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T- and L-Type Calcium Channels Maintain Calcium
Oscillations in the Murine Zona Glomerulosa
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ORIGINAL ARTICLE

BACKGROUND: The zona glomerulosa of the adrenal gland is responsible for the synthesis and release of the mineralocorticoid
aldosterone. This steroid hormone regulates salt reabsorption in the kidney and blood pressure. The most important stimuli of
aldosterone synthesis are the serum concentrations of angiotensin Il and potassium. In response to these stimuli, voltage and
intracellular calcium levels in the zona glomerulosa oscillate, providing the signal for aldosterone synthesis. It was proposed
that the voltage-gated T-type calcium channel Ca, 3.2 is necessary for the generation of these oscillations. However, Cacnah
knock-out mice have normal plasma aldosterone levels, suggesting additional calcium entry pathways.

METHODS: We used a combination of calcium imaging, patch clamp, and RNA sequencing to investigate calcium influx
pathways in the murine zona glomerulosa.

RESULTS: Cacnalh™~ glomerulosa cells still showed calcium oscillations with similar concentrations as wild-type mice. No
calcium channels or transporters were upregulated to compensate for the loss of Ca,3.2. The calcium oscillations observed
were instead dependent on L-type voltage-gated calcium channels. Furthermore, we found that L-type channels can also
partially compensate for an acute inhibition of Ca 3.2 in wild-type mice. Only inhibition of both T- and L-type calcium channels
abolished the increase of intracellular calcium caused by angiotensin Il in wild-type.

CONCLUSIONS: Our study demonstrates that T-type calcium channels are not strictly required to maintain glomerulosa
calcium oscillations and aldosterone production. Pharmacological inhibition of T-type channels alone will likely
not significantly impact aldosterone production in the long term. (Hypertension. 2024;81:811-822. DOI:
10.1161/HYPERTENSIONAHA.123.21798.) * Supplement Material.
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located above the kidneys. Within the adrenal cor-

tex, steroid hormones are synthesized from the
precursor cholesterol. The outermost zona glomerulosa
(ZG) produces aldosterone, the zona fasciculata either
cortisol in humans or corticosterone in mice and the
innermost zona reticularis (in humans) androgens. Aldo-
sterone is responsible for the maintenance of blood
salt levels and volume via the regulation of various ion
transporters in the kidney and intestine. Its synthesis
is tightly controlled by stimuli linked to these targets,

The adrenal glands are a pair of endocrine organs

primarily the serum concentrations of potassium and
Ang Il (angiotensin I1)."

ZG cells have a highly negative resting membrane
potential at rest. Binding of Ang Il to its cognate receptor
leads to the closure of background potassium channels.?
This results in oscillatory depolarizations of ZG cells?
causing similarly oscillatory influx of calcium via voltage-
gated calcium channels (VGCCs).24-°

Calcium itself is required for several key functions
in ZG cells, such as the regulation of transcription fac-
tors upstream of the aldosterone synthase Cyp11b2'°"
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NOVELTY AND RELEVANCE
What Is New? Although Ca 3.2 was thought to be essential for the

Calcium signaling in the adrenal zona glomerulosa
can be maintained in the absence of T-type calcium
channels.

L-type calcium channels constitute the calcium influx
pathway in the absence of T-type calcium channels.

What Is Relevant?

Aldosterone is a major component in maintaining salt
and blood pressure homeostasis, primarily in response
to angiotensin Il or serum potassium.

regulation of aldosterone production in the zona glo-
merulosa, knock-out mice exhibit normal aldosterone
levels due to their functional replacement by L-type
calcium channels.

Clinical/Pathophysiological Implications?

Our results have implications for pharmacological
strategies to lower aldosterone production. Only simul-
taneous blockade of T- and L-type calcium channels
may inhibit calcium influx into the zona glomerulosa
and thus lower aldosterone synthesis.

Nonstandard Abbreviations and Acronyms

Ang Il angiotensin ||

KO knock out

VGCC voltage-gated calcium channel
WT wild type

ZG zona glomerulosa

and the transport of cholesterol to the inner membrane
leaflet of mitochondria for conversion into aldosterone.’
Tight control over [Ca®*]  is therefore key to the control
of aldosterone synthesis.

The original publication identifying murine ZG cells
as voltage oscillators demonstrated that voltage fluc-
tuations critically depend on the function of the T-type
VGCC Ca 3.2 (Gene: Cacnalh) and specific inhibition
of this channel abolished all voltage oscillations.® Even
before, the specific inhibition of T-type VGCCs has been
proposed as a potential strategy to pharmacologically
suppress aldosterone production.’

However, despite its critical role in the electric excit-
ability of the ZG, Ca,3.2 knock-out mice did not show
altered systemic aldosterone or renin levels®'* The
molecular mechanisms that sustain aldosterone produc-
tion in Ca 3.2 knock-out mice currently remain unclear.
We here set out to investigate the regulation of [Ca?*] in
the ZG of mice lacking Ca 3.2 and the implications of the
results on wild-type (WT) ZG function and pharmacology.

METHODS
Data Availability

All data and materials, except raw calcium imaging videos, have
been made publicly available on GitHub and can be accessed
at https://github.com/dhoangan/CacnalhKO. RNA-seq data
have been made publicly available on ArrayExpress and can be
accessed at https://www.ebi.ac.uk/biostudies/arrayexpress/

812  April 2024

studies/E-MTAB-12999. Videos can be only be provided upon
reasonable request due to their file sizes.

Detailed methods and the major resources table are avail-
able in the Supplemental Material.

Mice and Organ Harvest

WT and Cacnalh KO mice® were kept in IVF cages with water
and food ad libitum according to local regulations. For extrac-
tion of adrenal glands, mice were anesthetized using isoflurane
and euthanized by cervical dislocation.

Calcium Imaging

Calbryte 520 AM- or Fura-2 AM-stained acute slices (120-pm
thickness) were constantly perfused with bicarbonate-buffered,
oxygenated solution. K*, Ang Il, and inhibitors were added in
indicated concentrations.

Electrophysiological Recordings of Dissociated

Adrenal Cortical Cells

The adrenal cortex was manually dissected and cells isolated
by enzyme- and shear-based dissociation. Cells were used for
whole-cell patch-clamp recordings the next day.

Bulk RNA-Seq

RNA was extracted from dissected whole adrenal cortices
(6 WT and 6 KO mice; 3 males, 3 females each). RNA was
processed and sequenced in the Genomics core facility of the
Berlin Institute of Health and analyzed as described.'®2°

Single Nucleus RNA-Seq
Adrenal glands (2 males and 2 females) were processed to
obtain a nuclei suspension. Sequencing-ready libraries were

generated from these and sequencing was performed on a
HiSeq 4000 device.

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; *F<0.01;

Hypertension. 2024;81:811-822. DOI: 10.1161/HYPERTENSIONAHA.123.21798


https://github.com/dhoangan/Cacna1hKO
https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-12999@line 2@
https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-12999@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798

An Dinh et al

“*A<L0.001. All error bars and bands show the 95% ClI of the
mean value.

For differential expression analysis, P values were adjusted
by Benjamini-Hochberg for multiple comparisons.

RESULTS

ZG Cells From Cacna1h~~ Mice Still Exhibit
Intracellular Calcium Oscillations

To study [Cag’f]int in murine ZG cells, we stained acutely pre-
pared slices from mouse adrenal glands with the fluorescent
calcium indicators Calbryte 520 AM (high temporal resolu-
tion but no absolute quantification) or Fura-2 AM (allows for
[Ca*'] | quantification). We used WT as well as Cacnalh”-
(KO) mouse lines that we established previously.?

When stimulated with 500 pmol/L Ang Il and 4
mmol/L K*, ZG cells in slices from WT mice responded
with pronounced Ca?* oscillations. As observed previ-
ously/® individual transients (spikes) were homogeneous
in appearance. Spikes were clustered in bursts, separated

T-/L-Type Calcium Channels in the Zona Glomerulosa

by pauses at a mostly constant baseline [Ca*]  (Fig-
ure 1A). Although lacking the Ca, 3.2 channel, [Ca*]  in
ZG cells from KO mice exhibited similar behavior: Homo-
geneous spikes, clustered into bursts (Figure 1B).

The most prominent difference of the spiking in KO
mice was the significantly increased overall number of
spikes per second (activity; Figure 1C; Table S1). This
was caused by an increased frequency of spikes within
bursts and shorter gaps between bursts rather than lon-
ger bursts (Figure STA through S1C).

ZG Stimulation Results in Similar Changes of
Intracellular Calcium Levels in KO and WT Mice

We also investigated mean [Ca%]m over a wide range
of concentrations of potassium (Figure 1D) and Ang |l
(Figure 1E). With increasing stimulation, [Ca®']  simi-
larly increased in ZG cells of both WT and KO. Mean
[Ca?*] , were not significantly different between geno-

types (Tables S2 and S3), suggesting that the higher
activity and intraburst frequency of calcium spikes in KO
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Figure 1. Calcium oscillations persist in Cacna7h~- mice.
A and B, Fluorescence signals recorded from one representative zona glomerulosa (ZG) cell each of a wild-type (WT; A) or knock out (B)
Calbryte 520 awv-stained adrenal slice and stimulated with 4 mmol/L K* and 500 pmol/L Ang Il (angiotensin Il). A 30 s magnification (indicated
by the black rectangle) is shown on the right. C, Calcium spike activity recorded in ZG cells from Calbryte 520 am-stained adrenal slices over

7.5 minutes is lower in WT than in knock out (KO) (n

animals,WT,maIe_7’ nanimals,WT,fema\e_O‘ nammals,KO,male_3' M ahimals KO female

=2; D and E) Mean [Ca**]_in

ZG cells of Fura-2 av-stained adrenal slices. The Ang Il concentration was kept constant at 100 pmol/L in (D) while potassium was fixed at 4
mmol/L in (E; see Tables S2 and S3 for the sexes of the used mice).
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cells does not result in higher calcium influx over time but
rather maintains the sensitivity to physiological stimuli of
aldosterone production.

Bulk RNA-Seq of Adrenal Cortices From KO
Mice Revealed no Upregulation of Calcium
Transport Genes

To identify differentially expressed genes between geno-
types and to quantify the expression of VGCCs in WT,
we performed bulk RNA sequencing of adrenal cortices
from 6 WT and 5 KO mice. We prepared adrenal corti-
ces by mechanical removal of the adrenal medulla. The
resulting preparation thus includes both ZG and ZF.

In the WT adrenal cortex, Cacnalh (CaVS.Q), Cacnalc
(Ca,1.2), and Cacnald (Ca,1.3) were the most strongly
expressed VGCC a1-subunit genes (Figure 2A; Tables S4
through S6). The most prominent accessory subunits were
B2 (Cacnb2) and 0281 (Cacna2d1; Tables S4 through S6).

Apart from a downregulation of Cacna’h mRNA, likely
due to nonsense-mediated decay, we did not observe any
significant changes in the expression of known calcium
channel genes in KO compared with WT mice (Table
S4 through S6). In total, we observed 12 differentially
expressed genes with at least a 2-fold change between
genotypes (Figure 2B and 2C; Tables S7 to S9). Of
these, besides Cacnalh, only Crebb has previously been
associated with regulating aldosterone synthesis.?!

Looking at other known genes involved in aldosterone
synthesis (according to the KEGG database) without
cutoff for the change in expression, we found 3 signifi-
cant changes in KO (Agtria: 1.35-fold, p,,=0.048; Star.
1.27-fold, p,,=0.007; Gpall: 0.87- fold padj=0.023;
Tables S10 through S12). However, these changes were
small and are therefore unlikely to carry a large func-
tional impact on their own. Star may also play a role in
the zona fasciculata and Ca, 3.2 was reported to regulate
glucocorticoid production,?? so we assessed ACTH and
corticosterone levels in WT and KO mice. No significant
difference was observed (Figure S2).

GO term?® and KEGG pathway?* overrepresentation
analyses for the set of differentially expressed genes did
not yield any significant results.

Adrenocortical Cells From KO Mice Do Not
Exhibit T-Type Calcium Currents

To investigate functional changes of existing calcium
channels and to confirm the loss of Ca,3.2 in our KO
mice, we performed whole-cell patch-clamp recordings
from isolated adrenocortical cells.® Currents (Figure S3)
were recorded in response to 2 separate voltage clamp
protocols®: First from a holding potential of —80 mV,
then from a holding potential of —40 mV. At =80 mV,
VGCCs reside in the closed but activatable state lead-
ing to currents from all different types (Figure S3, left).
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With the second protocol (from —40 mV), the low-voltage
activated T-type channels are already inactivated before
the recording. Only non-T-type VGCCs (including the
L-type channels Ca,1.2 and Ca,1.3) remain available
(Figure S3, middle). 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 S3
right). In WT cells, we observed both T- and non-T-type
currents in all recorded cells (7 cells from 3 animals, Fig-
ure 2D and 2E). In KO cells, we did not observe T-type
currents in any of the recorded KO cells (9 cells from 4
animals; Figure 2D).

Non-T-type currents observed in KO cells were not dif-
ferent in their maximum amplitude or voltage dependence
compared with WT cells (Figure 2E; Table S13). This
excludes large posttranslational modifications to increase
L-type currents in response to the loss of Ca,3.2.

Ca 3.2 is Not Required for Calcium Oscillations
in WT Mice

RNA-seq and patch clamp suggested Ca 3.2 as the
only relevant T-type calcium channel in adrenocortical
cells. To confirm its importance for calcium oscillations
in the ZG, we studied the effect of the T-type calcium
channel inhibitor  3,5-dichloro-N-[1-(2,2-dimethyl-
tetrahydro-pyran-4-ylmethyl)-4-fluoro-piperidin-
4-ylmethyl]-benzamide (TTA-P2)?® in adrenal slice
preparations using calcium imaging. At the chosen con-
centration of 15 pmol/L, virtually all T- but <10% of
L-type VGCCs?" are expected to be inhibited.

Calcium oscillations in ZG cells from KO mice were
unaffected by the presence of TTA-P2 (Figure 3A),
confirming the functional absence of other T-type
channel isoforms. Treatment of WT slices led to a het-
erogeneous response, with some cells exhibiting con-
tinued calcium spiking (Figure 3B) and others turning
completely silent (Figure 3C). Overall, ~34% of the
WT cells and almost all KO cells remained active (WT:
34.4% [95% ClI, 22.9%—-47.3%]; KO: 90.3% [95% ClI,
84.3%-95.1%]; Figure 3D). This resulted in a reduc-
tion of the mean activity in WT by about 45% when
compared with control recordings (Figure 3E and 3F;
Table S8 and S9; absolute data in Figure S4A and
Tables S16 and S17).

The intraburst frequency in cells from WT slices was
increased during TTA-P2 application while it remained
unchanged in KO (Figure 3G; Tables S16 through S18;
absolute data in Figure S4B and S4C). We also investi-
gated the spatial arrangement of cells before and dur-
ing TTA-P2 perfusion (Figure Sb). The thickness of the
ZG was similar in both genotypes before TTA-P2 (Figure
SB5A and S5B). This spatial distribution also remained
similar during TTA-P2 perfusion (Figure S5C) indicating
that cells in WT slices with remaining activity do not have
a specific position within the ZG.
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https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.123.21798

An Dinh et al T-/L-Type Calcium Channels in the Zona Glomerulosa

A WT B KO vs.WT o
—% I higher in WT _higher in KO =
%) 1 1 =
3|Cay3.2 Cacna 1 NN | 122 : Gadd45g =
=|Cay3.1Cacnailg- 3 74 ' i =
+ |Ca\3.3 Cacnali - < i =
Cay1.1Cacnafs- o Pl s : =]
&|Cay1.2Cacnatc - i m
+|cay1.3 Cacnatd- || 8 6 i
Cayl.4cacna’f l Y 4 5 :
Cay2.1Cacnaia- E i
Cay2.2 Cacnaib- g |
Cay2.3Cacnate- [ 0 S 54 ;
CacnaThi ;
—_ e ]
) | |
3 1 1
© 4 i i
> ' . !
) g i iMpp7
<2< 335 | sPipsat
A [ | 5 T3+ i
S mom 3 L 2010003K11Rik
- m oo : :
om MW g ’ ’
N - s Usp2" 1
e sp Crebs
Q‘bggc'%{b’ ] B 24 ‘: y
r&,@ OQ;\\!. B ‘_% Scnéa. Trppzssﬁa
SHRA- [ | o0 e 1o e g -@(?V?LGRSZ
PR m 2 ! Y
‘Ld\ \3‘6.0‘0’ | C"‘Q’ 14 : :
oo - o E s ; ;
Y 2o : :
«@Q‘é&%‘, u : I; i i
A g 07 II 1 i T
-2 -1 0 1 2
log,(Fold change)
D E
T-Type non-T-type
25 ok I 25 4 ns
z "T<333 z 07
S -25- =-25 1 :
=50 o« WT =50 1
RER T T T T T |. "o B e e e T T
-60-40-20 0 20 40 60 -60-40-20 0 20 40 60
V (mV) V (mV)

Figure 2. RNA-seq reveals only few differentially expressed genes (DEGs).

A, Heat map illustrating the normalized log, transformed read counts of voltage-gated calcium channel (VGCC) transcripts detected in wild-
type (WT) samples (columns, n 6). B, Volcano plots with the log,-fold change (LFC, cutoff=[1]) in gene expression in knock out (KO)
vs WT samples (nanima\s.WT, el =31 M. imals W, tomale =31 Nanimals KO, male—21 nammalsvmv,ema‘e=3) and the log, ; transformed statistical significance (Pvalue,
cutoff=0.05). The 12 DEGs are highlighted as up- (red) or down (blue) regulated. C, Heatmap illustrating the row Z score of the normalized
read counts of DEGs sorted by their LFC. D and E, Isolated adrenocortical cells from KO mice lack T-type currents as shown by whole-

cell patch-clamp recordings. Voltage dependence of the T-type (D) and non-T-type (E) peak current amplitudes. Solid lines represent fits of
Equation (1) to our experimental data (see Supplemental Material). Circles represent mean values per cell. Only one half of the Cl is displayed
(n =1,n =2, n =3,n 1).

animals,WT, male animals,WT, female

anima\s,WT_

animals,KO, male animals,KO,female

These findings support an important role of Ca,32  L-Type Calcium Channels Mediate Calcium
in the generation of calcium spikes in WT mice. Still, at  Qgeillations in KO Mice
least in a subset of cells, other calcium influx pathways
exist that can maintain calcium oscillations when T-type ~ Our RNA-seq data and previous publications also dem-
calcium channels are inhibited. onstrated the expression of L-type® 3 VGCCs in the
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Figure 3. TTA-P2 only partially inhibits calcium oscillations in zona glomerulosa (ZG) cells of wild-type (WT) mice.

A through C, Variations in the fluorescence recorded in one representative knock out (KO; A) and 2 WT (B through C) ZG cells. Application of
TTA-P2 inhibits calcium spikes in a fraction of the WT cells. D, Fraction of cells in a slice that are still active under TTA-P2 (determined at time
span 5.5-7.5 minutes after addition of TTA-P2, indicated by the black line in E) compared with the number of active cells before application

of TTA-P2 (—2 to 0 minutes, ie, baseline, indicated by the black dashed line in E). E, In WT but not KO ZG cells, calcium spike activity was
lowered by TTA-P2 when compared with controls (no TTA-P2, triangles). Relative activity (F) and relative intraburst frequency (G) between

5.5 and 7.5 minutes after the start of the perfusion was significantly changed by TTA-P2 in WT but not KO. Data per genotype in F and G was
calculated relative to and tested against control recordings. Cells were from adrenal slices stained with Calbryte 520 am and perfused with

4 mmol/L K* and 500 pmol/L Ang Il (angiotensin Il) (n__ =10, n =0,n__ =9 n =6, n =4,

animals,WT, male ! " “animals WT, female " “animals WT ctrl, male " animals WT ctrl, female 1 " animals,KO, male

=3,n__ =3,n__ =4). TTA-P2 indicates 3,5-dichloro-N-[1-(2,2-dimethyl-tetrahydro-pyran-4-ylmethyl)-4-fluoro-

nammals,KO,female animals,KO ctrl, male 1 " animals,KO ctrl,female

piperidin-4-ylmethyl]-benzamide.

adrenal cortex. We perfused adrenal slices with the spe- Overall, these results indicate that L-type calcium
cific L-type channel inhibitor isradipine to isolate their ~ channels are essential to generate calcium spiking activ-
contribution to calcium signals in the ZG. ity in mice chronically lacking Ca,3.2. However, acute

The concentration of isradipine (0.05 pmol/L) was inhibition of L-type channels alone did not significantly

chosen to be specific for L-type over other VGCCs®'=  change the calcium spiking in WT ZG cells.
34 The onset of inhibition was slow but resulted in an

almost complete termination of calcium oscillations in Both T- and L-Type Calcium Channels Are

KO cells. On the contrary, isradipine had nearly no effect i} .
on WT cells (Figure 4A through 4C; Figure SBA; Tables 2;‘:?:;” Ang I1-Dependent Calcium

S19 through S21). The intraburst frequency remained
unaffected by the inhibition of L-type channels in both  To test whether L-type VGCCs underlie the remaining
genotypes (Figure S6B and S6C; Tables S20 through  activity in WT cells subjected to TTA-P2 or other (non-
S292). T- nor L-type) VGCCs contribute to the generation of
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Figure 4. The L-type inhibitor isradipine inhibits calcium
oscillations in knock out (KO) but not wild-type (WT) cells.
A and B Variations in the fluorescence recorded in one
representative KO (A) and WT (B) zona glomerulosa (ZG) cell.
Application of isradipine inhibits calcium spikes in almost all KO
but not WT cells. C, Calcium spike activity. Cells were from adrenal
slices stained with Calbryte 520 av and perfused with 4 mmol/L
K* and 500 pmol/L Ang Il (angiotensin II) (n =6, n
=3,n =9, n

female

animalsWT, male

=6, n

animals WT,

animals WT ctrl, male animalsWT ctrl, female animals,KO, male 1

nammals,KO,iemaIe_S‘ M animals KO ctrl, ma\e_s’ N animals kO clr\,iemale_4 .

[Ca?*] , oscillations, we studied the situation in ZG cells
upon inhibition using both TTA-P2 and isradipine. The
protocol consisted of a 10-minute period in which the
slice was perfused with the T-type VGCC inhibitor TTA-
P2 alone, followed by another 10 minutes during which
TTA-P2 was supplemented with isradipine to addition-
ally block L-type VGCCs. To maximize the specificity of
the inhibition of T- over L-type channels, we lowered the
concentration of TTA-P2 to 5 pmol/L. Furthermore, we
increased the isradipine concentration to 300 nmol/L

Hypertension. 2024;81:811-822. DOI: 10.1161/HYPERTENSIONAHA.123.21798
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to fully inhibit Ca,1.33" A potential unspecific inhibition
of T-type channels was considered less important in this
context given the parallel incubation with TTA-P2. (Fig-
ure bA and B).

As observed for the higher concentration (Figure 3D
through 3G), TTA-P2 alone only incompletely reduced
oscillatory activity (Figure 5B and 5C; Table S23 and
S24; absolute data in Figure S7A and Tables S25 and
S26) and the number of active cells (Figure S7B) but
increased the intraburst frequency (Figure S7C and
S7D; Tables S25 and S27). Addition of isradipine led to a
cessation of all signals, demonstrating that the combina-
tion of both T- and L-type VGCCs, is necessary for cal-
cium oscillations and cannot be substituted for by other
calcium channels.

This does not only extend to the oscillations of calcium
but to calcium levels in general. Recording mean [Ca?*] |
levels using Fura-2 AM revealed that, upon inhibition of
T- and L-type channels, calcium levels were undistin-
guishable from levels before stimulation with Ang Il (Fig-
ure D and BE; Tables S28 and S29) but significantly
lower than in controls (Figure SBA and S8B; Tables S30
and S31). We also incubated adrenal glands from WT
mice with either control solution or solution containing
TTA-P2 and isradipine. Inhibition of calcium channels
significantly reduced aldosterone synthesis (Figure S9).

L-Type Calcium Channels Are Expressed in all
ZG Cells

The heterogeneous nature of the effects of TTA-P2
and isradipine led us to investigate whether differ-
ences in the expression of the main L- and T-type
VGCCs exist across ZG cells. For this, we obtained
access to a single-nuclear RNA-seq data set of mouse
adrenal glands (unpublished data by AKS and UIS).
Selection of ZG cells by expression levels of Cyp11b2
alone, while being largely continuous in mice® unlike
in humans, is complicated by their low levels (Figure
S10). We, therefore, selected ZG cells based on the
expression of Dab2, Cacnb2, Agtr1b, and Agtria (see
Supplemental Material). A histogram of the normalized
counts of transcripts for the 3 main VGCCs in the ZG
(Cacnalc, Cacnald, and Cacnalh) revealed expression
of Ca,1.2/Cacnalc in virtually all cells. About 20% of
the cells, however, lacked expression of Cacnald or
Cacnalh (Figure 6A). Plotting the normalized, natural-
log transformed counts of transcripts for the T-type
channel Ca 3.2/Cacnalh versus the L-type chan-
nel Ca,1.3/Cacnald reveals 4 subsets of cells (Fig-
ure 6B). The first consists of cells without detected
RNA transcripts for either channel (red 1: 2252/6589
cells; 34%). There are also subsets of cells without
detected Cacnald but with Cacnalh transcripts (red
2: 1353 cells; 21%) and cells expressing Cacnald
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Figure 5. Simultaneous inhibition of L- and T-type calcium channels fully abolishes calcium signaling.

A, Fluorescence intensity recorded from one representative wild-type (WT) zona glomerulosa (ZG) cell. B, Calcium spike activity of WT ZG cells
was lowered by TTA-P2 (3,5-dichloro-N-[1-(2,2-dimethyl-tetrahydro-pyran-4-ylmethyl)-4-fluoro-piperidin-4-ylmethyll-benzamide) and isradipine
compared with control (no blockers, grey triangle). The last 2 minutes of each condition of the recording are highlighted with color-coded

lines (N, st mae=2 ManimatoWT. fomale—2" NarimalsWT ot male =2 NarimalswT o, emate—0)+ C» Calcium activity in ZG cells from WT during the steady-state
phases as highlighted in B relative to and tested against controls. D, Mean and baseline [Ca?*], in Fura-2 av-stained ZG cells. Ang ll-stimulated
increase in [Ca*'], was abolished by inhibitors (grey: control, no inhibitors; N imalsWT. male—27 Nanimals T female—3" ManimalsWT ot male— 17 ManimalsWT ot a3
E, Representative trace of [Ca*'], of a ZG WT cell (unfilled bars: baseline). Cells in A through C were from adrenal slices stained with Calbryte

520 am and perfused with 4 mmol/L K* and 500 pmol/L Ang Il. Cells in D through E were from Fura-2 av-stained slices and perfused with 4

mmol/L K*.

without detected Cacnalh (red 3: 1729 cells; 26%).
A similar number of cells expressed both Cacnald and
Cacnalh (red 4: 1255 cells; 19%).

DISCUSSION

The ZG is a complex system with several stimuli regulat-
ing the synthesis of aldosterone.? It has been postulated
that most of these factors, including serum potassium

818  April 2024

and Ang I, act by mediating oscillatory calcium influx
into ZG cells elicited through depolarization of the cell
membrane? requiring Ca, 3.2° and potentially also through
release of calcium from intracellular stores.26%" In this arti-
cle, we demonstrate that Ang Il and potassium dependent
[Ca?*] , oscillations still occur in Ca,3.2 knock-out mice
and become instead dependent on L-type calcium chan-
nels. Furthermore, acute inhibition of T-type calcium chan-
nels does not abolish Ang llI-dependent calcium influx
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Figure 6. All zona glomerulosa (ZG) cells have transcripts for
Cacna1d (Ca,1.2) but not necessarily Ca,1.3 or Ca,3.2.

A, Histogram of the natural-log transformed normalized counts of
indicated voltage-gated calcium channel (VGCC) transcripts found

in the ZG (nammals‘WT‘ mate—2 N imals T 'ema|e=2). Almost all cells exhibit
expression of Cacnalc but not Cacnald or Cacnatlh. Bars are
slightly shifted for each isoform to improve visibility. B, Plot of the
normalized, natural-log transformed counts of Cacnad (Ca,1.3) vs
Cacnalh (Ca,3.2) as individual points per cell. A kernel density plot of
the data are plotted below in blue with darker color indicating higher
density of values underneath. Red numbers indicate expression
clusters explained in the text. The striped appearance in cluster 4 is
due to the low value of Cacna’hand Cacnald counts as seen in A.

into the wild-type ZG. Rather, a subset of cells still exhib-
its oscillatory calcium influx via L-type calcium channels.

Hu et al® demonstrated that murine ZG cells consti-
tute electric oscillators with action potential-like depolar-
izations. Maintenance of these fluctuations was critically
dependent on the voltage-gated T-type calcium channel
Ca,3.2. Although not proven so far, it is likely that these
voltage oscillations are the basis of ZG calcium oscil-
lations as they exhibit similar frequencies and stimulus
dependence (Figure 1).77° However, it is not the change
in voltage but ultimately the influx of calcium that is
required for the physiological function of the ZG. Con-
trary to this model, Ca 3.2 knock-out mice did not show
reduced aldosterone levels.®'* However, these studies
investigated KO mice on a systemic level, and secondary
mechanisms (such as activation of the renin—angioten-
sin system or upregulation of other calcium influx path-
ways in the ZG) may have compensated for the loss. We,
therefore, investigated the molecular mechanisms regu-
lating calcium influx in the ZG of mice lacking the Ca,3.2
channel in comparison to WT mice in acute slice prepa-
rations and isolated adrenocortical cells.

We found that calcium signaling was largely unaf-
fected by the loss of Ca,3.2 in KO mice (Figure 1).

Hypertension. 2024;81:811-822. DOI: 10.1161/HYPERTENSIONAHA.123.21798
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Despite a slight increase in the spiking activity, mean
levels of [Ca*]  in the ZG were indistinguishable from
WT, explaining why aldosterone levels were unchanged
(Figure 1D and 1E).

It was suggested that other T-type channels may also
be expressed in the adrenal cortex.'* However, our data
from RNA-seq (Figure 2A) did not suggest relevant
expression of T-type channels other than Cacnaih. Adre-
nocortical cells from KO mice lacked T-type currents
(Figure 2D and 2E). Furthermore, perfusion of slices
from adrenals of KO mice with the T-type inhibitor TTA-
P2 did not result in changes to calcium signaling (Fig-
ure 3), supporting that Ca, 3.2 is indeed the only relevant
T-type VGCC in the murine ZG.

On the other hand, perfusion with the L-type calcium
channelinhibitor isradipine almost completely suppressed
[Ca?*] | oscillations in KO mice (Figure 4), demonstrat-
ing that these signals instead depend on L-type calcium
channels. Based on previous knowledge32%2%38 and our
bulk RNA-seq analysis (Figure 2A), the L-type calcium
channels most prominently expressed in the murine and
human adrenal cortex are Ca,1.3 and Ca,1.2.3%%° We
did not find evidence of compensatory upregulation of
L-type or any other calcium channels or transporters in
KO mice. Patch-clamp experiments also ruled out large
posttranslational changes to VGCCs as current ampli-
tudes and voltage dependencies were similar in WT and
KO mice (Figure 2D-E). Also, the spatial distribution of
cells exhibiting spiking dependent on L- and T-type cal-
cium influx were similar in WT (Figure Sb).

The importance of L-type channels had already been
previously demonstrated by studies identifying somatic
gain-of-function Ca, 1.3 mutations in patients with primary
aldosteronism. 8393840 Fyrthermore, there are previous
reports that aldosterone synthesis in human ZG is depen-
dent on both T- and L-type calcium channels.®**! It is cur-
rently not known whether human ZG cells exhibit similar
voltage and [Ca%]int oscillations as murine ones. However,
species differences in the ion channels involved seem to
be mainly in the composition of potassium channels,*?
whereas the expression of calcium channels is rather
similar.28,99,4243

Currently, we cannot explain why [Ca%Lm oscillations
were faster in KO than in WT mice. It had already been
suggested that additional conductances must underlie
the initial depolarization in WT? and this is confirmed by
our results, as L-type channels (Cav1.3 and even more
so 1.2) require stronger depolarization for activation than
T-type VGCCs and are unlikely to drive depolarization
from a potassium-defined resting membrane potential
on their own. Clearly, the closure of TASK potassium
channels is involved in permitting (Ang ll-dependent)
depolarization,>®#* but still other, currently unknown, con-
ductances must mediate the initial depolarization itself.

Also, it is currently unclear how individual spikes and
bursts are terminated. We previously observed slower
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spiking in a gain-of-function Cacnalh knock-in model.
Given that the knock out presented here should gener-
ally lead to the opposite effect, it is a tempting specu-
lation that the frequency of calcium spiking is inversely
linked to intracellular [Ca?*]. In our knock-out model, this
would serve to sustain physiological calcium levels (and
hence aldosterone synthesis). Previous observations
have suggested a role for calcium-dependent potassium
channels®“¢ in the ZG, which may control spiking, but
further work is necessary to understand their functional
importance. This would best combine in situ electro-
physiological studies with simultaneous calcium imaging,
which we were unfortunately unable to perform here.

Besides the situation of a chronic loss of Ca,3.2 as in
our KO model, our data also imply that physiological cal-
cium signaling in the WT ZG is not solely dependent on
Ca,3.2. Acute inhibition of T-type VGCCs with the spe-
cific blocker TTA-P2 in WT mice only attenuated activity
by #50% to 80% (Figures 3 and 5). [Ca?*] , oscillations
could only be completely inhibited when simultaneously
blocking L-type calcium channels using isradipine (Fig-
ure B). Acute inhibition of L-type channels in isolation,
however, did not alter calcium spiking (Figure 4). This
suggests that the generation of oscillations in WT ZG
cells is primarily dependent on Ca ,3.2. However, fol-
lowing the acute inhibition of T-type calcium channels,
L-type channels can maintain calcium signaling in some
of the WT cells (Figure 3). Cells with remaining activity
after inhibition of Ca 3.2 exhibited higher intraburst fre-
quencies than before inhibition (Figure 3G; Figure S3B),
similar to KO cells. This suggests that, while primar-
ily dependent on Ca 3.2, chronic loss or inhibition may
upregulate calcium signaling via L-type VGCCs.

Our analysis of murine single-nuclear RNA-seq data
suggests that Ca, 1.2 is expressed in all ZG cells while
transcripts for Ca,1.3 were not found in all ZG cells
(Figure 6). The latter could be due to lower expression
levels and low sensitivity of single-nuclear sequencing. It
remains puzzling why no L-type currents were observed
in ZG cells in the study by Hu et al®, even when stimu-
lated with the L-type channel activator Bay K8644. In
contrast, we observed L-type currents in all cells recorded
using whole-cell patch clamp, even without further stim-
ulation (Figure 2E). Although this discrepancy might be
explained by the difference in cell preparation (in situ
patch clamp?® versus dissociated adrenocortical cells in
our study), our calcium imaging experiments and results
from single-nuclear RNA-seq (Figure 6) also clearly sup-
port the relevance of L-type calcium channels in generat-
ing and maintaining calcium oscillations in the ZG of both
genotypes, WT and KO, in situ.

Furthermore, we could demonstrate that Ang Il mostly
changes [CaQ*Lnt through variations of the patterns of
oscillations and not by altering baseline levels (Figure 5D
and BE). Simultaneous inhibition of T- and L-type calcium
channels not only completely stopped Ang llI-dependent
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[Ca?*] | oscillations but also abrogated any changes in
baseline [CaQ*Lnt and attenuated aldosterone synthe-
sis (Figures S8 and S9) as previously also observed in
human ZG in vitro.?® This suggests that intracellular cal-
cium stores may not play a large role in Ang |lI-dependent
aldosterone synthesis but further studies are required.

PERSPECTIVES

Our findings also have implications in directing future
pharmacological interventions. It has been suggested
that the inhibition of T-type calcium channels might repre-
sent a promising target to lower aldosterone synthesis.”
Our results, however, imply that a long-term inhibition
(as mimicked by our KO mice) would likely be countered
via calcium influx through L-type calcium channels. This
explains why mibefradil, a preferential T-type channel
inhibitor, did not exert persistent effects on aldosterone
levels or blood pressure in vivo.*™8

Nevertheless, this may be different for the treatment of
primary aldosteronism caused by gain-of-function muta-
tions in either Ca,3.2*° or Ca,1.32%% We have recently
investigated oral isradipine treatment of a mouse model
carrying the Ca, 1.3"""2Ve¥* mutation.®® This L-type inhibi-
tor was able to lower aldosterone serum levels in mice
carrying the mutation but not in WT controls.

Interestingly,ithas been observedinthe H295R cellline
that a blockade of both L- and T-type channels (eg, using
the unspecific inhibitors benidipine®® or efonidipine®")
was efficient in reducing aldosterone production. Simi-
larly, verapamil, which inhibits T- and L-type channels with
micromolar affinity,®? may inhibit aldosterone synthesis in
vitro®® and in vivo.5* In vivo, however, application of calcium
channel antagonists modify the renin—angiotensin-
aldosterone system on several levels, making clear
molecular or cellular assignment of cause and effect dif-
ficult. Dual T- and L-type inhibition may be a promising
strategy to lower aldosterone synthesis, but potential
extra-adrenal side effects may limit their usefulness, and
this approach, therefore, requires further investigation.
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