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Abstract

BACKGROUND: Ion channel mutations in calcium regulating genes strongly associate with 

AngII (angiotensin II)-independent aldosterone production. Here, we used an established 

mouse model of in vivo aldosterone autonomy, Cyp11b2-driven deletion of TWIK-related 

acid-sensitive potassium channels (TASK-1 and TASK-3, termed zona glomerulosa [zG]-TASK-

loss-of-function), and selective pharmacological TASK channel inhibition to determine whether 

channel dysfunction in native, electrically excitable zG cell rosette-assemblies: (1) produces 

spontaneous calcium oscillatory activity and (2) is sufficient to drive substantial aldosterone 

autonomy.

METHODS: We imaged calcium activity in adrenal slices expressing a zG-specific calcium 

reporter (GCaMP3), an in vitro experimental approach that preserves the native rosette assembly 

and removes potentially confounding extra-adrenal contributions. In parallel experiments, we 

measured acute aldosterone production from adrenal slice cultures.

RESULTS: Absent from untreated WT slices, we find that either adrenal-specific genetic deletion 

or acute pharmacological TASK channel inhibition produces spontaneous oscillatory bursting 

behavior and steroidogenic activity (2.4-fold) that are robust, sustained, and equivalent to activities 
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evoked by 3 nM AngII in WT slices. Moreover, spontaneous activity in zG-TASK-loss-of-function 

slices and inhibitor-evoked activity in WT slices are unresponsive to AngII regulation over a wide 

range of concentrations (50 pM to 3 μM).

CONCLUSIONS: We provide proof of principle that spontaneous activity of zG cells within 

classic rosette assemblies evoked solely by a change in an intrinsic, dominant resting-state 

conductance can be a significant source of AngII-independent aldosterone production from native 

tissue.

Keywords
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Aldosterone production that is not fully suppressed by sodium loading, AngII (angiotensin 

II) receptor (AT1R) blockade, or mineralocorticoid receptor activation1,2 is recognized 

as dysregulated and independent of the renin-angiotensin system (RAS). This RAS-

independent (autonomous) component of aldosterone production occurs within a spectrum 

of disorders that range from subclinical disease to overt primary aldosteronism (PA). 

Recently, in acknowledgment of this continuum, the term PA syndrome has been 

proposed.3,4 Importantly, aldosterone production that is inappropriate for sodium status 

induces hypertension, increased risk of renal impairment and cardiovascular disease.3,5–9 

Although estimates of RAS-independent hyperaldosteronism are high, aldosterone 

autonomy remains under-diagnosed.10–12

A strong association exists between aldosterone autonomy and genetic variation in calcium 

regulating genes (Channels: KCNJ5, CACNA1D, KCNK3, KCNK5, CLCN2, CACNA1H 
and Pumps: ATP2B3, ATP1A1) in adrenal cortical adenomas and micronodules,13–24 

underscoring the importance of plasma membrane conductances to the activity-state 

of aldosterone-producing-CYP11B2-positive adrenal cells.25 Whereas these observations 

highlight the fundamental biochemical complexity of PA, they also have advanced the 

unifying hypothesis that disruption of intracellular calcium homeostasis in aldosterone 

producing cells is essential for—and may be sufficient to cause—the disease state.22,26,27 

However, whether intrinsic ion channel dysfunction in zona glomerulosa (zG) cells 

organized in native rosettes assemblies is sufficient to drive significant RAS-independent, 

autonomous aldosterone production remains unconfirmed.

In mice, several aldosterone-associated hypertensive models generated by ion channel gain-

of-function (GOF, eg, ClC-2 Cl− channels [Clcn2R180Q/+, Clcn2op/op],19,21 Cav3.2 calcium 

channels [Cacna1hM1560V/+]28) or loss-of-function (LOF, eg, TWIK-related acid-sensitive 

potassium [TASK] channels [Kcnk3, Kcnk9, alone and together]16,29–32) replicate many 

of the defining features of human PA. Collectively, these mouse models indicate that 

genetically altered cells, including Cyp11b2-positive cells, can produce mild to severe 

RAS-independent hyperaldosteronism in vivo. However, this evidence does not exclude 

possible contributions to the RAS-decoupled phenotype from circulating regulators or 

extra-adrenal channel dysfunction caused by germ-line genetic engineering of resting 

state conductances. Indeed, TASK-1, TASK-3, ClC-2, and Cav3.2 are expressed in many 
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tissues, and in the only comparative example published to date, germ-line deletion of 

TASK-1/−3 channels produces an exaggerated hyperaldosteronism phenotype compared 

with mice with zG-specific channel deletion.29,33 This difference in aldosterone production 

between these disease models highlights important amplification caused by extra-adrenal 

channel dysfunction. In addition, there is accumulating evidence in humans that RAS-

decoupled hyperaldosteronism may arise in vivo, in part from an exaggerated response to 

other stimulators (eg, ACTH34,35). Thus, the question remains: can zG-specific channel 

dysfunction alone, within an activity-correlated cellular network independent of extra-

adrenal contributions and changes in zG-layer architecture, elevate intracellular calcium 

and evoke autonomous, RAS-independent hyperaldosteronism consistent with that observed 

clinically in humans? Here, we determine if TASK-1/−3 LOF in mouse zG rosettes, either 

by zG-specific channel deletion or pharmacological inhibition, can evoke and sustain 

robust spontaneous calcium and steroidogenic activities in vitro that are independent of 

extra-adrenal influences and are Ang II-unresponsive.

METHODS

The authors declare that all supporting data and detailed methods are available in the 

Supplemental Material.

Mice

Adrenal slices from wild-type TASK-1/−3 (WT, AS [aldosterone synthase]+/Cre:: 

TASK-1+/+::TASK-3+/+) and zG-TASK-LOF (AS+/Cre::TASK-1fl/fl::TASK-3fl/fl) mice with 

(Calcium imaging), or without (aldosterone secretion), Cre-dependent expression of 

GCaMP3 were used in all experiments, as previously described.47

Calcium Imaging

Adrenal slices were perfused with PIPES buffer, designed to approximate plasma ion 

concentrations (in mmol/L: 20 PIPES, 119 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 25 D-Glucose, 

0.1% BSA, pH 7.3 [adjusted with 10 N NaOH]) for 90s (baseline) before application of 

0 (basal)-3 μM AngII (angiotensin II). For TASK inhibitor imaging studies, slices were 

preincubated in PIPES buffer with 200 nM A1899 and 200 nM PK-THPP for 10 min before 

imaging.

Aldosterone Secretion

Adrenal slices were incubated on polytetrafluoroethylene membranes (Millicell, 

PICM03050) in 6-well plates (2–3 slices per well) for 2 hours in DMEM/F12 at 37 °C 

and 5%CO2. Media was sampled from a 30-minute baseline period and then transferred 

to wells containing either 0-(control), 50-, 100-, 300-, 1000-pM AngII, or TASK inhibitors 

(200 nM A1899+200 nM PK-THPP) for an additional 30 minutes (drug-treatment period).

Data Availability Statement

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.
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Statistics

Unless otherwise noted, data were presented as mean±SEM (scatter plots and point-and-line 

plots) or median followed by 25–75 percentile values (box and violin plots), calculated from 

either pooled data from all slices within an experimental group (Figures 2A, 2C, 2E, 3C, 4D, 

5C; Figures S3A and S4B), or aggregate data per mouse (Figures 1C, 1D, 2B, 2D, 2F, 3B, 

3D, 3E, 3F, 4E, 4F, 5D, 6A, 6B; Figures S3B and S4C). Hypotheses were tested using linear 

mixed model analysis (see Supplemental Material). Differences among group means were 

considered significant at P<0.05 using Bonferroni’s multiple comparison test. IBM SPSS 

Statistics software (v28.0.1.1) was used for all statistical analysis.

Study Approval

All experiments were carried out in accordance with the National Institutes of Health Guide 

for the Care and Use of Laboratory Animals and approved by the University of Virginia 

Animal Care and Use Committee.

RESULTS

In the outer zone of the adrenal gland, zG cells self-organize into rosette assemblies.36,37 

These assemblies consist of 10 to 15 cells that form a central contact site containing 

adherens junction aggregates. A laminin β1-rich basement membrane encircles, on average, 

1 rosette to form interconnected glomeruli, although some larger glomeruli contain more 

than 1 rosette. Rosette assemblies impart an electrical excitability to zG cells that is not 

evident following tissue disruption and cell dispersion.38 In these assemblies, zG cells 

behave as conditional oscillators that generate slow, periodic (0.5–2 Hz) voltage spikes when 

provoked.38 In turn, these evoked voltage-oscillations drive large oscillatory changes in zG 

cell cytosolic calcium that principally derive from extracellular calcium entry.39

Here, we targeted GCaMP3, a genetically encoded calcium indicator, to zG cells in WT 

and tissue-specific TASK-1/−3 deletion (zG-TASK-LOF) mouse-lines, thereby enabling 

the study of intracellular calcium signals produced by zG cells within their native rosette 

structure.39 Wide-field microscopy captured calcium-dependent fluorescence signals from 

individual cells within rosettes.39 The deletion of TASK-1/−3 from zG cells elicited robust, 

spontaneous, and periodic (~0.5 Hz) intracellular calcium signals immediately from the 

onset of the recording period (Figure 1A), in contrast to unstimulated WT zG cells that 

are largely quiescent until provoked by AngII39 (Figure S1). To determine the degree 

of cell activation evoked by zG-TASK-LOF, we plotted fluorescence intensity over time 

and identified the peak of each oscillatory calcium signal (ie, each calcium spike). Figure 

1B shows spontaneous and AngII-evoked calcium spikes of representative zG cells from 

WT and zG-TASK-LOF adrenal slices. TASK-LOF zG cells generated highly reproducible 

spontaneous calcium oscillations within a narrow frequency range (<2 Hz) that were time-

invariant (Figure 1C), having a mean fractional active time of 0.59±0.04. By contrast, 

the addition of 3 nM AngII at 90s of recording, elicited robust, time-dependent activity 

from WT slices (Figure 1C) equal to that of zG-TASK-LOF activity in the last-half of the 

experiment (Figure 1D). Thus, zG-TASK-LOF was sufficient to initiate and sustain calcium 

oscillatory activity in zG cells equivalent to activity attained by 3 nM AngII.
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We noted that spontaneous zG-TASK-LOF spiking activity was organized into bursts 

separated by quiescent intervals similar to AngII-evoked activity previously described in 

WT zG cells.39 To compare spontaneous and AngII-evoked bursts, we first assessed burst 

structure. An inter-calcium spike interval histogram revealed 2 populations of calcium spike 

intervals (Figure S2), as was observed for WT activity.39 Fitting the histogram to the sum 

of a Gaussian and an exponential function yielded a threshold value that was used to 

objectively identify intraburst intervals that segregated three or more individual calcium 

spikes into distinct bursts. The identification of discrete bursts of calcium spikes enabled 

the analysis of zG cell burst properties (eg, duration, spike frequency, number). Neither 

the mean duration of individual bursts within a slice (Figure 2A and 2B) nor the mean 

frequency of calcium spikes within a burst (intraburst frequency, Figure 2C and 2D) differed 

between spontaneous bursts generated in TASK-LOF zG cells and AngII-evoked bursts in 

WT zG cells. Notably, these properties in WT slices also remain invariant across various 

doses of AngII as reported previously.39 Because AngII-evoked activity increases with 

time, and spontaneous activity is time invariant, we compared the degree of bursting in 

both the early (1.5–5.0 minutes) and late phases (5–10 minutes) of the recording period. 

During the early phase of the recording period, the mean number of spontaneous bursts 

observed in zG-TASK-LOF slices (14.5±0.4) greatly exceeded that in WT slices evoked by 

AngIl (7.5±0.3; Figure S3A and S2B). By contrast, during the late phase of the recording 

period, when the level of Angll-evoked activity in WT slices achieves a steady-state, the 

degree of bursting between genotypes was indistinguishable (Figure 2E and 2F). Therefore, 

spontaneous bursts evoked by zG-TASK-LOF are highly stereotypic and phenocopy AngII-

evoked bursts observed in WT slices, with comparable degrees of calcium activity.

Next, we evaluated if the spontaneous calcium activity produced by zG-TASK-LOF cells is 

sensitive to AngII application (ie, autonomous activity). Stimulation with AngII over a large 

range of doses (50 pM to 3 μM) failed to alter the burst activity of zG-TASK-LOF cells. The 

mean number of bursts per zG cell in either the early (Figure S3A and S3B) or late phase 

of the recording period (Figure 2E and 2F) remained constant, indicating that spontaneous 

bursting activity produced by zG-TASK-LOF cells is unresponsive to AngII.

An inherent short-coming of gene deletion approaches used to interrogate biological 

processes, whether at a systems or cellular level, is the inability to draw conclusions 

that exclude unintended effects of gene editing. To eliminate potential secondary effects 

produced by TASK deletion, we determined if acute pharmacological inhibition of TASK 

channels could replicate RAS-independent calcium activity in WT mice. Pretreatment of 

WT adrenal slices (10 minutes) with a combination of TASK-1 channel (A1899, 200 nM, 

IC50 35 nmol/L)40 and TASK-3 channel (PK-THPP, 200 nM, IC50 35 nM)41 inhibitors 

evoked calcium oscillations that were indistinguishable from the spontaneous activity of 

zG-TASK-LOF slices and steady-state hormone-evoked activity (3 nM AngII) in WT slices. 

TASK inhibitor-evoked activity was time-invariant (Figure 3A and 3B) and organized into 

bursts (Figure 3C and 3D) with features typical of spontaneous and hormone-evoked bursts 

in TASK-LOF and WT slices, respectively (Figure 3E and 3F).

Employing a functional clustering algorithm (FCA),42 we previously observed that zG cells 

residing in rosettes produce temporally related calcium oscillations, suggesting that the 
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rosette serves as a functional unit within the zG layer.39 Yet, it remained unresolved whether 

the rosette assembly itself was the basis for correlated activity, or whether additional AT1R-

generated signals were required to dynamically coordinate asynchronous cellular oscillatory 

behavior. We gained insight into these alternatives by applying the FCA to spontaneous 

spike trains evoked by zG-TASK-LOF. The unbiased FCA-assignment of zG cells into 

functional clusters indeed revealed groups with distinctive spontaneous activity patterns 

(Figure 4A, clusters are color-coded for clarity), seemingly corresponding to rosette-like 

anatomic groupings of zG cells (Figure 4B). Figure 4C presents the corresponding raster 

plot of calcium activity for each cell. Thus, AT1R activation is not required to produce 

correlated activity among zG cells.

Next, we aimed to impartially determine if members of a zG cell functional cluster identified 

in zG-TASK-LOF slices are indeed located within the same rosette. Accordingly, we 

determined the anatomic location of zG cells within a functional cluster by first identifying 

the X-Y coordinates of each cell within the slice. From these coordinates, we calculated 

the centroid distances between all identifiable zG cells within the slice and then sorted 

and compared pairwise distances between cell-pairs that were assigned to the same activity 

cluster (ie, Within Clusters) or different activity clusters (ie, Between Clusters). Figure 

4D shows all pairwise-distances, whereas Figure 4E shows the corresponding means from 

each experiment. Cells within functional clusters are in close proximity to each other, in 

contrast to cells in different functional clusters. Notably, the mean pairwise-distance of 

Within Clusters pairs (9.8±1.5 microns) approximates the distance between the centers 

of 2 neighboring zG cells within a rosette. Comparable distances are derived from WT 

cell activity evoked either by TASK inhibition or by 3 nM AngII (Figure 4F). Thus, TASK-

LOF-evoked oscillatory activity generated within the rosette assembly appears sufficient 

to produce activity-correlated networks of zG cells that do not require additional AT1R 

generated signals.

To corroborate our findings that the zG layer in TASK-LOF slices is comprised of rosette-

based functional networks of zG cells, we analyzed activity rasters using a phase analysis 

algorithm that evaluates the temporal relationships between 2 spiking zG cells. Unlike the 

FCA, an algorithm that evaluates calcium spiking synchronicity between cell-pairs, phase 

analysis can identify calcium spiking patterns that are fixed in time but not necessarily 

synchronous. That is, the spiking activity of 2 coordinated and phase-locked cells can 

be either synchronous (in phase; 0° phase-difference) or asynchronous (out of phase; 

1 to 359° phase-difference). Regardless of the degree of synchrony between cell-pairs, 

phase relationships between spike trains that remain invariant across time are indicative of 

functionally coupled cell-pairs, and the SD of their phase relationships serves as a measure 

of invariance.

A matrix plot of color-coded standard deviations across all zG cell-pairs (ie, cell1 versus 

cell1: synchronous, invariant, blue; cell1 versus all other cells: asynchronous, with varying 

degrees of variance, blue to red) arranged according to rosette membership provides a 

visual map of the extent of phase-locked activity among zG-TASK-LOF cells (Figure 5A). 

Within the same rosette (circumscribed by black boxes) zG-TASK-LOF cell-pairs produced 

more invariant phase-locked behavior (blue/green hues, smaller SD), relative to zG cell-
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pairs located in different rosettes (red/yellow hues, larger SD). As with AngII-evoked WT 

activity,39 phase analysis of spontaneous, zG-TASK-LOF calcium spikes revealed highly 

coupled activity among cells within a rosette, in contrast to cells located in different rosettes 

wherein oscillatory patterns were distinct, uncoupled and divergent with time.

In addition, a comparison of the representative matrix plots (Figure 5A and 5B) suggests 

that the extent of phase-locked activity observed in zG-TASK-LOF and AngII-evoked WT 

slices were remarkably similar. To objectively evaluate phase-locking equivalency between 

these 2 conditions, we plotted the cumulative distribution of phase-difference standard 

deviations derived from cell-pairs residing in the same (ie, Within) or different (Between) 

rosettes, under different stimulation paradigms. All Within-Rosette phase-difference SD 

distributions markedly diverged from Between-Rosette distributions. Within-Rosette activity 

distributions measured in zG-TASK-LOF or AngII-evoked WT slices were super-imposable 

(Figure 5C). Notably, coordinated zG-TASK-LOF cell activity also remained unresponsive 

to AngII modulation (50 pM to 3 μM). Calculation of the respective SD of the cell-pair 

phase-difference means from each experiment yielded similar conclusions (Figure 5D), 

and all findings were replicated by the TASK channel inhibitor (Figure S4). Thus, by 2 

independent analyses, FCA and phase analysis, TASK-LOF and its sequelae, produced 

by either genetic deletion or pharmacological inhibition, is sufficient to evoke and couple 

calcium oscillatory activity of zG cells within a rosette and render the network activity 

AngII-unresponsive.

AngII-unresponsive hyperaldosteronism was demonstrated in early seminal studies in 

patients with PA. In patients with aldosterone-producing adenoma, plasma aldosterone 

was greatly elevated at baseline and AngII infusion at pressor doses failed to stimulate 

production, in contrast to normal subjects in whom a time- and dose-dependent increase 

in plasma aldosterone was elicited.43,44 The extension of these findings in subsequent 

studies has revealed a broader range of responses within PA that embraces a varied mixture 

of 2 response components: AngII-hypersensitivity (responsive) and AngII-independence 

(unresponsive), the latter of which increases with disease severity.3,45–48 Because calcium 

signaling in zG-TASK-LOF cells is unresponsive to AngII, we queried whether aldosterone 

production from zG-TASK-LOF slices may also be AngII-unresponsive. Following a period 

of adrenal slice stabilization, aldosterone secreted into the media was measured at baseline 

(30 minutes) and then 30 minutes after stimulation with a single dose of AngII (50 pM 

to 3 nM). As anticipated, production from zG-TASK-LOF slices at baseline was ~3-fold 

greater than WT (Figure 6A) and did not significantly differ from WT slices incubated 

with TASK inhibitor (122±14 versus 104±5 pg/mL per hour). To control for unequal 

zG cell numbers across slices, we normalized the AngII-evoked aldosterone response of 

each slice to its baseline level of production and then compared fold-responses to AngII 

across genotypes. Comparison of the mean fold-values shows that in WT slices, AngII dose-

dependently increases aldosterone production ≈3-fold with a threshold value of > 50 pM 

(Figure 6B). By contrast, AngII failed to further stimulate aldosterone production from zG-

TASK-LOF. Therefore, in the absence of contributions from extra-adrenal dysfunction, loss 

of TASK activity in mouse zG cells assembled in rosettes is sufficient to drive aldosterone 

overproduction that is AngII-unresponsive.
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DISCUSSION

Here, we demonstrate that zG cells studied in their native rosette assembly can be provoked 

to produce robust calcium oscillations and aldosterone overproduction in the absence of 

secretagogues, resulting solely from TASK channel dysfunction. First, we show that either 

tissue-specific TASK-1/−3-LOF, or their pharmacological inhibition, is sufficient to evoke 

bursts of calcium spikes with stereotypic burst properties (ie, burst duration, spike intraburst 

frequency) indistinguishable from those evoked by AngII. In WT rosettes, Angll dose-

dependently stimulates zG cells by increasing the number of calcium bursts.39 By contrast, 

the number of bursts produced by rosettes of zG cells with dysfunctional TASK channels 

was AngII-dose invariant, indicating calcium signaling autonomy evoked by TASK-LOF. 

Next, we measured acute aldosterone secretion in adrenal slices to determine if the observed 

calcium signaling autonomy evoked comparable changes in steroidogenesis in native tissue. 

TASK-LOF (by genetic deletion or pharmacological inhibition) produced more aldosterone 

than untreated WT slices, and TASK-LOF imparted an AngII-insensitivity to aldosterone 

production. Taken together, these studies demonstrate that TASK channel dysfunction, 

in the absence of extra-adrenal contributions to zG cell function, is sufficient to drive 

autonomous, AngII-unresponsive calcium activity and aldosterone production in native, fully 

differentiated tissue. Although our studies were not designed to evaluate the participation 

of transcriptional and translational events in the mechanism by which channel dysfunction 

produces signaling and steroidogenic autonomy, the recapitulation of the genetic phenotype 

by acute pharmacological channel inhibition makes these possibilities unlikely.

These studies support and extend findings previously reported by other laboratories. The 

germ-line deletion of TASK-3 channels produces a 25mV depolarization of zG cells and 

generates spontaneous zG cell calcium oscillatory activity in many rosettes.31 Yet, in 

contrast to our findings reported here, some TASK-3-LOF zG cells in rosettes maintain 

responsiveness to AngII (normal, or weaker and transient responses). Similarly, rosettes 

assembled with zG cells expressing gain-of-function ClC-2 channels produced by germ-line 

genetic engineering display diverse behaviors. Clcn2R180Q/+ mutations generate zG cells 

that are conditional oscillators and hypersensitive to AngII,21 whereas constitutively open 

channels (Clcn2op/op) evoke extreme depolarization (−40 mV resting voltage), spontaneous 

oscillatory activity, and unresponsiveness to 1 nM AngII.20 Taken together, it is intriguing 

to speculate that the degree of depolarization produced by either TASK-LOF or ClC-2-GOF 

determines a response continuum from zG cells that produces heightened sensitivity and 

then autonomy and unresponsiveness to AngII with escalating depolarization.

Within PA, a response continuum of aldosterone production from hypersensitivity to 

autonomy is also evident.3 AngII infusion has been shown to elicit amplified steroidogenic 

responses in patients with bilateral adrenal hyperplasia compared with patients with normal-

renin hypertension. However, patients harboring aldosterone-producing adenomas are either 

responsive or unresponsive to AngII infusion.46–48 This dichotomy of responses is currently 

under intense investigation and has been suggested to reflect the cellular composition of the 

tumor,46,49 the mutational status of aldosterone driver genes,50 and/or ectopic/heterogeneous 

receptor expression.51–53 In vivo zG-TASK-LOF mice display a mild-hyperaldosteronism 

with a component of aldosterone autonomy. In this disease model, AT1R antagonism or 
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high sodium dietary intake reduces aldosterone production yet neither treatment normalizes 

elevated urinary aldosterone excretion to that of WT mice.33 In fact, each treatment 

magnifies the differences in aldosterone production between WT and zG-TASK-LOF 

genotypes, revealing a larger RAS-uncoupled component of aldosterone output that drives 

the elevation in blood pressure. Therefore, we were surprised to find full RAS uncoupling of 

calcium signaling and complete steroidogenic autonomy of zG-TASK-LOF rosettes in vitro.

How then can partial autonomy arise in vivo? While this question remains untested, it is 

intriguing to again consider membrane voltage as a possible modifier. In a layer marked 

by zG cell turnover and continuous zG to zona fasciculata cell transdifferentiation,54 zG 

cells are likely heterogeneous. When exposed to the interstitial milieu that contains a 

variety of peptides that regulate zG function (see Lenzini et al51 for review), the exact 

expression pattern of receptors and conductances would be expected to differentially alter 

zG cell resting membrane voltage and consequently evoke a diversity of responses to AngII, 

from hypersenstivity to autonomous/unresponsive. Accordingly, it is formally possible 

that in the complex environment of the adrenal interstitium, a robust cell-autonomous 

hyperaldosteronism phenotype of TASK-LOF may be partially offset by circulating factors 

that are absent in vitro.

Finally, it is noteworthy that spontaneous or inhibitor-evoked zG cell oscillations revealed 

rosette-based activity-groupings, similar to AngII-induced rosette-based activity in WT 

mice.39 Acute inhibition of TASK channels evokes calcium oscillatory activity and the 

activation of the calcium messenger system. By contrast, AT1R stimulates many signaling 

pathways through its direct interaction with heterotrimeric G-proteins (Gi, Gq, G12/13) and 

other proteins not part of the G-protein family (eg, calmodulin, JAK2, PLC-g1, etc)56. 

Surprisingly, our data indicate that activation of the calcium messenger system is sufficient 

to generate rosette-based networks of interacting zG cells. Whether the calcium dependence 

of coordination depends on the strength of cadherin and/or cytoskeletal interactions and 

whether activity-coupling functions as an amplification mechanism in the zG-layer, as it 

does in many systems, awaits investigation.

Our studies provide proof-of-principle that intrinsic channel dysfunction of a dominant 

resting-state conductance within native zG rosettes can induce robust, autonomous 

calcium and steroidogenic activities, independent of extra-adrenal amplification. In rosette 

assemblies, the electrical excitability of zG cells enables large voltage excursions that recruit 

the participation of many conductances, and imparts functional plasticity to the network. 

As such, genetic perturbations of resting state-conductances that produce a phenotype in a 

rosette must result in a depolarization that cannot be offset by compensating conductances 

and correlated network activity. To demonstrate this principle in the mouse, we chose 

to disrupt dominant resting state conductances in mouse zG cells, TASK-1 and TASK-3 

channels. Notably, the KCNK3 gene (TASK1) is also one of the most abundantly expressed 

genes in the human adrenal cortex (KCNK3 > KCNK2 > KCNK5 > KCNK9),15,57–60 

and KCNK3 single-nucleotide polymorphisms have been associated with hypertension and 

aldosterone production16,61,62 across large multiethnic human cohorts. Yet, in aldosterone 

producing-adenomas and micronodules, pathogenic mutations most frequently occur in the 

KCNJ5 and CACNA1D genes, respectively. Thus, although it is doubtful that TASK-3 
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dysfunction contributes to PA in humans, it remains to be determined if genetic variation 

in the KCNK3 gene could potentially contribute to autonomous aldosterone production in 

normotensive or mildly hypertensive younger patient cohorts, when CP11B2 is expressed 

normally in zG-layer rosettes.

PERSPECTIVES

Recent evidence suggests that RAS-independent aldosterone production is highly prevalent 

and contributes to the pathogenesis of cardiovascular and renal disease.3 Mineralocorticoid 

receptor antagonists are partially effective at mitigating the pathological consequences 

of aldosterone overproduction, but they are not as effective as adrenalectomy.63 Genetic 

variation in ion channels that disrupt intracellular calcium homeostasis and strongly 

associate with RAS-independent aldosterone production have been identified, introducing 

the exciting potential for novel channel-targeted pharmacological therapies. However, the 

extent to which an inherent alteration in an ion channel conductance within a zG cell 

rosette assembly can evoke autonomous aldosterone production independent of extra-adrenal 

circulating factors or additional genetic alterations, was previously untested. Here, we used 

a background potassium channel (TASK-1/−3) loss-of-function model to study in vitro 

steroidogenic and calcium activities of zG cells natively assembled. We demonstrate that 

within native adrenal slices, both genetic and pharmacological disruption of TASK channels 

elicits spontaneous, RAS-independent calcium oscillations that organize into rosette-based 

electrical networks driving autonomous aldosterone production. Thus, we provide proof-of-

principle that channel dysfunction of a dominant resting-state conductance alone, in the 

context of a rosette, can produce aldosterone autonomy. These data support and extend the 

targeting of ion channels as a pharmacological strategy to restore calcium homeostasis and 

mitigate PA.
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PA primary aldosteronism

RAS renin-angiotensin system

TASK TWIK-related acid-sensitive potassium channel

zG zona glomerulosa
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NOVELTY AND RELEVANCE

What Is New?

Dysfunction of a dominant resting-state conductance by zG-specific genetic deletion 

or acute pharmacological blockade is sufficient to drive robust renin-angiotensin system-

independent aldosterone production from zG cells within native rosette assemblies, and 

does not require amplification by extra-adrenal factors.

What Is Relevant?

Pathogenic ion channel mutations in PA are well-documented. Yet, whether channel 

dysfunction in zG-layer rosettes can be an ample source of autonomous aldosterone 

production remained untested.

Clinical/Pathophysiological Implications?

Renin-angiotensin system-independent hyperaldosteronism is now recognized as a 

prevalent risk factor in the pathogenesis of cardiovascular and kidney disease; yet, current 

nonsurgical treatment strategies are limited. These findings support the targeting of 

ion channels as a pharmacological strategy to restore calcium homeostasis and correct 

autonomous hyperaldosteronism in RAS-independent hyperaldosteronism.
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Figure 1. TWIK-related acid-sensitive potassium channel (TASK) channel LOF results in robust, 
spontaneous calcium oscillations, comparable to that elicited by AngII in WT slices.
A, A representative trace (A, bottom) of GCaMP3 florescent intensity over time. Mean pixel 

intensity of each region of interest (ROI) from a zG-TASK-LOF (zT1T3) adrenal slice, and 

the corresponding raster plot (A, top) highlighting the timing of each individual calcium 

spike. B, Representative raster plots of zG calcium spikes in zG-TASK-LOF (B, top; black 

lines; spontaneous activity) and WT slices (B, bottom; orange lines, evoked-activity, 3 

nM AngII [angiotensin II] added at 1.5 minutes). C, Number of calcium events per cell 

in 1 minute bins from WT (3 nM AngII at 1.5 minutes, n=6 mice) and zG-TASK-LOF 

(spontaneous activity, n=6 mice) slices. D, Fraction of time in which zG cells were active 

is significantly less early in the recording (1.5–5 minutes, ie, during baseline and early 

AngII-stimulation) in WT (n=102 cells from mice) compared with spontaneous activity 

in zG-TASK-LOF slices (n=103 cells from 6 mice). WT activity attains that of zG-TASK-

LOF in the second half of the recording (5–10 minutes), as AngII-elicited activity reaches 

maximal response. Data are expressed as mean±SEM; black symbols: zG-TASK-LOF slices, 

orange symbols: WT slices; ***P<0.001 or NS (nonsignificant) by linear mixed model with 

Bonferroni’s multiple comparisons test.
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Figure 2. Properties and number of calcium bursts are equivalent between zona glomerulosa 
(zG)-TWIK-related acid-sensitive potassium channel (TASK)-loss-of-function (LOF) and AngII 
(angiotensin II)-stimulated zG cells.
Distribution and mean duration (A and B) and intraburst frequency (C and D) of calcium 

bursts in zG cells from zG-TASK-LOF (zT1T3; n=103 cells from 6 mice; black symbols) 

and 3 nM AngII-stimulated WT (n=102 cells from 6 mice; orange symbols) slices. The 

distribution (E) and mean (F) number of bursts in the late phase (last 5 minutes of each 

recording) was invariant across genotype (WT vs zG-TASK-LOF) and AngII concentrations. 

zG-TASK-LOF+0 pM (n=102 cells from 6 mice; black symbols), 50 pM (n=52 cells from 4 

mice; blue symbols), 3 nM (n=101 cells from 6 mice; orange symbols, top), or 3 μM AngII 

(red; E, n=67 cells from 3 mice, red symbols), and WT slices+3 nM AngII n=100 cells from 

6 mice, orange symbols, bottom). Data are expressed as median+25–75 percentile (A, C, E) 

or mean±SEM (B, D, F); ***P<0.001 or nonsignificant (NS) by linear mixed model with 

Bonferroni’s multiple comparisons test.
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Figure 3. Pharmacological blockade of TWIK-related acid-sensitive potassium channel (TASK) 
channels in WT slices recapitulates calcium responses in genetic zona glomerulosa (zG)-TASK-
loss-of-function zG cells.
A, Two representative raster plots of calcium spikes from 5 different cells within a WT slice 

incubated with TASK inhibitors (TI) for 10 minutes before imaging (A, top; black lines; 

TASK inhibitors: 200 nM A1899 and 200 nM PK-THPP) or a WT slice stimulated with 

AngII (angiotensin II; A, bottom; orange lines; 3 nM AngII added after 1.5 minutes). B, 

Number of calcium spikes per cell in 1 minute bins (Task Inhibitors: n=73 cells from 4 

mice, black symbols; AngII: n=66 cells from 4 mice, orange symbols). Number of calcium 

bursts (C, per cell; D, mean per slice), mean intraburst spike frequency (E), and mean burst 

duration (F) in TI- and AngII-treated WT slices. D–F, Data are expressed as median+25–

75th percentile (C) or mean±SEM (B, D, E, F). Black symbols: TI-treated slices, orange 

symbols: AngII-treated slices; NS (nonsignificant) by linear mixed model with Bonferroni 

multiple comparisons test.
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Figure 4. Adrenal zona glomerulosa (zG)-TWIK-related acid-sensitive potassium channel 
(TASK)-loss-of-function (LOF) cells sort into rosette-specific, functional clusters of calcium 
activity.
A functional clustering algorithm (FCA) applied to calcium activity of zG cells across 

an adrenal slice grouped cells into functional clusters based on the temporal correlation 

of spikes between cell-pairings. Dendrogram (A), micrograph (B), and raster (C) of a 

representative FCA analysis of spontaneous calcium activity among zG cells within a 

zG-TASK-LOF slice, with each functional cluster color-coded. Distribution (D) and mean 

(E) of within- (closed symbols) and between- (open symbols) cluster cell-pair distances in 

zG-TASK-LOF slices (n=720 cell-pairs from 6 mice). F, Mean pairwise distances of within- 
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(closed symbols) and between- (open symbols) cluster cell-pair distances after incubation 

with TASK channel inhibitors (200 nM A1899 and 200 nM PK-THPP; n=479 cell-pairs 

from 5 mice, green symbols) or 3 nmol/L AngII (n=825 cell-pairs from 5 mice, orange 

symbols). Data are expressed as median+25–75th percentile values (D) or mean±SEM (E 
and F); ***P<0.001 by linear mixed model with Bonferroni’s multiple comparisons test.
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Figure 5. Phase-locking of spike trains from zona glomerulosa (zG)-TWIK-related acid-sensitive 
potassium channel (TASK)-loss-of-function (LOF) cells is independent of AngII (angiotensin II) 
concentration.
Representative matrix plot of pair-wise SD of the phase difference of calcium spikes within 

a zG-TASK-LOF (A, zT1T3, spontaneous activity) or WT (B, 3 nM AngII-evoked activity) 

adrenal slice. Cells are numbered arbitrarily and arranged on the x- and y-axis according 

to assumed rosette assignment. The intersection of row (Cell x) and column (Cell y) 

indicates the SD of the cell-pair phase-difference and is color coded to reflect the degree 

of phase-locking, ranging from red (high SD of phase-difference, little activity coupling) 

to blue (low SD of phase-difference, phase-locked, high-degree of coupling). Darkest blue 

results when a cell is paired with itself (eg, Cell 1 on x-axis vs Cell 1 on y-axis) and 

therefore SD=0, accounting for the continuous diagonal of blue squares on each matrix. C, 

Superimposed cumulative fractional distributions of phase difference SDs of all cell-pairs 

and (D) corresponding mean SD per slice, sorted into within- and between-rosettes cell-
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pairs; from zG-TASK-LOF slices: +0 pM AngII (black, closed symbols; n=1142 cell-pairs 

from 6 mice), 50 pM AngII (blue, closed symbols; n=1079 cell-pairs from 4 mice), 3 nM 

AngII (orange, closed symbols; n=618 cell-pairs from 6 mice), 3 μM AngII (red, closed 

symbols; n=784 cell-pairs from 3 mice), or WT slices: +3 nM AngII (orange, open symbols; 

n=622 cell-pairs from 6 mice). ***P<0.001 (within- vs between- rosette SD for each 

concentration of AngII) by mixed model ANOVA with Bonferroni’s multiple comparisons 

test.
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Figure 6. Aldosterone production in elevated and AngII (angiotensin II)-insensitive in 
zona glomerulosa (zG)-TWIK-related acid-sensitive potassium channel (TASK)-loss-of-function 
(LOF) compared with WT slices.
A, Aldosterone production pg/slice/h from WT (n=13 wells from 7 mice, orange symbols), 

zG-TASK-LOF (zT1T3, n=13 wells from 4 mice, black solid symbols), and WT+TASK 

inhibitors (200 nM A1899 and 200 nM PK-THPP, n=11 wells from 5 mice, black open 

symbols) slices. B, Ratio of aldosterone production after 30 minutes AngII stimulation 

(0 [basal], 50 pM, 300 pM, 1 nM, or 3 nM AngII) over baseline secretion (previous 30 

minutes) in zG-TASK-LOF (black symbols) or WT (orange symbols) adrenal slices (n=6–12 

wells/dose from 4 zG-TASK-LOF and 6 WT mice). Data are expressed as mean±SEM; 

***P<0.001 by linear mixed model with Bonferroni’s multiple comparisons test.
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