inhibit both T-type and
L-type channels. For control recordings, cells were not exposed to inhibitors.

After a further 10 minutes, the concentration of Ang II was elevated to 500 pmol/l in both
experimental groups.

In the absence of Ang II, ZG cells showed almost no Ca2+ spikes, and mean and baseline
[Ca2+]i were indistinguishable (Fig. 33A-B and 34A-B, data in Table A26-28). When the
extracellular concentration of Ang II was increased to 100 pmol/l, cells exhibiting oscillatory
activity became identifiable. This led to an elevation of the mean [Ca2+]i above the baseline
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values (Fig. 34A-B).
Subsequent perfusion with a combination of 5 µmol/l TTA-P2 and 300 nmol/l isradipine for

10 minutes inhibited [Ca2+]i oscillations as observed previously. The mean (and, of course,
baseline) [Ca2+]i decreased to levels similar to those observed before the stimulation with
Ang II (Fig. 34A and B).

Further increasing the concentration of Ang II to 500 pmol/l failed to elevate [Ca2+]i as
well as the time spent bursting when both T- and L-type calcium channels were still inhibited
(Fig. 34C, data in Table A29).

These findings indicate that increases of [Ca2+]i due to Ang II are solely attributed to the
oscillatory entry of calcium through T-type (CaV3.2) and L-type (CaV1.2/CaV1.3) calcium
channels. Other sources, such as alternative calcium channels or intracellular stores, do
not seem to play a role in these increases.

Figure 33. Ang II elicited calcium oscillations are mediated by T- and L-type channels. (A)
Representative trace of intracellular calcium concentrations of a ZG WT cell. Slices were stained
with Fura-2-AM to asses the abolute [Ca2+]iand were recorded at varying concentrations of Ang
II (indicated by the grey bars) without inhibitors (control). (B) Representative trace of intracellular
calcium concentrations of a ZG WT cell. Adrenal slices were stained with Fura-2-AM-stained. The
[Ca2+]i was measured at varying concentrations of Ang II and with or without the presence of in-
hibitors TTA-P2 (5 µmol/l) and isradipine (300 nmol/l) as indicated by the grey bars. Empty and filled
bars on the bottom of the trace in A and B indicate baseline and burst phases, respectively.
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Figure 34. Only T- and L-type channels mediate Ang II-evoked increases in [Ca2+]i. (A) Mean
intracellular calcium concentrations (circles; ± 95% CI, shaded areas) at 4 mmol/l K+of ZG cells
stained with Fura-2-AM. Ang II-evoked increase in [Ca2+]i was abolished by 5 µmol/l TTA-P2 and
300 nmol/l isradipine. Further increase in Ang II concentration did not lead to an increase of [Ca2+]i
in the presence of inhibitors (blue; corresponding untreated control:grey). Mean [Ca2+]i during
baseline phases (no spkikes) are indicated by crosses (light blue: treated, light grey: untreated
control). Application of Ang-II at varying concentrations and inhibitors is indicated by the grey bars.
(B) Mean [Ca2+]i of ZG cells stained with Fura-2-AM before and during perfusion with both inhibitors
TTA-P2 (5 µmol/l) and isradipine (300 nmol/l) at different Ang II concentrations as highlighted by the
black bars in A (grey: untreated controls). Mean values for each slice and cell are shown as larger
and smaller circles, respectively. Overall means per group are shown as white circles ± 95% CI.
(C) Time spent bursting of ZG cells before and during perfusion with both inhibitors at varying Ang
II concentrations as highlighted by the black bars in A (blue: treated cells, grey: untreated controls,
error bars: 95% CI).
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4.2 Cacna1h KI Mice exhibit elevated baseline and peak

zona glomerulosa calcium levels.

The data in this section has additonally been published in83

Gain-of-function mutations in the CACNA1H gene underlie familial hyperaldosteronism
type IV (FH-IV) and cause early-onset hypertension in humans62. The Cacna1hM1560V/+

knockin (Cacna1h KI) mice serve as an animal model for the most prevalent mutation ob-
served in FH-IV83. The KI mice exhibit a mild form of primary aldosteronism, characterized
by elevated aldosterone-to-renin ratios compared to wildtype mice. Furthermore, the KI
mice exhibit an 8 mmHg increase in systolic blood pressure and show heightened adrenal
aldosterone synthase expression, which is associated with elevated intracellular calcium
concentrations in ZG cells138 (see Introduction section 1.5).

To investigate the impact of the M1560V mutation on calcium signaling at the cellular
level, calcium imaging experiments were conducted using adrenal slices from Cacna1h KI
mice (mice with the mutation) and wildtype mice. Non-ratiometric (Calbryte 520 AM) and
ratiometric (Fura-2 AM) fluorescent calcium indicators were employed, with the latter allow-
ing the measurement of absolute intracellular calcium concentrations (see Methods section
3.2). Using calcium imaging, individual calcium spikes and bursts of activity in both geno-
types were observed.

Mean overall calcium concentrations were evaluated at different stimulus concentrations
(3 and 5 mmol/l K+), with each concentration tested in the absence and presence of 20 and
1000 pmol/l Ang II. Calcium levels were significantly higher in Cacna1h KI mice compared
to WT mice at all tested concentrations of stimuli (Fig. 35A, data in Table A30). In contrast,
the mean activity was not significantly increased in Cacna1h KI mice (Fig. 35B, data in
Table A31).

At high Ang II levels (1000 pmol/l), the activity was even significantly reduced. This
decrease in overall calcium activity in KI mice under high Ang II levels was attributed to
lower frequencies of oscillations during bursts (Fig. 35C, data in Table A32), shorter burst
durations (Fig. 35D, data in Table A33), and fewer bursts (Fig. 35E, data in Table A34),
collectively leading to the observed decrease in activity.

Additionally, intracellular calcium concentrations during the baseline (segments without
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spikes) and peak of a spike were examined separately. In the absence of Ang II, calcium
spikes occurred infrequently, making statistical analysis of peak values challenging. How-
ever, baseline calcium levels were significantly elevated in KI mice at both 3 and 5 mmol/l
K+ (Fig. 36A and B, data in Table A35-36). Upon the addition of Ang II (20 and 1000 pmol/l),
baseline and peak intracellular calcium levels were significantly increased in KI mice at both
3 and 5 mmol/l K+.

Figure 35. Cacna1h KI mice exhibit higher [Ca2+]i than wild-type controls. (A) Mean [Ca2+]i
of ZG cells from Fura-2-AM stained adrenal slices during perfusion with solutions containing the
indicated K+ and Ang II concentrations. Mean activity (B), intra-burst frequency (C), burst length (D)
and number of bursts (E) of ZG cells from Fura-2-AM stained adrenal slices during the correspond-
ing perfusion. Data in A and B are shown as bars (mean) ± SD. Box plots in C-E follow Tukey-style
(see Methods section 3.9)

.
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Figure 36. Baseline and peak calcium levels were significantly elevated in Cacna1h KI
mice.(A-B) Mean values for the baseline and peak [Ca2+]i in ZG cells from adrenal slices stained
with Fura-2-AM are shown for the indicated combinations of K+ and Ang II concentrations. Data are
shown as bars (mean) ± SD.

Using Calbryte 520 AM for higher temporal resolution, average time courses of individual
spikes were obtained, which then were normalized to the mean baseline and peak values
obtained from Fura-2 AM recordings (Fig. 37A). The kinetics of the rise to peak and the
fall to baseline calcium concentrations were obtained by fitting with exponential functions.
The interval between the beginning and the peak of each spike was fit with an exponential
function leading to the time constant of the activation. The interval between the peak and
the end of each spike was fit with an exponential function resulting in the time constant of
the deactivation. The time constants for the activation and inactivation were not significantly
different between KI mice and WT mice (Fig. 37B and C, data in Table A37-38).

Based on this data, it appears that the M1560V mutation leads to alterations in calcium
signalling in Cacna1h KI mice, resulting in increased mean overall calcium levels due to
elevated baseline and peak calcium levels. However, the frequency of calcium spikes and
the kinetics of calcium rise and fall during spikes do not seem to be affected by the mutation.
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Figure 37. The kinetics of calcium spiking are unchanged between genotypes. (A) Mean
spikes were obtained at 3 (left) and 5 (right) mmol/l K+ at 1 nmol/l Ang II (thick lines) from ZG cells
stained with Calbryte 520 AM and recorded with a frame rate of 50 frames/s. The fluorescence
intensity of all spikes was normalized to the baseline and peak values obtained by the Fura-2 AM
recordings. The SD is indicated by the thin lines. (B) The interval between the beginning and
the peak of each spike was fit with an exponential function resulting in the time constant of the
activation. (C) The interval between the peak and the end of each spike was fit with an exponential
function resulting in the time constant of the deactivation. The likelihood ratio test does not indicate
statistically significant differences in values. Box plots follow the Tukey-style (see Methods 3.9).
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4.2.1 Calibration of Fura-2 in ZG cells of adrenal slices

In order to asses [Ca2+]i based on the ratio of fluorescence intensities at 340 nm and 380
nm it is necessary to perform a calibration to obtain the dissociation constant Kd. The
calibration was performed under conditions similar to those used in the calcium imaging
experiment to ensure accurate conversion of fluorescence ratios into [Ca2+]i (see Methods
section 3.2).

340/385 nm ratios were measured at fixed Ca2+concentrations and the data were fit with
a Hill equation to obtain the Kd (Fig. 38A). Representative recordings of the 340/385 nm
ratios are shown in (Fig. 38B). The calibration of Fura-2 in ZG cells revealed a high Kd of
aprox. 2 µmol/l.

The discrepancy between the measured Kd value and the literature-reported value (224
nmol/l)110 could be attributed to differences in factors such as pH and temperature139,140.
Moreover, adrenal cells, being the site of steroidogenesis with cholesterol as the primary
source of steroidogenic substrate, display elevated lipid concentrations141. Differences in
lipid content may potentially have contributed to the observed variations in Kd values.
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Figure 38. A. Plot of the measured 340/385 nm ratios at fixed Ca2+concentrations. [Ca2+]i were
controlled by using ionomycin and extracellular solutions with known Ca2+concentrations. The mean
of the ratio in the absence of calcium is shown as a thick blue horizontal dashed line with the
standard deviation (SD) as thinner lines. For all other concentrations means are shown as circles ±
SD (for sample sizes larger than 1). Data were fit using the Hill equation to yield a Kd (intersection of
the black lines). B. Representative examples of the measured 340/385 nm ratios over time starting
at the beginning of the incubation with ionomycin at variing Ca2+concentrations of the extracellular
solution. Colors correspond to Ca2+concentrations in A.
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4.3 Cacna1d KI mice response to treatment with

isradipine

The data presented in this section has also been published in104. The basal characterization
of the Cacna1d KI mice will be incorporated in Marina Volkert’s upcoming dissertation.
Therefore, only a brief overview of these results, which will be discussed more extensively
in her dissertation, is included in the following subsection 4.3.1.

My specific contributions consisted of conducting and analyzing calcium imaging experi-
ments on ZG cells from Cacna1d KI mice with and without isradipine, isradipine treatments
in Cacna1d KI mice and subsequently performing behavioral studies and blood and organ
sample collection. The outcomes of these efforts are presented in section 4.3.2 and section
4.3.3 and are discussed in section 5.3 of this dissertation.

4.3.1 Characterization of the phenotype of Cacna1d KI mice

This subsection provides a short summary of the phenotype characterization covered in
the dissertation of Marina Volkert and has also been published in104.

De novo germline mutations in the CACNA1D gene are observed in a syndrome charac-
terized by primary aldosteronism, seizures, and neurologic abnormalities (PASNA)52,142,143.

To investigate whether one of these mutations is sufficient on its own to induce PASNA
syndrome, a Cacna1d KI mouse model was generated. It was observed that these mice
exhibit signs of the PASNA syndrome such as primary aldosteronism, increased suscepti-
bility to seizures (when induced by ketamine and xylazine, a combination used as an anes-
thetic), and neurologic abnormalities including motor deficits and mild social impairment104.
They demonstrated elevated aldosterone-renin-ratios when compared to WT. Additionally,
Cacna1d KI mice exhibted elevated transcript levels of Cyp11b2, the gene encoding the al-
dosterone synthase, which catalyzes the last step in the aldosterone synthesis (see Fig. 8).
Even during a high-salt diet, which should physiologically reduce the activity of the Renin-
Angiotensin-Aldosterone-System, aldosterone levels remained elevated in these mice, con-
firming the presence of primary aldosteronism. On the molecular level, mean and baseline
(phases without spikes) [Ca2+]i in glomerulosa cells of Cacna1d KI mice were elevated,
while the frequency of spiking and bursting parameters remained mostly unchanged.

To investigate the potential pharmacologic reversibility of both adrenal and neurologic
phenotypes, the Cacna1d KI mouse model was subjected to the L-type calcium channel
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inhibitor isradipine.

4.3.2 Isradipine lowers intracellular calcium levels in ZG cells of WT
and Cacna1d KI mice.

Isradipine has demonstrated efficacy in significantly attenuating calcium spike activity in ZG
cells lacking the T-type channel CaV3.2 (Fig. 29 and 31). These observations provided the
motivation for exploring the potential of isradipine to lower the elevated [Ca2+]i observed in
Cacna1d KI ZG cells.

Isradipine was applied to adrenal slices at concentrations of 50 nmol/l, which can be
reached in mouse plasma through subcutaneous delivery with osmotic minipumps. Addi-
tionally, a concentration of 300 nmol/l was employed, which, in a heterologous expression
system, demonstrated inhibitory effects on nearly all CaV1.3 channels133.

Cacna1d KI ZG cells responded with a decrease in the overall mean [Ca2+]i, while in WT,
only a small and likely physiologically irrelevant decrease was observed (Fig. 39A, data in
Table A39). Interestingly, [Ca2+]i in KI cells was lowered to approximately the levels seen
in untreated WT cells.

The baseline [Ca2+]i was separated from the overall mean [Ca2+]i and represents phases
lacking calcium spike activity. Isradipine lowered baseline [Ca2+]i in KI but not WT ZG cells
(Fig. 39B, data in Table A39).This suggests that the mutated CaV1.3 channels may display
an increased minimal open probability, resulting in elevated baseline influx of Ca2+.

Figure 39. Isradipine reduces mean baseline and overall [Ca2+]i in Cacna1d KI mice. (A) Mean
[Ca2+]i of ZG cells stained with Fura-2-AM at varying concentrations of isradipine. (B) Mean [Ca2+]i
during baseline (phases without caclium spking) of ZG cells stained with Fura-2-AM at varying
concentrations of isradipine. Cells were recorded at 4 mmol/l K+ and 100 pmol/l Ang II. Data are
represented as mean ± 95% CI
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4.3.3 Cacna1d KI mice respond to oral therapy with isradipine

Osmotic minipumps are often used to deliver drugs continuously and at controlled rates
to unrestrained laboratory animals144. However, the implantation of these minipumps rep-
resents a distressing invasive procedure. Due to an already heightened mortality rate in
Cacna1d KI mice104, an oral administration of isradipine was chosen instead.

Isradipine is approved for hypertension therapy in humans and slow-release formulations
exist. With these, dosage can be reduced to once daily145.

Oral administration of slow-release isradipine (see methods Section 3.6) in mice may
represent a viable therapeutic strategy for mice. Isradipine is contained within a matrix al-
lowing for slow release once in contact with liquids. Drug uptake, inactivation and excretion
can differ significantly between rodents and humans. A typical dosage in humans is 10 mg
isradipine per day, resulting in a dosage around 0.15 mg/kg body weight/day.

In discussion with Prof. Jörg Striessnig (Institute of Pharmacology, University of Inns-
bruck), a much higher concentration (12.5 mg/kg body weight/day) was chosen based on
previous reports146. This is likely required due to a lower oral availability and significantly
higher clearance of dihydropyridines such as isradipine in rodents.

In this study, the required amount of slow-release isradipine in sweetened yogurt was
administered once daily. The randomized allocation of mice into either the isradipine treat-
ment group or the control group was carried out using a custom Python script.

Blinding procedures for the administration of yogurt (with or without isradipine) to the
mice were implemented. This was achieved by having separate personnel handle the yo-
gurt preparation and feeding. However, it was not feasible to blind the experimenters to
the mice’s genotypes because distinct physical characteristics among the mice made their
genotypes apparent (see Methods section 3.6).

Both the treatment group and the placebo group (receiving sweetened yogurt only) showed
rapid and voluntary ingestion of the yogurt. Mice that repeatedly did not consume the yo-
gurt were excluded from further analysis. After a two-week treatment phase, the treatment
was continued while behavioral tests were conducted to evaluate its impact on neurologic
behavior. Rotarod testing was performed approximately 4 hours after yogurt or isradipine
feeding, a time corresponding to the peak plasma levels in humans. In WT animals, there
was no significant difference in rotarod performance between the therapy group and the
placebo group (Fig. 40A,data in Table A40). In contrast, Cacna1d KI mice treated with is-
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Figure 40. Isradipine treatment lead to an improved performance in the rotarod experiment
in Cacna1d KI mice. (A) The rotarod test was conducted 4 h after the last isradipine dose. Treated
(+) Cacna1d KI mice (Het) show a significant improvement in performance to untreated controls
(-). The performance of wild-type mice was not affected. The total track length assessed in the
Open Field Test (B) and the nest-building performance (C) was not change by isradipne treatment
in either genotype. These tests were conducted 18 hours after the last dose, a time when trough
plasma levels are expected. (D) Assesment of aldosterone levels in blood serum samples collected
20 h after the last isradipine dose. Aldoseteron levels in treated Cacna1d KI mice were lower relative
to untreated controls. Values were normalized to the mean of untreated mice of the corresponding
genotype. Colored circles represent values of individual animals. Black circle and error bars indicate
mean values per group and 95% CI. (E) Absolute data of D). Box plots follow the Tukey-style (see
Methods 3.9)

.

radipine spent, on average, 68% more time on the rod than Cacna1d KI mice that received
the placebo, although their absolute performance did not reach WT levels.
No notable effect was observed in the tracklength assessed in the open field test, that was

conducted 18 hours after the last dose, a time when trough plasma levels are expected147

(Fig. 40B, data in Table A41). Similarly, there was no change in nest-building performance,
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as the test covered both peak and trough plasma levels of isradipine (Fig. 40C, data in
Table A42).

Aldosterone levels were assessed through terminal blood collection approximately 20
hours after the last dose. Treatment resulted in a reduction of serum aldosterone in KI mice
relative to untreated controls, but not in WT mice (Fig. 40D, absolute data in E and Table
A43).

Renin concentrations could not be evaluated due to the use of isoflurane148 for anesthe-
sia to prevent the induction of seizures.

Furthermore, isradipine levels were evaluated in terminal blood samples approximately
20 hours after the final dose. Unfortunately, no traces of isradipine were detected in the
blood samples. This outcome is likely attributable to the administration of only a single
dose within a 24-hour period, resulting in a considerable time gap between the last dose
and the sample collection. Other studies have demonstrated that administering isradipine
twice daily yields measurable levels of isradipine149.
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5.1 Calcium signals in Cacna1h KO mice

The zona glomerulosa is a complex system that regulates the synthesis of aldosterone in
response to various stimuli71. Previous studies have proposed that most of these factors,
including serum potassium and Ang II, lead to oscillatory calcium influx into ZG cells by de-
polarizing the cell membrane71 and also by releasing calcium from intracellular stores150,151.
These depolarizations were previously reported to depend critically on the voltage-gated T-
type calcium channel CaV3.225. However, it is not the change in voltage itself, but rather the
influx of calcium, that is essential for the physiological function of the ZG.

It is likely that these calcium oscillations in the ZG are caused by depolarizations as they
exhibit similar frequencies and stimulus dependence (Fig. 10 )81–83. Contrary to expecta-
tions if CaV3.2 were solely responsible for maintaining calcium signaling, knock-out mice
did not exhibit reduced aldosterone levels (Fig. 12B)83,84. However, these studies focused
on systemic effects in KO mice, and compensatory secondary mechanisms (e.g., activation
of the RAAS or up-regulation of other calcium influx pathways in the ZG) may have miti-
gated the loss.

Therefore, this study aimed to investigate the mechanisms governing calcium influx in the
ZG of mice lacking the CaV3.2 channel using acute slice preparations and isolated adreno-
cortical cells.

The loss of CaV3.2 in KO mice had minimal impact on calcium signaling (Fig. 22). Al-
though there was a slight increase in spiking activity (Fig. 23), the average levels of [Ca2+]i
the ZG were similar to those in WT mice explaining why aldosterone levels remained un-
changed (Fig. 24).

It was suggested that other T-type channels might compensate for the absence of CaV3.2
and play a role in aldosterone synthesis84. However, RNA-seq data (Fig. 25) did not indi-
cate significant expression of T-type channels other than Cacna1h in the adrenal cortex of
WT mice.
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Furthermore, adrenocortical cells from KO mice lacked T-type currents (Fig. 26). Addi-
tionally, perfusion of adrenal slices from KO mice with the T-type inhibitor TTA-P2 did not
cause alterations in calcium signaling (Fig. 27). This supports the notion that CaV3.2 is the
only relevant T-type voltage-gated calcium channel in the ZG.

On the other hand, inhibition of L-type calcium channels with isradipine almost completely
suppressed calcium oscillations in KO mice (Fig. 29), revealing the critical role of L-type
calcium channels, particularly CaV1.3 and CaV1.2, the most prominently expressed L-type
calcium channels in the murine and human adrenal cortex (Fig. 25A).

No indications of compensatory upregulation of L-type or any other calcium channels or
transporters were found in KO mice (Fig. 25B-C).

Patch-clamp experiments showed similar voltage dependence and amplitudes between
WT and KO excluding significant post-translational changes to voltage-gated calcium chan-
nels (Fig. 26).

In addition to the chronic loss of CaV3.2 observed in this knockout model, this study
additionally demonstrates that physiological calcium signaling in the ZG is not exclusively
reliant on CaV3.2. Acute inhibition of T-type voltage-gated calcium channels using the spe-
cific blocker TTA-P2 in WT mice only partially reduced activity by approximately 20% (Fig.
27D-G).

Complete inhibition of [Ca2+]i oscillations could only be achieved by simultaneous block-
ade of L-type calcium channels with isradipine (Fig. 31). In contrast, acute inhibition of
L-type channels alone did not impact calcium spiking (Fig. 29).

These findings suggest that the generation of oscillations in WT ZG cells primarily de-
pends on CaV3.2.

Still, following acute inhibition of T-type calcium channels with TTA-P2, L-type channels
can sustain some level of calcium signaling in WT cells (Fig. 27 and 31). Cells that maintain
activity after CaV3.2 inhibition displayed higher intra-burst frequencies compared to before
inhibition (Fig. 28C-D, 32D-E), indicating that a similar mechanism to that observed in KO
cells is also present in a subset of WT cells.

According to murine single-nuclear RNA-seq data (unpublished data by Secener and
Scholl), CaV1.2 expression is observed in all ZG cells, whereas transcripts for CaV1.3 were
not detected in all ZG cells. The absence of CaV1.3 transcripts may be attributed to lower
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expression levels and reduced sensitivity of single-nuclear sequencing. The reason why no
L-type currents were observed in ZG cells in the study by Hu et al., even with stimulation
using the L-type channel activator Bay K864425, remains confounding.

In contrast, the present study recorded L-type currents in all cells using whole-cell patch-
clamp recordings, even without additional stimulation (Fig. 26B). While the discrepancy
could be explained by differences in cell preparation methods (in-situ patch-clamp of ZG
cells25 versus dissociated adrenocortical cells in this study), the results from calcium imag-
ing experiments and single-nuclear RNA-seq clearly support the relevance of L-type cal-
cium channels in generating and maintaining calcium oscillations in the ZG of both geno-
types in situ as well.

Prior research has already established the significance of L-type channels in the dis-
eased ZG through studies identifying somatic gain-of-function mutations in CaV1.3 in in-
dividuals with primary aldosteronism52,88. Additionally, previous reports suggest that al-
dosterone synthesis in human ZG relies on both, T- and L-type calcium channels63,152.
However, it remains uncertain whether human ZG cells display comparable voltage and
intracellular calcium ([Ca2+]i) oscillations to those observed in mice. Species differences
in ion channels appear to be primarily related to the composition of potassium channels,
while the expression of calcium channels remains relatively similar.

The [Ca2+]i oscillations in KO mice were observed to be faster than in WT mice (Fig.
23B), and this remains unexplained in this study. The mechanisms underlying the initiation
and termination of oscillations beyond CaV3.2 and background potassium channels are
not yet fully understood. The oscillatory cycle model involves various ion conductances to
describe the membrane potential during a spike (see Fig. 11)79.

At the beginning of the cycle (resting potential approx. -85 mV), depolarizing conduc-
tances trigger the opening of low voltage-activated CaV3.2 channels, leading to further de-
polarization of the membrane potential. This depolarization enables the activation of high
voltage-activated channels (L-type channels). The influx of Ca2+ activates Ca2+-dependent
channels, which then restore the membrane potential to -85 mV, preparing for another os-
cillatory cycle.

This study confirms the notion that additional conductances are involved in the initial
depolarization in WT mice since L-type channels require an even stronger depolarization
to be activated than T-type channels. T- and L-type calcium channels are most likely un-
able to drive depolarization from a potassium-defined resting membrane potential on their
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own. It has been demonstrated that the closure of TASK potassium channels mediates
Ang II-dependent depolarization, but still other conductances must be involved the initial
depolarization itself25,80,153,154.

Moreover, the mechanisms of terminating individual spikes and bursts of calcium oscilla-
tions remain unclear. In the gain-of-function Cacna1h KI mouse model, slower spiking was
observed (Fig. 35C)83. Considering that the knockout should generally lead to the opposite
effect, a speculation arises that the frequency of calcium spiking may be inversely linked to
[Ca2+]i. In the CaV3.2 KO model, this could contribute to maintaining physiological calcium
levels (and thus aldosterone synthesis).

Further research is necessary to fully comprehend the functional significance of potas-
sium channels and other conductances. Ideally, in situ electrophysiological studies should
be combined with simultaneous calcium imaging to investigate these aspects further. Un-
fortunately, such experiments could not be conducted in the present study.

Additionally, this study demonstrated that Ang II primarily modulates [Ca2+]i through al-
terations in the patterns of oscillations rather than by affecting baseline levels (Fig. 33 and
34). Simultaneous inhibition of T- and L-type calcium channels resulted in a complete ces-
sation of Ang II-dependent [Ca2+]i oscillations, as well as any changes in baseline [Ca2+]i.
These findings indicate that other calcium influx pathways, aside from VGCCs, do not play
a significant role in controlling aldosterone synthesis in response to Ang II.

The present study did not investigate whether the modulation of [Ca2+]i by K+ is similarly
dependent on VGCCs. The observation that a response to physiological changes in K+

only occurs in the presence of Ang II suggests this as a plausible assumption. However,
it is essential to note that even after inhibiting T- and L-type calcium channels, baseline
[Ca2+]i remained high compared to most other cell types.

Further, unpublished observations (by Dinh and Stölting) suggest that extracellular cal-
cium removal can further reduce baseline calcium levels, indicating the existence of other
calcium conductances (Fig. 41). These are not essential for the actions of Ang II or potas-
sium and are currently not fully understood.

In addition to uncovering the mechanisms of calcium signaling in the ZG and its role
in aldosterone production, these findings have significant implications for future pharma-
cological interventions. Targeting T-type calcium channels has been proposed as a po-
tential approach for treating primary aldosteronism or reducing aldosterone synthesis in
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Figure 41. WT ZG cells show absence of signals and lowered mean as well as baseline [Ca2+]i
upon removal of extracellular Ca2+. Changes in mean [Ca2+]i recorded from one representative
WT ZG cell from an adrenal slice stained with Fura-2 AM (upper panel) and the average of all
recorded cells (lower panel). Slices were initially perfused with BBS solutions (see Methods Table
3) containing 2 mmol/l Ca2+. The perfusion solution was then changed to BBS without Ca2+ but
supplemented with 1 mmol/l EGTA. Finally, the perfusion returned to the original conditions. Slices
were stimulated with 4 mmol/l K+ and 500 pmol/l Ang II during the whole recording. Data are
plotted as mean values of all cells (circles) ± 95% CI (shaded areas). Application of the different
extracellular Ca2+ concentrations is indicated by the grey bars.

general17. However, the data from this present study suggest that long-term treatment with
T-type channel inhibitors may be counteracted by calcium influx through L-type calcium
channels. This could explain why mibefradil, a preferential T-type channel inhibitor, did not
show sustained effects on aldosterone levels or blood pressure in vivo155,156. Nevertheless,
selectively blocking CaV3.2 or CaV1.3 channels in cases of primary aldosteronism caused
by gain-of-function mutations in these channels may still be a viable therapeutic strategy to
mitigate pathological calcium influx into the ZG52,83,88,104.

Interestingly, previous observations in the H295R cell line have shown that simultaneous
blockade of both L- and T-type channels, using unspecific inhibitors like benidipine157 or
efonidipine158, reduced aldosterone production. The potential extra-adrenal side effects of
such broad channel inhibition, however, need to be evaluated, making this approach subject
to further investigation.
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5.2 Cacna1h KI Mice exhibit elevated baseline and peak

zona glomerulosa calcium levels

Gain-of-function mutations in the CACNA1H gene are responsible for familial hyperaldos-
teronism type IV (FH IV) and early-onset hypertension in humans62. Mice that model FH
IV by carrying a heterozygous gain-of-function mutation in the Cacna1h gene, exhibit ele-
vated aldosterone:renin ratios, elevated blood pressure and increased adrenal aldosterone
synthase expression83.

Cacna1h KI adrenal slices showed increased baseline and peak intracellular calcium
concentrations in the ZG compared to WT controls(Fig. 36).

Activation and inactivation of T-type calcium channels, including CaV3.2, is regulated by
changes in membrane potential. As the voltage increases, the fraction of activated chan-
nels also increases in a sigmoidal manner, while the fraction of non-inactivated channels
decreases in a similar fashion. The intersection of these curves creates a small voltage
"window," which allows for a constitutive, non-inactivating current referred to as the "win-
dow current" (see Introduction Section 1.4 and Fig. 9). Previous studies have shown that
CaV3.2 channels carrying the M1549V mutation (the human ortholog) exhibit activation
curves shifted to more negative potentials, bringing them closer to the resting membrane
potential of ZG cells62. This shift results in a larger "window current" compared to the WT
channels. The increased constitutive current accounts for the higher intracellular baseline
calcium levels observed in Cacna1h KI mice (Fig. 36).

Furthermore, the mutation also resulted in impaired channel inactivation, potentially lead-
ing to increased calcium influx at more depolarized potentials (i.e., during peaks). Interest-
ingly, the spiking frequency was not elevated in Cacna1h KI mice (Fig. 35); in fact, it was
lower than in controls under supra-physiological concentrations of stimuli.

These findings align with previous reports suggesting that CaV3.2 is not the initiating con-
ductance in the depolarization phase (interspike interval) of the oscillatory cycle25. Studies
have shown that during the initial depolarization phase, the CaV3.2 current remains rela-
tively constant and small25, which could account for the stably elevated baseline calcium
levels observed in the mutant mice.

Furthermore, the observation that ZG cells lacking CaV3.2 are still capable of maintaining
calcium spikes mediated by L-type channels strengthens this proposition (Fig. 22, 29 and
31). Given that L-type channels require a stronger depolarization for activation compared
to T-type channels, it is likely that channels other than CaV3.2 are responsible for the initial
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depolarization that triggers rapid calcium influx during the spikes.

Consequently, a gain-of-function mutation in Clcn2, leading to indirect elevation of intra-
cellular calcium levels through glomerulosa cell depolarization, has been shown to cause
increased calcium spiking frequencies81,159. However, under supraphysiological stimula-
tion, lower spiking frequencies were observed, possibly due to two effects. Firstly, channels
carrying the M1549V mutation exhibit slower recovery from inactivation, leading to delayed
"availability" of the channel for the next spike62. Secondly, higher calcium levels in the
presence of mutant channels may activate Ca2+-dependent potassium channels, resulting
in cell hyperpolarization and a delay in the occurrence of the next spike160. Conducting
pharmacological investigations in the future could be essential for a more in-depth under-
standing of this effect.

In any event, the observed increase in baseline and peak calcium levels leads to an
overall rise in mean [Ca2+]i (Fig. 35 A), providing an explanation for the pathophysiology of
FH-IV and suggesting the applicability of a targeted CaV3.2 channel inhibition in alleviating
the pathological phenotype.

5.3 Cacna1d KI mice response to treatment with

isradipine

The Cacna1d KI mice model human PASNA syndrome, displaying primary aldosteronism,
heightened seizure susceptibility, and neurologic abnormalities, including motor deficits and
mild social impairment104. ZG cells in Cacna1d KI mice demonstrated increased [Ca2+]i,
while spiking and bursting parameters were mostly unchanged104. This study aimed to ex-
plore the potential reversibility of both adrenal and neurologic phenotypes using the calcium
channel blocker isradipine.

In adrenal slices the overall mean and baseline [Ca2+]i were reduced upon administration
of isradipine (Fig. 39).

Treatment of Cacna1d KI mice with isradipine lead to a partial response of PASNA syn-
drome features. During the rotarod experiment 4 hours after isradipine administration,
when peak plasma levels are expected, only KI mice exhibited improved performance (Fig.
40A). Furthermore, in Cacna1d KI mice, plasma aldosterone levels declined upon isradip-
ine treatment (Fig. 40D).

No significant impact was observed in the open field test conducted 18 hours after the
last dose (Fig. 40B), which corresponds to trough plasma levels. Similarly, nest-building
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performance remained unchanged during the test (Fig. 40C), which covered both peak and
trough plasma levels of isradipine.

Analysis of the baseline calcium concentrations outside of spiking events revealed that
isradipine only affected Cacna1d KI mice but not WT (Fig. 39B). This suggests that the
mutated CaV1.3 channels may demonstrate an elevated minimal open probability, resulting
in an increased baseline influx of Ca2+.

Furthermore, previous studies have demonstrated that this mutation results in a shift
of channel activation and inactivation to more hyperpolarized potentials52. The calcium
imaging data suggest that these shifts cause abnormal constitutive calcium influx closer to
the ZG resting membrane potential in KI mice, which could be mitigated by isradipine. This
may explain why isradipine reduced aldosterone levels in Cacna1d KI mice.

Considering that isradipine is an approved therapy for hypertension, calcium channel
blocker treatment could be a viable option for patients with primary aldosteronism caused
by CACNA1D mutations. Isradipine appears to be particularly suitable, compared to other
dihydropyridines due to its known strong affinity towards the CaV1.3 subtype135,144. Differ-
ent CaV1.3 mutations may exhibit varying responses to calcium channel inhibitors. This
stimulates interest in exploring clinical outcomes in relation to the sensitivity of identified
variants. Development of novel blockers with higher specificity for CaV1.3 could potentially
lead to even more significant effects.
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Calcium is a crucial mediator in cellular signaling, influencing various essential cellular
functions, including secretion, muscle contraction, and gene regulation. Dysregulated fluc-
tuations in intracellular calcium levels can lead to severe cellular dysfunction.

In the adrenal gland’s outermost layer, the ZG, calcium plays a vital role in modulating
the synthesis of aldosterone, a hormone that regulates electrolyte and fluid balance, and
consequently controlling blood pressure. The primary physiological stimuli of aldosterone
production in the ZG are reductions in extracellular fluid volume and elevated serum potas-
sium levels. The initiation of aldosterone synthesis in ZG cells by these stimuli is based on
the depolarization of the ZG cells from their resting membrane potential. This depolariza-
tion, in turn, activates VGCCs, resulting in the influx of Ca2+through these channels and the
subsequent elevation of [Ca2+]i. The resultant increase in [Ca2+]i regulates crucial events
in the cascade of aldosterone production, including the expression of the aldosterone syn-
thase, which catalyzes the last step in this cascade.

VGCCs occupy vital roles in an array of physiological processes across both excitable
and non-excitable cells. These channels are ubiquitously distributed throughout various
tissues in the body, encompassing the brain, kidneys, muscles, pancreas, and endocrine
tissues, such as the ZG of the adrenal gland. Minor changes in VGCC activity, often at-
tributable to mutations, result in an elevated risk for diverse diseases spanning cardiovas-
cular disorders and neurological conditions such as epilepsy and autism.

In human ZG cells, T-type and L-type are the predominantly expressed channels among
the VGCC family. Mutations in these channels are closely associated with PA, a condition
estimated to impact approx. 50 million individuals globally.

PA is characterized by excessive aldosterone production, leading to hypertension, hy-
pokalemia, and heightened susceptibility to cardiovascular diseases. Mutations in the
CACNA1H gene (encoding CaV3.2) and CACNA1D (encoding CaV1.3) have been identified
in PA patients and contribute directly to increased calcium influx and elevated aldosterone
levels.

Previous studys have shown that ZG cells exhibit spontaneous depolarizations in their
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membrane potential, with suggestions pointing to the involvement of T-type calcium chan-
nels, specifically CaV3.2, in generating these depolarizations. Furthermore, it has been
observed that ZG cells display not only voltage oscillations but also oscillatory fluctuations
in [Ca2+]i. It is plausible that these voltage oscillations underlie the observed calcium fluc-
tuations, given their similarity in oscillatory frequency. However, it is most likely that the
calcium fluctuations themselves, rather than the voltage variations, serve as direct regula-
tors of aldosterone synthesis.

Despite the demonstrated significance of CaV3.2 in the electrical excitability of ZG cells,
its precise role in aldosterone synthesis remains incompletely elucidated.

If CaV3.2 were solely responsible for calcium signaling, as implied by its role in generating
voltage oscillations, one would anticipate a reduction in aldosterone levels in the absence
of CaV3.2.

Interestingly, studies involving mice lacking CaV3.2 did not demonstrate alterations in
systemic aldosterone levels, nor did they display modified responses to Ang II infusion. This
observation suggests the existence of additional calcium influx pathways beyond CaV3.2.

Furthermore, the application of mibefradil, a preferential T-type channel inhibitor, failed to
sustainably affect aldosterone levels or blood pressure in vivo. This indicates the potential
involvement of non-T-type channels.

Additionally, the identification of mutations in the L-type channel CaV1.3 among patients
with primary aldosteronism provides further substantiation for the participation of other
VGCCs in the regulation of calcium signaling and aldosterone synthesis.

The objectives of this study were first, to investigate the regulation of [Ca2+]i in the ZG of
CaV3.2-deficient mice and second, to evaluate the impact of a CaV3.2 mutation identified in
PA patients on calcium signaling, utilizing the Cacna1hM1560V/+ knock-in mouse model. This
mutation was identified in patients with PA.

Thirdly, this study sought to investigate the feasibility of a pharmacological intervention
using the specific L-type channel inhibitor isradipine to ameliorate the phenotype in the
Cacna1dI772M/+ mouse model. This modes closely mirrors patients with PASNA syndrome.

In the first part of this research, employing the CaV3.2 knockout mouse model, an ar-
ray of techniques including calcium imaging, RNA-sequencing, and whole-cell patch-clamp
recordings lead to following key findings:

Calcium oscillations driven by Ang II and potassium persisted in KO mice and were in-
stead mediated by L-type calcium channels.
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Acute inhibition of T-type calcium channels did not abolish Ang II-mediated calcium influx
in WT ZG cells. Instead, a subset of cells exhibited oscillatory calcium influx via L-type
calcium channels.

Ang II augmented increases in [Ca2+]i within ZG cells exclusively through the recruitment
of T- and L-type calcium channels, without involvement of intracellular calcium stores.

These findings underscore the pivotal roles played by both T- and L-type calcium chan-
nels in the regulation of calcium influx in ZG cells under physiological conditions. Further-
more, these results suggest that T-type VGCCs are not obligatory for the maintenance of
calcium oscillations in ZG cells, as L-type VGCCs can mediate the signals in their absence.

These observations bear significant implications for future pharmacological interventions.
While inhibition of T-type calcium channels had been previously proposed as a promising
strategy for mitigating hyperaldosteronism and suppressing aldosterone synthesis, the find-
ings presented in this project suggest that long-term efficacy may be limited due to compen-
satory calcium influx via L-type calcium channels. This aligns with observations indicating
that mibefradil, a preferential T-type channel inhibitor, failed to exert sustained effects on
aldosterone levels or blood pressure in vivo.

Nevertheless, for primary aldosteronism patients exhibiting gain-of-function mutations in
either CaV3.2 or CaV1.3, targeted inhibition of these VGCCs may still represent a viable
therapeutic approach to alleviate pathological calcium influx within the ZG. This was inves-
tigated in the following parts of this project.

Therefore, the calcium signaling within Cacna1hM1560V/+ knock-in mice, harboring a gain-
of-function mutation in the CaV3.2 VGCC, a mutation identified in PA patients, was ana-
lyzed. These mice dislayed heightened baseline and peak intracellular calcium levels in ZG
cells, suggesting the potential suitability of specific CaV3.2 channel blockade in ameliorat-
ing the pathological phenotype.

The final part of this project focused on investigating the inhibition of the L-type calcium
channel CaV1.3 harboring a gain-of-function mutation identified in patients with PASNA
syndrome and its efficacy to rescue the pathological phenotype. To this end, a mouse
model mirroring this syndrome, by displaying the analogous gain-of-function mutation, was
utilized. These mice showed increased calcium influx in ZG cells, elevated aldosterone
levels, and neurolgical abnormalities, closely recapitulating the clinical phenotype observed
in PASNA patients.
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Employing the L-type specific inhibitor isradipine led to a reduction in [Ca2+]i within ZG
cella, along with lowered aldosterone levels and improved motor function.

These findings suggest that patients with PASNA syndrome due to CACNA1D mutations
may benefit from treatment with L-type specific inhibitors.

However, the data from this project emphasize that, in patients exhibiting heightened
aldosterone synthesis without an underlying gain-of-function mutation in a VGCC, a single-
channel blockade, be it T-type or L-type, may not suffice to effectively lower aldosterone
levels, as each of these channels sustains calcium activity in the absence of the other.
Thus, a dual inhibition strategy, potentially employing non-specific inhibitors such as beni-
dipine or efonidipine, may represent a suitable strategy and warrants further exploration.
Nonetheless, the consideration of potential extra-adrenal side effects necessitates a thor-
ough evaluation of this approach.
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Appendix

Cacna1h KO data

A1. Calcium bursting parameters (Fig. 23)

WT KO

Mean CI
(lower
limit)

CI (up-
per
limit)

Mean CI
(lower
limit)

CI (up-
per
limit)

p-value

Activity (1/s) 0.494 0.368 0.631 1.054 0.898 1.220 0.003,
**

Intra-burst
frequency (1/s)

0.969 0.777 1.173 1.343 1.223 1.500 0.013, *

Inter-burst
interval (s)

73.823 58.706 89.901 39.596 27.559 49.615 0.013, *

Burst length
(s)

80.718 72.233 88.582 69.630 51.174 96.538 0.242,
ns

n(animals) 7 (7+0)# 5 (3+2)#

n(slices) 11 7
n(cells) 208 103

#: male+female
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A2. Mean calcium concentration at 100 pmol/l Ang II and indicated K+ concentrations in nmol/l (Fig. 24A).

WT KO

K+

(mmol/l)
Animals
(male +
female)

S
lic

es

C
el

ls

Mean 95% CI
(lower
limit)

95% CI
(upper
limit)

Animals
(male +
female)

S
lic

es

C
el

ls

Mean 95% CI
(lower
limit)

95% CI
(upper
limit)

p-value

3.0 3 (0+3) 4 57 673.109 640.176 705.589 7 (1+6) 11 162 645.48 680.019 748.391 0.571,
ns

3.5 4 (2+2) 6 97 769.015 741.215 796.764 5 (3+2) 9 85 714.374 782.856 858.993 0.367,
ns

4.0 4 (3+1) 6 89 826.939 802.065 852.085 6 (1+5) 12 102 821.389 740.414 829.582 0.848,
ns

4.5 4 (1+3) 6 120 835.522 805.055 866.717 5 (1+4) 6 73 784.304 868.558 936.949 0.521,
ns

5.0 4 (2+2) 6 81 937.409 893.847 982.227 5 (1+4) 6 91 902.708 839.545 903.299 0.374,
ns

5.5 3 (1+2) 6 52 930.973 871.769 990.086 5 (3+2) 9 99 870.952 863.787 991.088 0.556,
ns

6.0 3 (2+1) 6 88 1049.245 997.559 1103.995 3 (1+2) 5 59 924.61 680.019 748.391 0.316,
ns
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A3. Mean calcium concentration at 4 mmol/l K+ and indicated Ang II concentrations in nmol/l (Fig 24B).

WT KO

Ang II
(pmol/l)

Animals
(male +
female)

S
lic

es

C
el

ls

Mean 95% CI
(lower
limit)

95% CI
(upper
limit)

Animals
(male +
female)

S
lic

es

C
el

ls

Mean 95% CI
(lower
limit)

95% CI
(upper
limit)

p-value

20 8 (5+3) 7 116 744.666 714.61 778.21 8 (3+5) 9 96 720.323 689.729 750.844 0.259,
ns

50 7 (3+4) 10 127 737.938 708.891 768.572 5 (3+2) 5 53 678.321 629.572 728.491 0.766,
ns

70 7 (5+2) 13 173 812.12 787.717 836.24 7 (4+3) 12 94 815.891 783.031 850.125 0.749,
ns

100 5 (4+1) 12 85 871.254 839.655 904.306 8 (3+5) 16 119 807.653 774.643 841.156 0.363,
ns

200 9 (5+4) 6 131 880.731 848.105 913.548 11 (3+8) 16 172 841.667 810.604 872.044 0.296,
ns

300 8 (4+4) 14 103 903.257 874.88 932.768 9 (3+6) 13 140 867.233 835.629 900.215 0.175,
ns

500 7 (5+2) 8 155 867.103 836.186 898.888 10 (6+4) 14 159 821.247 789.112 855.352 0.496,
ns
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A4. Normalized log2-transformed read counts of voltage-gated calcium channel transcripts detected in WT and KO samples (Fig.
25A)

WT KO
S1 S2 S3 S4 S5 S6 mean S7 S8 S9 S10 S11 mean

Cacna1a 5.43 6.85 5.52 5.14 6.85 6.37 6.03 5.12 4.97 6.59 5.43 5.38 5.50
Cacna1b 5.45 4.33 6.94 5.30 6.23 6.31 5.76 6.32 5.88 6.15 5.63 6.15 6.03
Cacna1c 12.02 11.83 11.73 11.54 11.96 11.87 11.83 11.79 12.05 11.87 11.94 12.04 11.94
Cacna1d 7.66 7.46 8.84 7.91 9.18 8.81 8.31 8.81 8.46 8.79 8.35 8.08 8.50
Cacna1e 3.14 1.76 2.89 3.32 4.75 3.45 3.22 3.73 2.50 3.11 2.75 4.40 3.30
Cacna1f 0.76 3.59 -0.87 0.00 0.12 1.03 0.77 2.43 1.27 0.00 1.04 -0.03 0.94
Cacna1g 5.15 4.44 4.59 3.94 4.12 4.07 4.38 6.41 4.33 3.85 4.30 3.72 4.52
Cacna1h 11.62 11.53 12.23 11.48 10.86 11.95 11.61 10.84 9.84 10.43 9.64 10.08 10.16
Cacna1i 3.50 4.96 4.61 4.80 4.87 3.95 4.45 5.30 5.71 4.14 4.22 3.58 4.59
Cacna2d1 12.84 12.40 12.79 12.59 13.19 12.85 12.78 13.22 13.08 13.24 13.05 13.16 13.15
Cacna2d2 5.89 5.75 6.53 5.50 6.33 5.51 5.92 5.79 6.89 6.01 5.73 5.80 6.04
Cacnb1 6.22 6.35 6.75 6.13 6.20 6.43 6.35 6.15 5.62 6.71 6.17 6.18 6.17
Cacnb2 10.55 10.71 10.48 10.65 10.48 10.41 10.55 10.18 10.37 9.99 10.35 10.54 10.28
Cacnb3 8.03 7.79 7.98 7.97 7.68 7.70 7.86 7.97 7.69 7.72 7.47 7.61 7.69
Cacnb4 1.87 2.29 5.99 3.60 3.75 5.30 3.80 4.69 2.75 3.26 3.36 2.63 3.34
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A5. The log2 transformed fold-change and P-values of voltage-gated calcium channel transcripts
compared in KO vs. WT samples (Fig. 25A)

Log2 fold-change P-value Padj-value

Cacna1a -0.014 0.164 1.000
Cacna1b 0.002 0.876 1.000
Cacna1c 0.037 0.268 1.000
Cacna1d 0.003 0.818 1.000
Cacna1e -0.00007 0.991 1.000
Cacna1f -0.0007 0.835 1.000
Cacna1g 0.006 0.492 1.000
Cacna1h -1.348 0.000 *** 0.000
Cacna1i 0.005 0.593 1.000
Cacna2d1 0.239 0.005 0.079
Cacna2d2 0.006 0.644 1.000
Cacnb1 -0.012 0.420 1.000
Cacnb2 -0.139 0.018 0.263
Cacnb3 -0.045 0.159 1.000
Cacnb4 -0.008 0.166 1.000

A6. The 12 differentially expressed genes (DEGs) in KO vs. WT samples with log2-fold change
(LFC, cutoff = 1) and statistical significance (p-value, corrected for multiple testing) (Fig. 25B-C).

log2 fold change p-value

Cacna1h -1.348 3.9x10-05

Usp2 -1.064 7.7x10-03

2810039B14Rik -1.058 2.4x10-04

Scn8a -1.032 0.026
Cdv3 1.035 0.042
2010003K11Rik 1.044 9.4x10-04

Ptp4a1 1.055 5.4x10-04

Mpp7 1.061 5.4x10-04

Creb5 1.068 8.4x10-03

Tmprss11a 1.455 0.022
Gadd45g 1.493 4.3x10-08

Lars2 1.82 0.036
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A7. Genes of the aldosterone synthesis and secretion pathway (KEGG mmu04925) with log2-fold
change (LFC) in gene expression KO vs. WT samples and the statistical significance (p-value,
corrected for multiple testing)

Symbol LFC p-value Symbol LFC p-value Symbol LFC p-value

Cacna1h -1,348 3,9x10-05 Atp1b1 0,023 0,812 Cyp21a1 -0,004 0,971
Star 0,347 0,007 Atp1b2 -0,013 0,816 Atp2b4 0,005 0,973
Creb5 1,068 0,008 Prkacb 0,033 0,820 Cyp11a1 -0,008 0,974
Gna11 -0,198 0,023 Itpr2 0,027 0,828 Creb3l3 0,001 0,975
Agtr1a 0,431 0,048 Calml4 -0,016 0,835 Cacna1d 0,003 0,976
Creb1 0,193 0,067 Itpr3 -0,016 0,843 Calm2 -0,006 0,981
Scarb1 0,309 0,118 Adcy6 0,019 0,847 Prkd3 -0,008 0,982
Dagla -0,356 0,157 Atf4 0,020 0,855 Atp2b2 0,002 0,983
Orai1 -0,170 0,237 Calm3 -0,026 0,857 Atp1a2 -0,004 0,984
Kcnj5 -0,054 0,252 Itpr1 0,024 0,860 Atp1a3 0,002 0,985
Plcb3 -0,143 0,259 Adcy3 -0,016 0,864 Adcy4 -0,003 0,985
Camk1 -0,111 0,268 Agtr1b -0,021 0,866 Atp1a4 -0,001 0,988
Nr4a2 -0,012 0,297 Kcnk9 -0,007 0,870 Atf1 -0,003 0,989
Camk2d 0,080 0,403 Gnaq 0,025 0,870 Prkd2 -0,002 0,989
Prkce 0,079 0,419 Gnas 0,024 0,885 Adcy7 0,002 0,989
Atf6b -0,077 0,479 Mc2r -0,010 0,887 Camk2a -0,001 0,992
Hsd3b6 -0,016 0,501 Cacna1g 0,006 0,887 Agt 0,001 0,993
Kcnk3 0,068 0,509 Nr4a1 -0,003 0,888 Hsd3b2 0,001 0,993
Camk4 0,016 0,527 Atf2 -0,020 0,902 Creb3l4 -0,012 #
Prkaca -0,060 0,565 Hsd3b1 0,011 0,912 Prkcg -0,009 #
Atp1a1 0,066 0,590 Plcb4 0,013 0,916 Cacna1s -0,007 #
Atp2b1 0,043 0,613 Cacna1i 0,005 0,920 Pomc -0,006 #
Lipe 0,022 0,682 Ldlr 0,012 0,923 Cacna1f -0,001 #
Pde2a -0,019 0,695 Plcb1 0,017 0,923 Atp1b4 -0,001 #
Plcb2 -0,019 0,703 Adcy2 0,008 0,926 Camk1g 0,000 #
Daglb -0,046 0,718 Prkca -0,009 0,926 Calml3 0,000 #
Adcy8 0,010 0,720 Atp1b3 0,016 0,932 Hsd3b3 0,001 #
Prkd1 -0,042 0,731 Creb3l1 0,006 0,934 Hsd3b8 ‡
Adcy9 -0,042 0,737 Npr1 -0,013 0,938 Hsd3b9 ‡
Adcy5 0,028 0,769 Adcy1 0,006 0,940 Hsd3b4 ‡
Cacna1c 0,037 0,771 Creb3l2 0,014 0,941 Hsd3b5 ‡
Prkcb -0,023 0,796 Camk2b -0,004 0,955 Nppa ‡
Calm1 0,035 0,799 Creb3 0,010 0,962 Calm5 ‡
Atp2b3 -0,026 0,806 Camk2g -0,006 0,969 Calm4 ‡

#: Low mean normalized count
‡: No read counts detected across all samples
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A8. Patch Clamp recordings in WT (Fig. 26A-B)

WT
T-type Non-T-type

U (mV) I (pA) 95% CI
(lower limit)

95% CI
(upper limit)

I (pA) 95% CI
(lower limit)

95% CI
(upper limit)

-95 ‡ ‡
-85 ‡ ‡
-75 ‡ ‡
-65 ‡ ‡
-55 -16.666 -21.208 -12.938 -0.167 -4.473 4.009
-45 -34.305 -53.887 -15.06 -0.68 -10.106 8.533
-35 -49.403 -70.534 -29.438 -8.657 -13.413 -3.429
-25 -48.19 -71.216 -25.164 -18.712 -26.757 -11.479
-15 -45.912 -65.153 -25.571 -28.287 -44.046 -14.777
-5 -42.355 -66.828 -23.587 -31.179 -45.936 -17.708
5 -31.97 -56.364 -11.757 -38.536 -54.818 -23.023
15 -22.767 -44.874 -6.406 -35.955 -47.483 -25.199
25 -6.787 -22.684 4.987 -41.008 -52.033 -29.202
35 -12.857 -26.476 0.463 -30.859 -41.409 -22.117
45 0.47 -14.112 15.473 -38.188 -49.185 -26.974
55 -2.768 -13.404 5.003 -28.53 -39.947 -19.614
65 6.34 -13.252 25.932 -28.676 -42.26 -15.092
75 20.756 -2.993 46.881 -23.328 -49.651 -3.028

n(animals) 3 (1+2)
n(cells) 7

‡: No peak current detected
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A9. Patch Clamp recordings in KO and statistical comparison to WT (Fig. 26A-B)

KO
T-type Non-T-type

U (mV) I (pA) 95% CI
(lower limit)

95% CI
(upper limit)

I (pA) 95% CI
(lower limit)

95% CI
(upper limit)

p-value
(T-type)

p-value
(Non-T-type)

-95 ‡ ‡
-85 ‡ ‡
-75 ‡ ‡
-65 ‡ ‡
-55 -7.379 -17.447 1.281 -2.133 -8.399 4.204 # #
-45 -13.143 -22.237 -6.423 -4.302 -6.249 -2.275 # #
-35 -10.398 -19.51 -2.136 -5.222 -10.641 0.436 p= 0.003, ** #
-25 -7.04 -15.232 1.471 -14.054 -21.388 -8.532 # #
-15 -10.625 -26.618 3.761 -18.532 -23.827 -13.969 # p=0.676, ns
-5 -5.797 -19.106 5.655 -24.256 -31.091 -17.892 # #
5 -8.314 -24.82 8.286 -32.279 -43.212 -22.469 # #
15 -4.256 -16.812 12.339 -32.894 -44.991 -21.546 # #
25 -2.355 -17.474 18.09 -31.502 -46.041 -18.553 # #
35 5.098 -12.989 25.352 -36.032 -45.875 -27.46 # #
45 -3.948 -10.338 1.431 -25.785 -34.461 -19.547 # #
55 0.256 -13.134 14.761 -16.499 -25.486 -8.458 # #
65 1.585 -5.67 8.69 -19.975 -27.238 -12.051 # #
75 2.52 -3.674 9.088 -19.361 -28.721 -8.995 # #

n(animals) 4 (3+1)
n(cells) 9

#: Not tested
‡: No peak current detected
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A10. Statistical information of absolute calcium bursting parameters at 15 µmol/l TTA-P2 in WT slices and number of recorded animals,
slices and cells (Fig 27D, G; Fig. 28B, C).

WT WT control

Mean CI
(lower limit)

CI
(upper limit)

Mean CI
(lower limit)

CI
(upper limit)

p-value

Activity
(1/s)

0.256 0.153 0.370 0.449 0.348 0.597 0.003, **

Intra-burst
frequency (1/s)

0.972 0.906 1.041 0.851 0.747 1.003 0.047, *

Active cells
per slice (%)

34.371 22.233 47.316 75.494 68.198 82.513 2.513x10-6, **

n(animals)
(male+female)

10 (10+0) 15 (9+6)

n(slices) 16 17
n(cells) 291 288

A11. Statistical information of absolute calcium bursting parameters at 15 µmol/l TTA-P2 in KO slices and number of recorded animals,
slices, and cells (Fig 27D, G; Fig. 28B, C).

KO KO control

Mean CI
(lower limit)

CI
(upper limit)

Mean CI
(lower limit)

CI
(upper limit)

p-value

Activity (1/s) 0.871 0.745 1.018 0.875 0.662 1.096 0.958, ns
Intra-burst
frequency (1/s)

1.239 1.136 1.351 1.307 1.162 1.459 0.446, ns

Active cells per
slice (%)

90.288 84.286 95.110 83.588 73.129 93.793 0.230, ns

n(animals)
(male+female)

7 (4+3) 7 (3+4)

n(slices) 13 7
n(cells) 162 83

110



Appendix

A12. Calcium spike activity during perfusion with 15 µmol/l TTA-P2 in 1/s in WT and WT control (no
blocker, Fig. 27)E

WT WT control

bin (min) Activity 95% CI
(lower limit)

95% CI
(upper limit)

Activity 95% CI
(lower limit)

95% CI
(upper limit)

-3 0.599 0.548 0.652 0.643 0.588 0.7
-2.5 0.62 0.566 0.673 0.643 0.59 0.699
-2 0.639 0.59 0.689 0.632 0.583 0.681
-1.5 0.672 0.626 0.719 0.655 0.608 0.704
-1 0.657 0.612 0.704 0.638 0.588 0.686
-0.5 0.623 0.575 0.671 0.612 0.566 0.658
0 0.56 0.51 0.611 0.592 0.547 0.636
0.5 0.507 0.457 0.557 0.518 0.468 0.568
1 0.329 0.286 0.375 0.473 0.423 0.524
1.5 0.22 0.18 0.262 0.452 0.404 0.504
2 0.215 0.174 0.258 0.45 0.4 0.501
2.5 0.241 0.196 0.286 0.441 0.396 0.489
3 0.261 0.211 0.311 0.443 0.396 0.492
3.5 0.26 0.212 0.311 0.439 0.393 0.487
4 0.243 0.197 0.292 0.417 0.372 0.464
4.5 0.225 0.18 0.271 0.444 0.397 0.491
5 0.231 0.186 0.28 0.446 0.402 0.491
5.5 0.221 0.176 0.267 0.427 0.382 0.473
6 0.221 0.178 0.268 0.426 0.38 0.473
6.5 0.24 0.192 0.29 0.434 0.388 0.481
7 0.216 0.173 0.262 0.428 0.381 0.476
7.5 0.201 0.158 0.245 0.361 0.316 0.408
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A13. Calcium spike activity during perfusion with 15 µmol/l TTA-P2 in 1/s in KO and KO control (no
blocker, Fig. 27E)

KO KO control

bin (min) Activity 95% CI
(lower limit)

95% CI
(upper limit)

Activity 95% CI
(lower limit)

95% CI
(upper limit)

-3 1.099 1 1.197 1.173 1.025 1.313
-2.5 1.118 1.024 1.213 1.175 1.027 1.32
-2 1.091 0.997 1.188 1.25 1.121 1.378
-1.5 1.141 1.056 1.226 1.231 1.096 1.366
-1 1.106 1.02 1.193 1.267 1.142 1.393
-0.5 1.12 1.039 1.203 1.218 1.096 1.339
0 1.068 0.983 1.155 1.194 1.081 1.304
0.5 1.021 0.929 1.113 1.088 0.956 1.218
1 0.976 0.88 1.074 1.108 0.96 1.255
1.5 0.981 0.887 1.077 1.094 0.943 1.245
2 0.931 0.836 1.028 1.112 0.965 1.259
2.5 0.954 0.857 1.051 1.123 0.986 1.256
3 0.924 0.833 1.015 1.058 0.923 1.191
3.5 0.872 0.781 0.965 1.073 0.943 1.198
4 0.897 0.803 0.993 0.984 0.855 1.107
4.5 0.829 0.737 0.922 0.945 0.798 1.09
5 0.885 0.797 0.973 0.963 0.831 1.098
5.5 0.859 0.768 0.949 0.969 0.843 1.098
6 0.848 0.755 0.942 0.894 0.753 1.036
6.5 0.858 0.769 0.95 0.948 0.809 1.09
7 0.851 0.759 0.946 0.898 0.756 1.042
7.5 0.852 0.76 0.944 0.855 0.725 0.992
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A14. Statistical information of calcium bursting parameters relative to control at 15 µmol/l TTA P2 (Fig. 27F, Fig. 28A).

WT KO

Mean CI
(lower limit)

CI
(upper limit)

Mean CI
(lower limit)

CI
(upper limit)

Activity 0.569 0.341 0.823 0.995 0.851 1.164
Intra-burst
frequency (1/s)

1.182 1.101 1.265 0.913 0.837 0.995

A15. Statistical information of absolute intra-burst frequency (1/s) at 0 µmol/l TTA-P2 in remaining active WT, KO and corresponding
control slices (Fig. 28B-C).

WT WT control

Mean CI
(lower limit)

CI
(upper limit)

Mean CI
(lower limit)

CI
(upper limit)

p-value

Intra-burst
frequency (1/s)

0.929 0.840 1.029 0.960 0.841 1.114 0.9769, ns

KO KO control
Intra-burst fre-
quency (1/s)

1.307 1.196 1.444 1.410 1.291 1.533 0.2702, ns
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A16. Statistical information of absolute calcium bursting parameters at 0.05 µmol/l isradipine in WT slices (Fig. 29C, 30B-D).

WT WT control

Mean 95% CI
(lower limit)

95% CI
(upper limit)

Mean 95% CI
(lower limit)

95% CI
(upper limit)

p-value

Activity
(1/s)

0.350 0.264 0.444 0.449 0.348 0.597 0.255, ns

Intra-burst
frequency (1/s)

0.838 0.656 1.023 0.851 0.747 1.003 0.749, ns

Active cells
per slice (%)

65.202 55.317 75.238 75.494 68.198 82.513 0.1011, ns

n(animals) 9 15
n(slices) 10 17
n(cells) 178 288

A17. Statistical information of absolute calcium bursting parameters at 0.05 µmol/l isradipine in WT slices (Fig. 29C, 30B-D).

KO KO control

Mean 95% CI
(lower limit)

95% CI
(upper limit)

Mean 95% CI
(lower limit)

95% CI
(upper limit)

p-value

Activity
(1/s)

0.144 0.088 0.217 0.875 0.662 1.096 3.107x10-6, ***

Intra-burst
frequency (1/s)

1.312 1.241 1.382 1.307 1.162 1.459 0.879, ns

Active cells
per slice (%)

31.771 23.758 42.109 83.588 73.129 93.793 3.326x10-6,***

n(animals) 6 7
n(slices) 7 7
n(cells) 107 83
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A18. Calcium spike activity in KO during perfusion with 0.05 µmol/l isradipine in 1/s (Fig. 29D)

KO KO control

bin (min) Activity 95% CI
(lower limit)

95% CI
(upper limit)

Activity 95% CI
(lower limit)

95% CI
(upper limit)

-3 1.223 1.105 1.346 1.173 1.025 1.313
-2.5 1.304 1.195 1.418 1.175 1.027 1.32
-2 1.314 1.197 1.431 1.25 1.121 1.378
-1.5 1.278 1.157 1.4 1.231 1.096 1.366
-1 1.253 1.137 1.371 1.267 1.142 1.393
-0.5 1.213 1.087 1.34 1.218 1.096 1.339
0 1.194 1.067 1.321 1.194 1.081 1.304
0.5 1.207 1.085 1.33 1.088 0.956 1.218
1 1.086 0.962 1.209 1.108 0.96 1.255
1.5 0.887 0.767 1.009 1.094 0.943 1.245
2 0.872 0.749 0.999 1.112 0.965 1.259
2.5 0.884 0.766 1.005 1.123 0.986 1.256
3 0.799 0.678 0.925 1.058 0.923 1.191
3.5 0.614 0.509 0.72 1.073 0.943 1.198
4 0.505 0.402 0.613 0.984 0.855 1.107
4.5 0.457 0.362 0.559 0.945 0.798 1.09
5 0.316 0.231 0.408 0.963 0.831 1.098
5.5 0.271 0.191 0.356 0.969 0.843 1.098
6 0.198 0.131 0.27 0.894 0.753 1.036
6.5 0.218 0.147 0.292 0.948 0.809 1.09
7 0.141 0.087 0.203 0.898 0.756 1.042
7.5 0.115 0.064 0.175 0.855 0.725 0.992
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A19. Calcium spike activity in WT during perfusion with 0.05 µmol/l isradipine in 1/s (Fig. 29D)

WT WT control

bin (min) Activity 95% CI
(lower limit)

95% CI
(upper limit)

Activity 95% CI
(lower limit)

95% CI
(upper limit)

-3 0.544 0.474 0.617 0.643 0.588 0.7
-2.5 0.559 0.487 0.632 0.643 0.59 0.699
-2 0.597 0.527 0.669 0.632 0.583 0.681
-1.5 0.649 0.582 0.719 0.655 0.608 0.704
-1 0.63 0.564 0.698 0.638 0.588 0.686
-0.5 0.562 0.496 0.631 0.612 0.566 0.658
0 0.563 0.503 0.625 0.592 0.547 0.636
0.5 0.53 0.467 0.596 0.518 0.468 0.568
1 0.492 0.424 0.563 0.473 0.423 0.524
1.5 0.493 0.433 0.556 0.452 0.404 0.504
2 0.468 0.405 0.536 0.45 0.4 0.501
2.5 0.375 0.315 0.437 0.441 0.396 0.489
3 0.342 0.284 0.402 0.443 0.396 0.492
3.5 0.368 0.311 0.428 0.439 0.393 0.487
4 0.382 0.323 0.443 0.417 0.372 0.464
4.5 0.388 0.327 0.451 0.444 0.397 0.491
5 0.371 0.31 0.433 0.446 0.402 0.491
5.5 0.361 0.298 0.424 0.427 0.382 0.473
6 0.343 0.285 0.404 0.426 0.38 0.473
6.5 0.361 0.308 0.415 0.434 0.388 0.481
7 0.373 0.314 0.435 0.428 0.381 0.476
7.5 0.387 0.324 0.452 0.361 0.316 0.408
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A20. Statistical information of absolute intra-burst frequency (1/s) at 0 µmol/l isradipine in remaining active WT, KO and corresponding
control slices (Fig. 30C-D).

WT WT control

Mean 95% CI
(lower limit)

95% CI
(upper limit)

Mean 95% CI
(lower limit)

95% CI
(upper limit)

p-value

Intra-burst
frequency (1/s)

0.868 0.670 1.078 0.960 0.841 1.114 0.2939, ns

KO KO control
Intra-burst
frequency (1/s)

1.363 1.218 1.507 1.410 1.291 1.533 0.4994, ns
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A21. Calcium spike activity during perfusion with 5 µmol/l TTA-P2 and 300 nmol/l isradipine in 1/s
(Fig. 31B).

WT WT control

Bins (min) Activity 95% CI
(lower limit)

95% CI
(upper limit)

Activity 95% CI
(lower limit)

95% CI
(upper limit)

-4 0.619 0.578 0.661 0.697 0.645 0.747
-3 0.571 0.536 0.607 0.674 0.62 0.729
-2 0.522 0.486 0.561 0.642 0.591 0.695
-1 0.545 0.511 0.579 0.624 0.577 0.672
0 0.518 0.485 0.553 0.58 0.539 0.62
1 0.439 0.399 0.481 0.472 0.425 0.521
2 0.282 0.241 0.324 0.443 0.398 0.491
3 0.226 0.189 0.264 0.44 0.397 0.483
4 0.199 0.159 0.242 0.4 0.358 0.443
5 0.17 0.131 0.211 0.414 0.371 0.459
6 0.155 0.119 0.192 0.39 0.347 0.434
7 0.135 0.101 0.169 0.405 0.36 0.453
8 0.146 0.108 0.185 0.321 0.277 0.366
9 0.097 0.067 0.129 0.325 0.283 0.368
10 0.104 0.075 0.136 0.314 0.274 0.354
11 0.097 0.067 0.131 0.315 0.274 0.355
12 0.063 0.04 0.089 0.254 0.216 0.294
13 0.039 0.022 0.059 0.301 0.258 0.344
14 0.013 0.004 0.023 0.241 0.203 0.279
15 0.003 0 0.006 0.256 0.221 0.293
16 0 0 0 0.221 0.186 0.257
17 0 0 0.001 0.225 0.191 0.261
18 0 0 0 0.21 0.175 0.246
19 0 0 0 0.218 0.181 0.256
20 0 0 0 0.201 0.165 0.237
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A22. Statistical information of absolute calcium bursting parameters at 5 µmol/l TTA-P2 in WT slices (Fig. 32A, C, E).

WT WT control

Mean 95% CI
(lower limit)

95% CI
(upper limit)

Mean 95% CI
(lower limit)

95% CI
(upper limit)

p-value

Activity
(1/s)

0.078 0.037 0.125 0.310 0.257 0.362 3.248x10-05, ***

Intra-burst
frequency (1/s)

1.022 0.867 1.171 0.762 0.685 0.848 0.006, **

Active cells
per slice (%)

16.611 8.989 25.094 63.003 52.350 73.262 2.371x10-07, ***

n(animals) 6 9
n(slices) 10 10
n(cells) 246 213

A23. Statistical information of absolute calcium bursting parameters at 5 µmol/l TTA-P2 and 300 nmol/l isradipine in WT slices (Fig.
32C, E).

WT WT control

Mean 95% CI
(lower limit)

95% CI
(upper limit)

Mean 95% CI
(lower limit)

95% CI
(upper limit)

p-value

Activity
(1/s)

0 0 0 0.208 0.153 0.262 2.839x10-13, ***

Active cells
per slice (%)

0 0 0 48.541 35.409 62.104 5.572x10-09, ***
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A24. Statistical information of calcium bursting parameters relative to control in WT slices (Fig. 32B, D)

5 µmol/l TTA-P2 5 µmol/l TTA-P2 and 300 nmol/l isradipine

Mean 95% CI
(lower limit)

95% CI
(upper limit)

Mean 95% CI
(lower limit)

95% CI
(upper limit)

Activity
(1/s)

0.250 0.12 0.402 0.001 0 0.002

Intra-burst
frequency (1/s)

1.341 1.137 1.536 — — —

A25. Statistical information of absolute intra-burst frequency without inhibitors of WT and WT control ZG cells that remained active
during 5 µmol/l TTA-P2 and 0 nM isradipine (Fig. 32E)

0 µmol/l TTA-P2 and 0 nmol/l isradipine
WT WT control

Mean 95% CI
(lower limit)

95% CI
(upper limit)

Mean 95% CI
(lower limit)

95% CI
(upper limit)

p-value

Intra-burst
frequency (1/s)

0.651 0.572 0.755 0.896 0.782 1.034 0.018, *
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A26. Mean [Ca2+]i during perfusion with 5 µmol/l TTA-P2 and 300 nmol/l isradipine at various Ang
II concentrations in nmol/l in WT cells and WT control (no inhibitors) (Fig. 34A).

WT WT control

Bins (min) [Ca2+]i 95% CI
(lower limit)

95% CI
(upper limit)

[Ca2+]i 95% CI
(lower limit)

95% CI
(upper limit)

-4 864.549 836.929 892.926 888.099 854.841 922.111
-3 865.652 838.906 893.437 891.308 858.863 924.363
-2 869.298 841.805 897.773 885.136 853.188 916.859
-1 868.608 840.997 896.654 898.190 865.840 930.566
0 867.532 840.128 895.610 898.049 866.559 929.423
1 870.386 842.817 898.588 930.176 894.131 966.837
2 902.025 871.246 933.615 983.125 939.729 1027.534
3 954.147 917.252 991.973 1000.043 960.741 1040.524
4 977.727 940.114 1016.438 1032.237 988.984 1076.662
5 983.641 946.009 1022.706 1036.660 991.294 1082.005
6 973.729 939.878 1008.134 1108.969 1058.135 1159.981
7 971.776 939.103 1005.421 1058.114 1011.845 1107.226
8 998.934 960.843 1037.959 1036.406 993.498 1080.996
9 983.862 943.155 1026.580 1043.866 1004.186 1085.725
10 1006.429 966.100 1049.140 1023.154 978.285 1070.870
11 973.993 938.483 1010.298 1027.249 981.977 1075.130
12 909.260 881.889 936.394 1034.765 989.021 1083.589
13 871.519 845.934 897.578 980.283 943.726 1017.967
14 862.802 836.559 888.990 998.539 963.245 1035.649
15 850.449 824.585 876.181 1000.975 964.852 1038.451
16 846.927 821.062 872.230 975.663 935.696 1017.947
17 841.812 817.417 865.882 996.340 954.660 1038.854
18 843.909 819.944 867.792 1000.799 963.758 1040.706
19 842.062 818.451 865.552 953.245 917.400 989.815
20 838.415 815.881 861.054 971.624 933.894 1010.200
21 832.643 810.607 855.098 986.278 948.122 1024.644
22 847.909 824.713 871.310 1046.175 1008.910 1083.971
23 854.322 831.536 877.100 1050.743 1010.929 1090.409
24 852.572 830.638 874.356 1053.052 1016.071 1090.860
25 842.792 821.377 863.782 1099.930 1063.676 1136.284
26 834.369 813.755 855.144 1079.310 1043.213 1115.221
27 823.902 804.253 843.816 1067.017 1030.410 1103.287
28 817.811 798.443 837.846 1075.528 1042.072 1109.497
29 816.627 798.123 835.755 1069.909 1037.969 1102.267
30 793.104 765.087 824.458 1057.602 1024.909 1090.494
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A27. Mean baseline [Ca2+]i during perfusion with 5 µmol/l TTA-P2 and 300 nmol/l isradipine at
various Ang II concentrations in nmol/l in WT cells and WT control (no inhibitors) (Fig. 34A).

WT WT control

Bins (min) Baseline
[Ca2+]i

95% CI
(lower limit)

95% CI
(upper limit)

Baseline
[Ca2+]i

95% CI
(lower limit)

95% CI
(upper limit)

-4 859.876 831.604 888.505 873.027 841.843 903.763
-3 859.027 832.326 885.803 881.753 851.764 912.312
-2 861.425 834.133 889.481 881.066 848.904 912.596
-1 858.330 831.529 885.791 892.199 860.664 923.614
0 857.752 830.754 885.190 891.762 860.330 922.837
1 862.609 834.929 891.073 911.551 877.542 944.952
2 879.763 850.252 910.233 939.589 900.227 978.250
3 900.661 867.702 934.623 949.212 914.233 985.023
4 897.787 865.578 930.691 950.418 912.135 987.185
5 905.287 872.870 938.693 943.250 908.057 978.630
6 908.940 876.583 941.743 946.982 905.857 987.722
7 908.073 875.425 941.506 947.290 910.585 984.288
8 890.809 859.109 923.233 929.640 893.946 965.165
9 881.171 851.287 912.028 928.225 894.580 962.347
10 885.196 852.928 917.900 930.274 895.200 965.148
11 895.400 865.839 925.796 935.826 900.910 969.836
12 875.110 847.987 902.721 923.621 890.759 955.517
13 862.243 836.134 888.658 920.755 887.167 954.410
14 856.032 829.443 882.551 922.507 891.196 954.264
15 848.399 822.093 874.735 930.808 897.592 964.449
16 846.078 820.242 871.507 924.076 891.323 957.127
17 841.812 817.417 865.882 922.972 889.397 956.285
18 843.909 819.944 867.792 930.758 899.708 961.392
19 842.062 818.451 865.552 926.340 893.172 960.548
20 838.415 815.881 861.054 931.187 895.798 966.774
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A28. Absolute mean [Ca2+]i during perfusion with 5 µmol/l TTA-P2 and 300 nmol/l isradipine at various Ang II concentrations in WT
cells compared to control (no blocker) (Fig. 34B).

WT WT control (no blocker)

Ang II (pmol/l) Blocker [Ca2+]i 95% CI
(lower limit)

95% CI
(upper limit)

[Ca2+]i 95% CI
(lower limit)

95% CI
(upper limit)

p-value

0 - 841.533 747.795 915.955 903.262 885.679 925.200 0.274, ns
100 - 951.938 822.231 1077.177 1024.507 967.314 1096.333 0.391, ns
100 + 817.096 733.205 900.988 968.964 917.150 1000.945 0.015, *
500 + 806.556 751.552 857.652 1072.202 1067.126 1077.279 1.109*10-05, ***

n(animals) 5 3
n(slices) 5 4
n(cells) 117 69

A29. . Percentage of time spent bursting during perfusion with 5 µmol/l TTA-P2 and 300 nmol/l isradipine at various Ang II concentra-
tions in WT and untreated control cells (no blocker) (Fig. 34C).

WT WT control (no blocker)

Ang II (pmol/l) Blocker % 95% CI
(lower limit)

95% CI
(upper limit)

% 95% CI
(lower limit)

95% CI
(upper limit)

0 - 5.953 2.642 9.800 4.101 1.382 7.683
100 - 44.323 40.082 48.493 39.547374 33.858 45.371
100 + - - - 27.025 20.822 33.775
500 + - - - 51.571 43.432 59.649
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Cacna1h KI data

A30. Mean [Ca2+]i in ZG cells of Cacna1h WT and KI adrenal slices (Fig. 35A)

Cacna1h WT Cacna1h KI

K+ Ang II(pmol/l) Mean
(nmol/l)

SD
(nmol/l)

n(cells) Mean
(nmol/l)

SD
(nmol/l)

n(cells) p-value

3 0 767.8 262.0 125 936.5 181.3 139 0.0255, *
3 20 749.9 229.4 125 905.6 156.2 109 0.0058, **
3 1000 763.0 199.5 125 1098.2 291.0 124 < 0.0001, ***
5 0 805.1 192.1 105 1219.6 266.2 125 0.0002, ***
5 20 769.5 164.2 105 1163.2 269.9 125 0.0003, ***
5 1000 921.2 231.1 105 1484.4 441.2 138 0.0015, **

A31. Spiking activity in ZG cells of Cacna1h WT and KI adrenal slices (Fig. 35B)

Cacna1h WT Cacna1h KI

K+ Ang II(pmol/l) Mean
(1/s)

SD
(1/s)

n(cells) Mean
(1/s)

SD
(1/s)

n(cells) p-value

3 0 0.001 0.005 88 0.002 0.013 106 Not Tested
3 20 0.005 0.016 88 0.001 0.007 92 0.05709
3 1000 0.041 0.045 88 0.028 0.044 99 0.0442, *
5 0 0.000 0.002 79 0.002 0.011 117 Not Tested
5 20 0.018 0.035 79 0.015 0.039 117 0.9542
5 1000 0.146 0.095 79 0.100 0.087 128 0.0313, *

A32. Intraburst-Frequency in ZG cells of Cacna1h WT and KI adrenal slices (Fig. 35C)

Cacna1h WT Cacna1h KI

K+ Ang II Mean
(1/s)

SD
(1/s)

n(cells) Mean
(1/s)

SD
(1/s)

n(cells) p-value

3 20 0.36 0.12 52 0.36 0.12 9 0.8695
3 1000 0.36 0.11 295 0.28 0.08 165 0.0026, **
5 20 0.35 0.09 101 0.31 0.08 170 0.0114, *
5 1000 0.34 0.09 756 0.29 0.08 773 0.0013, **
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A33. Burst length in ZG cells of Cacna1h WT and KI adrenal slices (Fig. 35D)

Cacna1h WT Cacna1h KI

K+ Ang II Mean
(s)

SD
(s)

n(cells) Mean
(s)

SD
(s)

n(cells) p-value

3 20 17.18 20.72 52 26.43 24.91 9 0.2245
3 1000 23.19 25.90 295 23.34 32.11 165 0.9562
5 20 29.84 39.45 101 25.27 37.93 170 0.3430
5 1000 33.70 50.07 756 27.99 43.09 773 0.0428, *

A34. Number of burst in ZG cells of Cacna1h WT and KI adrenal slices (Fig. 35E)

Cacna1h WT Cacna1h KI

K+ Ang II Mean
(1/s/cell)

SD
(1/s/cell)

n(cells) Mean
(1/s/cell)

SD
(1/s/cell)

n(cells) p-value

3 20 0.0011 0.0036 100 0.0001 0.0008 92 0.0414 (*)
3 1000 0.0066 0.0075 100 0.0033 0.0048 99 0.0152 (*)
5 20 0.0023 0.0045 98 0.0021 0.0059 117 0.8464
5 1000 0.0166 0.0115 98 0.0125 0.0114 128 0.0334 (*)

A35. Baseline [Ca2+]i in ZG cells of Cacna1h WT and KI adrenal slices (Fig. 36)

Cacna1h WT Cacna1h KI

K+ Ang II Mean
(nmol/l)

SD
(nmol/l)

n(cells) Mean
(nmol/l)

SD
(nmol/l)

n(cells) p-value

3 0 767.1 261.2 125 927.8 157.3 139 0.0260, *
3 20 748.1 229.1 125 904.7 156.0 109 0.0056, **
3 1000 739.1 203.9 125 1077.3 291.2 124 <0.0001, ***
5 0 804.9 191.5 105 1216.5 269.3 125 0.0003, ***
5 20 760.1 161.6 105 1159.8 269.5 125 0.0003, ***
5 1000 845.2 232.9 100 1445.2 481.4 135 0.0015, **
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A36. Peak [Ca2+]i in ZG cells of Cacna1h WT and KI adrenal slices (Fig. 36)

Cacna1h WT Cacna1h KI

K+ Ang II Mean
(nmol/l)

SD
(nmol/l)

n(cells) Mean
(nmol/l)

SD
(nmol/l)

n(cells) p-value

3 0 1101.6 443.4 7 1386.2 654.9 10 Not tested
3 20 897.1 289.1 17 1263.9 135.5 6 0.0150, *
3 1000 941.5 206.4 90 1433.3 396.1 79 <0.0001, ***
5 0 1206.8 254.6 3 1531.8 475.7 12 Not tested
5 20 1064.6 191.2 46 1505.1 332.5 28 0.0084, **
5 1000 1080.4 216.2 88 1702.8 542.9 111 0.0040, **

A37. Mean activation time constants of a calcium spike events in ZG cells of Cacna1h WT and KI
adrenal slices (Fig.37B)

Cacna1h WT Cacna1h KI

K+ Ang II(pmol/l) Mean (s) SD (s) n(cells) Mean (s) SD (s) n(cells) p-value
3 1000 0.024 0.010 104 0.029 0.012 126 0.1235
5 1000 0.023 0.007 141 0.039 0.013 325 0.2373

A38. Mean deactivation time constants of a calcium spike events in ZG cells of Cacna1h WT and
KI adrenal slices (Fig.37C)

Cacna1h WT Cacna1h KI

K+ Ang II(pmol/l) Mean (s) SD (s) n(cells) Mean (s) SD (s) n(cells) p-value
3 1000 0.810 0.378 102 0.609 0.160 126 0.3705
5 1000 0.813 0.406 141 0.771 0.359 323 0.9008

126



Appendix

Cacna1d KI data

A39. Mean overall and baseline [Ca2+]i in ZG cells of Cacna1d WT and KI adrenal slices treated
with different isradipine concentrations(Fig. 39).

Cacna1d WT Cacna1d KI

Isradipin
(nmol/l)

n
(slices)

n
(cells)

[Ca2+]i ± SD (nmol/l) n
(slices)

n
(cells)

[Ca2+]i ± SD (nmol/l)

Mean Baseline Mean Baseline

0 12 143 986.8 ±
164.6

851.5 ±
139.7

9 85 1119.1 ±
204.7

1014.0 ±
184.5

50 12 143 997.0 ±
142.5

863.4 ±
132.6

9 85 998.0 ±
153.3

948.2 ±
151.2

300 12 143 946.7 ±
184.4

885.2 ±
170.3

9 85 975.0 ±
184.4

918.3 ±
167.6

A40. Time spent on rotating rod of Cacna1d WT and KI mice treated with isradipine or placebo (Fig.
40A).

Cacna1d WT Cacna1d KI

Control Treated Control Treated

Mean ± SD (s) 96.1 ± 47.0 88.1 ± 43.7 10.4 ± 9.7 17.5 ± 16.3
n(animals) 11 11 9 9

A41. Tracklength of Cacna1d WT and KI mice treated with isradipine or placebo during the open
field test (Fig. 40B).

Cacna1d WT Cacna1d KI

Control Treated Control Treated

Mean ± SD (m) 43.43 ± 7.43 44.89 ± 4.84 45.48 ± 16.26 42.27 ± 11.69
n(animals) 11 11 9 9
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A42. Nest score of Cacna1d WT and KI mice treated with isradipine or placebo during the nest
building test (Fig. 40C).

Cacna1d WT Cacna1d KI

Control Treated Control Treated

Mean ± SD (score) 3.8 ± 1.03 4.09 ± 0.77 1.56 ± 0.39 1.89 ± 0.78
n(animals) 11 11 9 9

A43. Absolute aldosterone concentrations in blood serum samples of Cacna1d WT and KI mice
treated with isradipine or placebo (Fig. 40D-E).

Cacna1d WT Cacna1d KI

Control Treated Control Treated

Mean ± SD (pg/ml) 286.75 ± 128.97 522.26 ± 628.92 917.58 ± 973.37
n(animals) 11 10 9 9
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List of Abbreviations and Acronyms

A44. List of Abbreviationsand Acronyms

Abbreviations
and acronyms

Meaning

ACE Angiotensin-converting enzyme

Agtr1a Gene name of the angiotensin II type 1a receptor in mice

AM Acetoxymethyl group

Ang II Angiotensin II

APA Aldosterone-producing adenoma

AT1R Angiotensin II receptor type 1

ATP1A1 Gene name of the α1-subunit of the Na+/K+-ATPase in humans

ATP2B3 Gene name of the Plasma membrane Ca2+-transporting ATPase 3 in humans

BBS Bicarbonate bufferd solution

[Ca2+]i Intracellular calcium concnetration

CACNA1A-I, S/
Cacna1a-i, s

Gene names of the α1-subunits of VGCCs in humans (upper-case letters) and
mice (lower-case letters)

CaV α1-subunits of VGGCs

CI Confidence Interval

CLCN2/Clcn2 Gene name of the ClC-2 chloride channel in humans (upper-case letters) and
mice (lower-case letters)

CYP11B2/Cyp11b2 Gene name of the Aldosterone synthase in humans (upper-case letters) and
mice (lower-case letters)

Cytopl. Cytoplasmatic

DAG Diacylglycerol

DEG Differentially expressed genes

DHP Dihydropyridine

DI-DIV Homologous domains I-IV in VGCCs

ELISA Enzyme-linked immunosorbent assay

ER Endoplasmatic reticulum

Extracell. Extracellular

f Female

FH Familial hyperaldosteronism

Het Heterozygous

HVA High-voltage-activated

IP3 Inositol 1,4,5-trisphosphate

IVF In vitro fertilization
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A44. List of Abbreviationsand Acronyms

Abbreviations
and acronyms

Meaning

KCNJ5 Gene name of the G protein-activated inward rectifier potassium channel 4
(GIRK-4, Kir3.4) in humans

KI Knockin

KO Knockout

LFC Log2-fold change

LVA Low-voltage-activated

m male

NMD Nonsense-mediated decay

PA Primary (hyper)aldosteronism

PASNA Primary aldosteronism, seizures, and neurologic abnormalities

PIP2 Phosphatidylinositol 4,5-bisphosphate

PLC Phospholipase C

RAAS Renin-Angitensin-Aldosterone-System

RT Room temperature

S1-S6 Transmembrane helices 1-6 in VGCCs

SD Standard deviation

StAR Steroidogenic acute regulatory protein

TASK TWIK-related acid-sensitive K+ channels

TM Transmembrane

TWIK Weak Inward rectifying K+ channel.

VGCC Voltage-gated calcium channels

WT Wild-type

y years

ZF Zona fasciculata

ZG Zona glomerulosa

ZR Zona fasciculata
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