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Introduction
The adrenal glands synthesize and secrete steroid hormones that 
play critical roles in the regulation of electrolyte balance, blood 
pressure, carbohydrate metabolism, and responses to stress. To 
accomplish these functions, the adrenal cortex is organized into 
functionally and histologically distinct zones. The outermost 
zona glomerulosa (ZG) is responsible for maintaining sodium 
and potassium balance through secretion of mineralocorticoids, 
predominantly aldosterone. Aldosterone synthesis and secretion 
are tightly controlled by the renin-angiotensin-aldosterone sys-
tem (RAAS). The zona fasciculata (ZF) is controlled by adreno-
corticotropic hormone (ACTH). ACTH regulates the production 
of glucocorticoids, primarily corticosterone and/or cortisol, to 
mediate stress responses. This functional zonation is maintained 
through differential expression of the enzymes required for 
mineralocorticoid versus glucocorticoid production. Murine lin-

eage–tracing models have detailed the adrenal cell renewal pro-
cess, which involves centripetal migration of steroidogenic cells 
and transdifferentiation of ZG cells into ZF cells. During devel-
opment, this process initiates with the differentiation of subcap-
sular stem and progenitor cells into aldosterone-producing ZG 
cells. These cells are then displaced inward to the medullary bor-
der, where they undergo apoptosis, changing their zone-specific 
steroidogenic enzyme expression pattern throughout the process 
(1–9). A recent lineage-tracing study revealed that the outer ZG 
cells repopulate nearly the entire adrenal cortex within 3 months 
(1). The precise factors and mechanisms that regulate adrenocor-
tical centripetal migration and the phenotypic switch from ZG to 
ZF cells remain unknown.

Physiologic regulation of aldosterone production involves 
the binding of angiotensin II (AngII) to its receptor angiotensin 
II receptor type 1 (AT1R), resulting in activation of the Gq protein 
family. Gq signaling through phospholipase C increases cytosolic 
calcium, which then activates calcium/calmodulin-dependent 
kinases (CaMKs) (10–17). CaMKs initiate the activity of transcrip-
tion factors that are critical for the transcription of aldosterone 
synthase (Cyp11b2) (18). Because of the ZG-specific localization of 
AT1R and Cyp11b2 within the adrenal gland, aldosterone produc-
tion is limited to adrenal ZG cells (19).

The mineralocorticoid aldosterone is produced in the adrenal zona glomerulosa (ZG) under the control of the renin–
angiotensin II (AngII) system. Primary aldosteronism (PA) results from renin-independent production of aldosterone and is 
a common cause of hypertension. PA is caused by dysregulated localization of the enzyme aldosterone synthase (Cyp11b2), 
which is normally restricted to the ZG. Cyp11b2 transcription and aldosterone production are predominantly regulated by 
AngII activation of the Gq signaling pathway. Here, we report the generation of transgenic mice with Gq-coupled designer 
receptors exclusively activated by designer drugs (DREADDs) specifically in the adrenal cortex. We show that adrenal-wide 
ligand activation of Gq DREADD receptors triggered disorganization of adrenal functional zonation, with induction of Cyp11b2 
in glucocorticoid-producing zona fasciculata cells. This result was consistent with increased renin-independent aldosterone 
production and hypertension. All parameters were reversible following termination of DREADD-mediated Gq signaling. These 
findings demonstrate that Gq signaling is sufficient for adrenocortical aldosterone production and implicate this pathway 
in the determination of zone-specific steroid production within the adrenal cortex. This transgenic mouse also provides an 
inducible and reversible model of hyperaldosteronism to investigate PA therapeutics and the mechanisms leading to the 
damaging effects of aldosterone on the cardiovascular system.
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recombinase inserted into the Cyp11b2 locus (1). Mice were bred to 
be heterozygous for AS-Cre (AS+/Cre hM3Dq), which allowed them to 
maintain Cyp11b2 expression (1). The presence and localization of 
hM3Dq were confirmed by HA tag immunofluorescence (IF) stain-
ing. Adrenal Cyp11b2 expression arises after birth, therefore, low 
levels of adrenal hM3Dq were present in these mice early in life, at 
3 weeks of age (Supplemental Figure 2; supplemental material avail-
able online with this article; https://doi.org/10.1172/JCI127429DS1). 
Centripetal migration of Cre-recombined cells led to adrenocortical 
hM3Dq abundance that increased throughout life (Supplemen-
tal Figure 2). The majority of cortical cells in these mice contained 
hM3Dq by 20 weeks of age, with no presence of the receptor in the 
medulla (Figure 1). Given this caveat, we used AS+/Cre hM3Dq mice 
that were 18–22 weeks of age. The expression of hM3Dq in the ZG 
and ZF allows for the activation of Gq signaling in both zones upon 
treatment with CNO (Supplemental Figure 1). In mice that lacked 
Cre and were WT for AS (AS+/+ hM3Dq mice), we did not detect HA 
tag staining of hM3Dq (data not shown).

Cortical activation of Gq signaling results in hyperaldosteronism. 
Female AS+/Cre hM3Dq mice were treated with CNO or vehicle for 
7 days (Figure 2A), and adrenal RNA was isolated and analyzed for 
transcripts encoding steroid-metabolizing enzymes (Figure 2B). 
CNO-treated female AS+/Cre hM3Dq mice had a significant 6.5-fold 
increase in Cyp11b2 transcript levels above those of vehicle-treated 
mice, as assessed by quantitative real-time PCR (qPCR) (Figure 2C). 
This observation correlated with an increase in Cyp11b2 protein lev-
els and 3.1-fold higher circulating aldosterone levels in CNO-treated 
females (Figure 2, D and E). Interestingly, zonation of Cyp11b2 was 
disordered, as we found Cyp11b2-positive cells in the ZF as well 
as in the ZG. Double-IF indicated that some ZF cells coexpressed 
Cyp11b1 and Cyp11b2, with a smaller subset exclusively containing 
Cyp11b2 (Figure 2D). The increase in aldosterone levels was variable, 
with some CNO-treated mice producing more than 1000 pg/mL 
aldosterone, whereas others showed more moderate increases (Fig-
ure 2E). The final steroid precursor for the synthesis of aldosterone 
18-hydroxycorticosterone (18OHB) was also significantly increased 
(2.6-fold) following CNO treatment (Supplemental Table 1). We 
found that Ren1 mRNA, the mouse transcript that encodes renin in 

Disruption of zone-specific expression of steroidogenic 
enzymes is one of the characteristics of diseases of steroid imbal-
ance. One such disease is primary aldosteronism (PA), which is 
the most prevalent cause of secondary hypertension, affecting 
5%–10% of patients with hypertension and 20% of those with 
resistant hypertension (20–26). Production of aldosterone that is 
independent of circulating renin causes inappropriate renal sodi-
um retention and, consequently, high blood pressure. Patients 
with PA are therefore susceptible to severe cardiovascular risks 
and complications (27–31). In addition to causing hypertension, 
inappropriate aldosterone enhances deleterious effects on the 
cardiovascular system, including cardiac hypertrophy and fibrosis 
(32–35). Despite the high prevalence of PA and its associated mor-
tality, animal models for this disease are limited (36).

Designer receptors exclusively activated by designer drugs 
(DREADDs) are modified GPCRs that bind synthetic ligands (37). 
This transgenic technology allows for chemogenetic activation of 
G protein signaling pathways. DREADD technology was originally 
applied to research in the neuroscience field (38) but has now been 
used in several tissues (39–44), including within an endocrine 
pancreatic β cells (45, 46). Here, we used a modified human M3 
muscarinic receptor that couples to Gq (hM3Dq) and is activated 
by the ligand clozapine N-oxide (CNO) (38, 46–48). We developed 
transgenic mice with pan-adrenocortical expression of hM3Dq 
receptors. Activation of adrenal Gq signaling promoted ectopic 
localization of Cyp11b2 in the ZF. Mice exhibited a PA phenotype 
with renin-independent aldosterone production and hyperten-
sion. Furthermore, beyond triggering hyperaldosteronism, the 
presence of Gq signaling may contribute to maintenance of the ZG 
cellular phenotype as well.

Results
Generation of AS+/Cre hM3Dq mice. hM3Dq mice have a transgene that 
encodes the hM3Dq DREADD (47). The hM3Dq transgene is tran-
scribed exclusively in the presence of Cre recombinase and contains 
an HA tag sequence (47). Expression of hM3Dq was driven specif-
ically to the adrenal cortex by crossing hM3Dq mice with aldoste-
rone synthase Cre (AS-Cre) mice (Figure 1A). AS-Cre mice have Cre 

Figure 1. Adrenocortical-specific expression of hM3Dq driven by AS-Cre. (A) Schema of AS+/Cre hM3Dq mouse crossbreeding. AS-Cre mice were bred to be het-
erozygous for the Cre allele (AS+/Cre) and crossed with the hM3Dq mouse line. Mice were bred on a homozygous hM3Dq background. Cre recombination resulted 
in an excision of the upstream Pgk-neomycin cassette (PgkNeo) at the loxP sites, allowing transcription of hM3Dq in Cre-positive cells. CBA, chicken β-actin 
promoter. (B) Immunofluorescence labeling of hM3Dq. The hM3Dq transgene has an HA tag, allowing for detection of the receptor via HA tag immunofluores-
cence. Adrenal glands from 20-week-old mice are shown. DAPI (blue) marks the nuclei. C, capsule. Scale bars: 50 μm.
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medulla. Normalization to a transcript expressed only in the cortex, 
steroidogenic factor 1 (Sf1), eliminated this effect in these transcripts, 
except for Star, which was still decreased, but to a lesser degree than 
that seen with Ppia normalization (data not shown). These data 
demonstrate that the increase in aldosterone secretion in CNO-treat-
ed mice was a direct effect of increased Cyp11b2 transcript and pro-
tein levels rather than of targeted increases in other enzymatic steps 
in steroidogenesis. Despite the slight decrease in Cyp11b1 transcrip-
tion, we did not detect a significant decrease in plasma corticosterone 
levels (Figure 2E). It is worth noting that 7 days of CNO treatment did 
not alter aldosterone or Cyp11b2 transcript levels in the AS+/+ hM3Dq 
littermate control mice (Supplemental Figure 3).

the juxtaglomerular renal cells, was significantly decreased in the kid-
neys of CNO-treated female mice (Figure 2F), as were plasma renin 
concentrations (Figure 2G), suggesting a suppression of the RAAS. 
This confirmed that the hM3Dq-induced aldosterone production 
was renin independent, as seen in PA. Of the genes encoding adre-
nal steroidogenic enzymes, Cyp11b2 was the only upregulated gene 
in the CNO-treated mice (Figure 2C). Furthermore, Star, Hsd3b1, and 
Cyp11b1 all had small but significant decreases in expression, with 
downward trends also observed for transcripts encoding the other 
steroidogenic enzymes (Figure 2C). The slight decrease in transcript 
levels for these enzymes may be related to normalization of gene 
expression relative to Ppia, which is expressed in both the cortex and 

Figure 2. CNO activation of adrenal hM3Dq upregulates Cyp11b2 expression and aldosterone production. (A) Experimental protocol. AS+/Cre hM3Dq female 
18- to 20-week-old mice were treated with CNO (50 μg/mL) or vehicle in their drinking water (ad libitum) for 7 days prior to sacrifice. (B) Mouse adrenal ste-
roidogenic pathway. Star transports cholesterol to the inner mitochondrial membrane, where it is converted to pregnenolone prior to downstream conversion 
to either glucocorticoids (ZF) or mineralocorticoids (ZG) by steroidogenic enzymes. (C) qPCR analysis of steroidogenic enzyme mRNA in whole adrenal tissue. 
n = 8 for both groups for steroidogenic enzymes; n = 10 for Cyp11b1 and Cyp11b2 (vehicle treatment); n = 11 for Cyp11b1 and Cyp11b2 (CNO treatment). (D) Immu-
nofluorescence staining for Cyp11b2 and Cyp11b1. Scale bars: 50 μm. (E) Steroid levels were measured by LC-MS/MS. n = 13 for vehicle treatment; n = 17 for CNO 
treatment. (F) qPCR analysis of kidney Ren1. n = 6 for vehicle treatment; n = 5 for CNO treatment. (G) Plasma renin concentrations. n = 11 for vehicle treatment; 
n = 13 for CNO treatment. Data in the dot plots represent the mean ± SEM. *P < 0.05 and **P < 0.01, by unpaired, 2-tailed Student’s t test. Veh, vehicle. 
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protein that participates in aldosterone production and is regulat-
ed by AngII (51). Following 7 days of CNO treatment, Dab2 was no 
longer restricted to the ZG in female mice, as several ZF cells were 
also positive for Dab2 (Figure 3A). This coincided with a 1.5-fold 
increase in Dab2 transcript levels in the adrenal glands of female 
AS+/Cre hM3Dq mice treated with CNO (Figure 3B).

Wnt/β-catenin signaling plays an important role in adrenal 
development, growth, and cell replenishment and is preferentially 
active in the ZG compared with other cortical zones (52–58). There-
fore, we determined whether chemogenetic Gq signaling would be 
sufficient to upregulate Wnt/β-catenin signaling. qPCR analysis for 
the canonical Wnt pathway target gene Axin2 revealed no change 
between vehicle and CNO-treated groups, suggesting that the path-
way is not activated in response to Gq signaling (Figure 3D). Con-
sistent with this, IF showed that β-catenin localization was limited 
to the ZG in both control and CNO-treated female mice, with only 
minor expression in the outer ZF cells (Figure 3C). This suggests 
that the Cyp11b2-positive ZF cells did not undergo a complete phe-
notypic switch to ZG cells. It also indicates that aldosterone produc-
tion per se is not reliant on Wnt/β-catenin signaling, as expression 
of ZF Cyp11b2 is able to turn on following activation of Gq signaling.

hM3Dq-induced aldosterone production bypasses high-sodium 
diet–induced suppression of the RAAS. High-sodium (HS) diets inac-
tivate adrenal aldosterone synthesis through suppression of renin 
under normal physiological conditions (59). This was apparent in 

Female AS+/Cre hM3Dq mice did not have a significant differ-
ence in body weight following 7 days of CNO treatment (Supple-
mental Figure 4A). Interestingly, we observed a minor but sig-
nificant decrease in adrenal gland size relative to body weight in 
CNO-treated female mice in the left adrenal gland and a trend 
toward a decrease in the right adrenal gland (Supplemental Fig-
ure 4C). Nevertheless, we observed no obvious changes to adre-
nal gland morphology, as assessed by H&E staining after 7 days of 
CNO treatment (Supplemental Figure 4B).

Also, after 7 days of CNO treatment, male AS+/Cre hM3Dq mice 
responded with significantly upregulated plasma aldosterone pro-
duction (1.8-fold compared with control mice) (Supplemental Fig-
ure 5C). However, we detected no change in Cyp11b2 mRNA lev-
els in these mice (Supplemental Figure 5A). Cyp11b2 protein was 
localized to the ZG, with low levels detected in the ZF (Supplemen-
tal Figure 5B). The increase in aldosterone did not inhibit renin 
production in male mice, as we observed no difference in kidney 
Ren1 transcript levels between groups (Supplemental Figure 5D). 
This sexually dimorphic response could partly be explained by 
the unequal hM3Dq expression at 20 weeks of age in males and 
females (Figure 1B). Notably, previous mouse models that have 
used the AS-Cre mouse line to drive adrenal cortex–specific Cre 
expression have exhibited similar sex differences (49, 50).

Gq signaling contributes to the ZG cell phenotype. We also exam-
ined the expression of disabled homolog 2 (Dab2), a ZG-specific 

Figure 3. AS+/Cre hM3Dq mice have increased expression of the ZG marker Dab2, with no changes in the ZG-specific Wnt pathway. (A) Immunofluo-
rescence staining for the ZG-specific Dab2 protein (green). (B) qPCR analysis for whole adrenal Dab2 mRNA. (C) Immunofluorescence staining for active 
β-catenin (green). (D) qPCR analysis for whole adrenal mRNA expression of the Wnt pathway target gene Axin2. n = 8 for both CNO- and vehicle-treated 
groups in B and D. DAPI (blue) stained the nuclei in A and C. Scale bars: 50 μm. Data in the dot plots represent the mean ± SEM. *P < 0.05, by unpaired, 
2-tailed Student’s t test.
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exclusively coexpressed with Cyp11b1 in the majority of mice. In 
comparison, mice that were treated with HS plus CNO for 7 days 
showed a robust, 105-fold increase in aldosterone production 
through an upregulation of Cyp11b2 transcript levels by 44-fold 
relative to the control mice treated with HS plus vehicle (Figure 4, 
B and C). The levels of aldosterone in these mice treated for 7 days 
with HS plus CNO averaged 1949 pg/mL, a remarkable increase 
from the 285 pg/mL average of the mice treated for 2 days with 
HS plus CNO. 18OHB concentrations also increased significantly 
in both the 2-day (1.8-fold) and 7-day (33-fold) treatment cohorts 
(Supplemental Table 1). No significant changes were observed in 
11DOC or corticosterone concentrations under these conditions 
(Supplemental Table 1). Moreover, the level and disorganization 
of Cyp11b2 protein localization were higher in the samples from 
mice treated for 7 days than in those from mice treated for 2 days 

AS+/Cre hM3Dq mice fed a HS diet for 3 days prior to CNO treat-
ment. To determine whether CNO treatment could override RAAS 
suppression, mice were split into 2 groups: (a) HS diet plus 2 days 
of CNO treatment (2-day HS plus CNO) and (b) HS diet plus 7 days 
of CNO treatment (7-day HS plus CNO) (Figure 4A). Alongside 
these groups, we used littermate mice treated with a HS diet plus 
vehicle (HS plus vehicle) as controls. The 2 time points allowed us 
to examine the temporal regulation of aldosterone synthesis by 
the hM3Dq system. In female mice administered HS plus CNO for 
2 days, we found that plasma aldosterone significantly increased 
by 2.6-fold and that Cyp11b2 mRNA levels increased by 8.3-fold 
above the levels seen in the control mice treated with HS plus vehi-
cle (Figure 4, B and C). Assessment of IF staining revealed Cyp11b2 
protein expression in the ZG and the ZF at variable levels (Figure 
4D). On day 2 of treatment, we found that ZF Cyp11b2 was almost 

Figure 4. AS+/Cre hM3Dq mice activate Cyp11b2 
and aldosterone production in the presence 
of a HS diet. (A) Female 20- to 22-week-old 
AS+/Cre hM3Dq mice were fed a HS diet for 3 
days. One group then received HS plus CNO 
or HS plus vehicle for 2 days, and the other 
group received HS plus CNO or HS plus vehicle 
for 7 days prior to sacrifice. (B) qPCR analysis 
for whole adrenal Cyp11b2 mRNA. (C) LC-MS/
MS analysis of plasma aldosterone concen-
tration. (D) Immunofluorescence staining of 
Cyp11b2 (red) and Cyp11b1 (green). Scale bars: 
50 μm. For steroid and qPCR analysis, n = 8 
for all groups, except for the 7-day HS plus 
CNO treatment group, where n = 10. Data in 
the dot plots represent the mean ± SEM. **P 
< 0.01, ***P < 0.001, and ****P < 0.001, by 
unpaired, 2-tailed Student’s t test.
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(Figure 4D). These mice also had a subset of ZF cells with exclu-
sive expression of Cyp11b2 after 7 days of HS plus CNO treatment 
(Figure 4D). These observations validate the ability of CNO to 
elevate aldosterone secretion independently of renin, even at an 
early time point. In addition, these data suggest that prolonged 
activation of ZF Gq signaling can promote the development of an 
aldosterone-producing cellular phenotype.

We also assessed male AS+/Cre hM3Dq mice in this cohort. At 
the 2-day time point, we found that male mice treated with HS 
plus CNO had a 3.8-fold upregulation in circulating aldosterone, 
with an average of 289 pg/mL (Supplemental Figure 5F). In addi-
tion, adrenal Cyp11b2 transcript levels  increased by 9.7-fold (Sup-
plemental Figure 5E). The 2-day treatment response in male mice 
was similar to that seen in females, but in the treatment group that 
received 7-day HS plus CNO, the response of males diverged from 
that of females, with male mice showing lower levels of circulating 
aldosterone (482 pg/mL average) and adrenal Cyp11b2 (6.5-fold 
compared with controls) (Supplemental Figure 5, E and F).

Washout of CNO normalizes the PA phenotype in AS+/Cre hM3Dq 
mice. To address whether the PA phenotype observed in the AS+/Cre 
hM3Dq was reversible, we designed a CNO washout experiment. 
To suppress physiological RAAS activation, all mice were fed a 
HS diet for a 3-day period and then given HS plus CNO for 7 days. 
After this treatment period, 1 group of mice was sacrificed, whereas 
another group of littermates was maintained on a HS diet without 
CNO treatment (Figure 5A). For analysis of mRNA and steroid data, 
we compared both groups with the previously described group that 
were treated for 7 days with HS plus vehicle (Figure 4). Mice treat-
ed with HS plus CNO had robust elevations of both Cyp11b2 and 
aldosterone, with the same level of zonal dysregulation in Cyp11b2 
localization as described above (Figure 5, B–D). Strikingly, upon 
CNO removal, 10 days was sufficient to reverse the phenotype for 
all parameters back to baseline levels (Figure 5, B–D). CNO wash-
out also led to normalization of adrenal Cyp11b2 mRNA expression 
and plasma aldosterone levels in mice maintained on a normal 
sodium (NS) diet (data not shown).

Figure 5. CNO washout causes reversal of the PA phenotype in AS+/Cre hM3Dq mice. (A) Experimental protocol. Female 20- to 22-week-old AS+/Cre hM3Dq 
mice were treated with a HS diet for 3 days. All mice were then administered HS plus CNO for 7 days. One group was sacrificed on day 7 (HS + CNO), 
whereas the other group underwent a washout  (WO) protocol for an additional 10 days with a HS diet but without CNO (HS + CNO WO). (B) qPCR analysis 
of whole adrenal Cyp11b2 mRNA. For qPCR analysis, HS plus vehicle treatment, n = 7; for HS plus CNO treatment, n = 5; and for HS plus CNO washout, n = 
7. (C) LC-MS/MS measurement of plasma aldosterone levels. For steroids, HS plus vehicle treatment, n = 8; for HS plus CNO treatment, n = 6; and for HS 
plus CNO washout, n = 7. (D) Immunofluorescence staining for Cyp11b2 (red) and Cyp11b1 (green). Scale bars: 50 μm. For B and C, the previously described 
controls treated with HS plus vehicle (Figure 4) were used as a comparison for the HS plus CNO and HS plus CNO washout groups. Data in the dot plots 
represent the mean ± SEM. ***P < 0.001, by 1-way ANOVA with Bonferroni’s correction.
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hM3Dq activation causes hypertension. To ascertain wheth-
er the adrenal and steroid phenotype in the AS+/Cre hM3Dq mice 
recapitulated the hypertension seen in PA, we evaluated the blood 
pressure in these mice. Radiotelemetric device implantation 
allowed for continuous monitoring of blood pressure in real time. 
After recovery from surgery, the female mice were given a HS diet 
for 3 days, followed by 7 days of HS plus CNO treatment (Figure 
6A). A HS diet alone did not elevate the mean arterial pressure 
(MAP), whereas a HS diet combined with CNO increased blood 
pressure by an average of 11.2 mmHg compared with the HS diet 
alone across the full treatment period (Figure 6B). Treatment 
caused similar increases in both systolic and diastolic pressures 
(data not shown). Upon CNO removal, MAP gradually normalized 
to pre-CNO levels over a 10-day washout period with a continued 
HS diet. We also analyzed the changes in MAP within each hour 
across 24 hours, under each treatment condition. Interestingly, we 
found that hourly MAPs were mostly unchanged during the dark 
cycle (active period) in CNO-treated mice (Figure 6C). However, 
significant increases in MAP in the HS plus CNO treatment group 

versus the HS-alone group were observed 
at nearly every hour of the light cycle (inac-
tive period) (Figure 6C). This finding sug-
gests that the increase in MAP in female 
AS+/Cre hM3Dq mice is partly due to a dis-
ruption of the circadian rhythm of blood 
pressure. Additionally, in the HS plus CNO 
washout phase compared with the HS plus 
CNO treatment phase, we detected a sig-
nificant decrease in MAP at most hours 
of the light cycle to near-baseline levels. 
We detected no differences between the 
HS phase and the HS plus CNO washout 
phase, illustrating a reversibility in the 
blood pressure phenotype. It is worth not-
ing that under the same protocol, male 
mice also responded to HS plus CNO treat-
ment with a significant increase in MAP, 
albeit a smaller increase than that seen in 
female mice (data not shown).

Discussion
The current study suggests that in AS+/Cre 
hM3Dq mice, activation of Gq signaling 
is sufficient to cause glucocorticoid-pro-
ducing ZF cells to produce aldosterone. 
The ectopic expression of Cyp11b2 leads 
to renin-independent hyperaldostero-
nism, resulting in a significant increase 
in MAP. The disruption of functional 
zonation and aldosterone production 
were reversed upon removal of the acti-
vating ligand CNO. Taken together, our 
analysis of hM3Dq expression specifical-
ly in the adrenal cortex provides insights 
into adrenocortical cell plasticity and an 
inducible/reversible mouse model for 
the study of PA.

There are several features that define the adrenal ZG. These 
include the zone-specific expression of Cyp11b2 and the capaci-
ty to produce aldosterone. It is also the ZG that provides the cells 
needed to repopulate the adrenal cortex through centripetal 
migration. Activation of hM3Dq receptors partially reverted ZF 
cells to a ZG phenotype, particularly with regard to aldosterone 
production. This was illustrated by the ZF expression of Cyp11b2 
and the elevated circulating aldosterone levels. We also detected 
expression of the ZG-specific protein Dab2 (51, 60) in some ZF 
cells following CNO treatment, as well as a significant increase 
(P < 0.05) in Dab2 adrenal mRNA levels. These findings imply 
that it may be the ZF loss of AT1R expression and, consequently, 
the loss of AngII-mediated Gq signaling that allow a ZG-to-ZF 
cell transition. However, it appears that Gq signaling alone is not 
sufficient for a complete ZF-to-ZG cell reversal. Our data suggest 
that activation of Gq signaling throughout the adrenal cortex does 
not alter the localization of Wnt/β-catenin signaling, which is 
primarily a ZG-restricted pathway. Wnt/β-catenin signaling has 
an important role in adrenal development and tissue homeosta-

Figure 6. A HS diet plus CNO increases blood pressure in AS+/Cre hM3Dq mice. (A) Experimental 
protocol. Female 20-week-old AS+/Cre hM3Dq mice (n = 5) were implanted with a radiotelemetric 
device and given 2 weeks for recovery. The final 4 days prior to treatment were analyzed as the 
baseline. Mice were then fed a HS diet for 3 days, HS plus CNO for 7 days, and HS alone (CNO wash-
out) for 10 days. MAP was continuously recorded throughout the experiment. (B) Average MAP in 
the NS diet, HS diet, HS plus CNO, and HS plus CNO washout treatment periods (separated into 2 
consecutive 5-day periods). Data in B represent the interquartile range with the median (box) and 
the minimum and maximum (whiskers). (C) Hourly MAP overlaid for the same mice using the final 
24 hours of a HS diet alone (black circles), the second day of HS plus CNO treatment (day 4 in A, 
red circles), and the seventh day of HS plus CNO washout. The gray box signifies the dark (active) 
period. The second day of HS plus CNO treatment was chosen to allow orally given CNO to raise 
aldosterone levels. Data in C represent the mean ± SEM for the mice for each hour. (B) *P < 0.05 
and **P < 0.01, by repeated-measures 1-way ANOVA with Bonferroni’s correction. (C) *P < 0.05, 
for the HS diet versus HS plus CNO; ‡P < 0.05, for HS plus CNO versus HS plus CNO washout; by 
repeated-measures 2-way ANOVA with Bonferroni’s correction.
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cause aldosterone excess (81–84). The mechanisms that cause 
aberrant receptor expression in aldosterone-producing tumors 
remain unclear but may relate to the somatic gene mutations 
found in these tumors (84).

Although previous findings have advanced the field, the afore-
mentioned transgenic models of PA are associated with the onset 
of autonomous aldosterone production at birth. Thus, these mod-
els do not accurately recapitulate PA, as it is typically an adult-onset 
disease. Furthermore, the aldosterone excess in these mouse mod-
els is not reversible. Mice can also be treated with mineralocorti-
coids to study the peripheral effects of mineralocorticoid receptor 
activation, however these models do not include the diseased adre-
nal component that causes PA. In addition, the minipumps used 
for administration of aldosterone, as well as the cost of this steroid, 
limit this experimental approach. Therefore, the AS+/Cre hM3Dq 
mouse model provides an attractive transgenic PA model that is 
inducible and reversible and, to our knowledge, represents the first 
use of DREADD technology in the adrenal gland.

Future studies will be needed to determine the cause of the 
sexual dimorphism observed in the AS+/Cre hM3Dq mouse line. This 
dimorphism can partially be attributed to a slower rate of adreno-
cortical cell turnover in male mice compared with female mice, 
resulting in lower levels of the hM3Dq receptor in males until late 
in life (49, 85). Also, a recent study reported sex differences in the 
mechanism of cell renewal within the adrenal cortex that appears 
to be influenced by adrenal androgens (85). However, the rather 
large disparity between male and female responses implies that 
additional underlying factors may be at play. Sexual dimorphism 
in the mouse adrenal gland is well established, with clear sex dif-
ferences in gene expression observed within the adrenal gland 
(86). Several previous mouse models of adrenal dysfunction have 
had varying results between the sexes (49, 67, 68, 70, 75, 87). This 
further argues for a sex-dependent mechanism of adrenal regula-
tion, possibly driven by androgens or estrogens.

In summary, this study supports a role for Gq signaling in 
adrenocortical functional zonation and the induction of an aldo-
sterone-producing cell phenotype. Our findings indicate that the 
Gq signaling pathway is sufficient to trigger Cyp11b2 expression 
in non-aldosterone-producing ZF cells. This observation suggests 
that adrenocortical cells possess plasticity in their steroidogen-
ic potential, whereby their steroidogenic function can be trans-
formed with activation of the appropriate signaling cascade. 
Nevertheless, further work will be needed to address whether 
Gq signaling is necessary for physiologic maintenance of a ZG 
cellular identity. Future studies using the AS+/Cre hM3Dq mouse 
line will also aid in defining the mechanisms whereby sustained 
inappropriate aldosterone production causes deleterious effects in 
peripheral tissues and provide a preclinical model for investigating 
potential PA therapeutic targets.

Methods
Mice. Both the AS-Cre (1) and hM3Dq (47) mouse lines have been pre-
viously described. AS+/Cre hM3Dq mice were maintained on a mixed 
background, with littermate controls used when possible to control 
for genetic variability. Mice in all experiments were 18–22 weeks of 
age at the start of each experimental protocol. CNO (Tocris Biosci-
ence) was dissolved in DMSO at 30 mg/mL. CNO-treated mice were 

sis (54). Within the ZG, most cells are positive for both β-catenin 
and Cyp11b2 (52), and it has been suggested that Wnt/β-catenin 
signaling can control aldosterone production (57, 61). Activating 
mutations in CTNNB1, the gene that encodes β-catenin, have also 
been described in a small subset of human aldosterone-produc-
ing adenomas (62–65). Therefore, although it is clear that the 
Wnt/β-catenin pathway is involved in ZG aldosterone production, 
these data demonstrate that it may not be essential for the Gq sig-
naling steps downstream of AT1R binding of AngII. This aligns 
with the previously reported role of β-catenin in stimulating AT1R 
expression (57), a mechanism that is upstream of hM3Dq-induced 
Gq activation. It is also possible that Wnt/β-catenin signaling can 
activate aldosterone synthesis through a separate mechanism out-
side of regulating the potential for Gq signaling.

With the AS+/Cre hM3Dq mouse model, we created a tool that 
researchers can use to study PA, hypertension, and peripheral tissue 
damage caused by inappropriate aldosterone production. There are 
several previously described mouse models that exhibit a PA phe-
notype. A series of studies have linked constitutive inactivation of 
various potassium channels to hyperaldosteronism in vivo (66–73). 
The task1–/– mice are similar to AS+/Cre hM3Dq mice, in that they also 
exhibit ZF localization of Cyp11b2 without development of hyper-
plasia or adrenal nodules, and this phenotype is particularly evi-
dent in female mice (67). In this way, both models appear to involve 
a switch in cellular phenotype, specifically in ZF cells, that leads 
to overproduction of aldosterone. However, in task1–/– mice, the 
hyperaldosteronism state has been suggested to result from ACTH 
stimulation that induces Cyp11b2 in ZF cells (67). Thus, the task1–/– 
mouse is phenotypically similar to individuals with familial hyper-
aldosteronism type 1 (glucocorticoid-suppressible aldosteronism). 
Disruption of the circadian clock through Cry1/Cry2 knockout also 
caused elevated plasma aldosterone and salt-sensitive high blood 
pressure (74). One study used a mutagenesis screen to link muta-
tions to hyperaldosteronism phenotypes (75). Increases in aldoste-
rone synthesis and salt-sensitive blood pressure were also accom-
plished through transgenic stabilization of the 3′-UTR of Cyp11b2 or 
overexpression of the human CYP11B2 gene (76, 77). Most recent-
ly, inactivation of an E3 ubiquitin ligase, Siah1, increased Cyp11b2 
expression and aldosterone production (60).

It is also important to note that this is not the first mouse mod-
el of Gq signaling activation to mimic RAAS-related hypertension. 
A mouse model with a global gain-of-function mutation in Agtr1a 
(AT1A receptor [AT1AR]) mimicked low-renin hypertension, albeit 
with normal aldosterone levels but a high aldosterone-to-renin 
ratio (78). In vitro studies of this AT1AR mutation increased basal 
receptor activity, but not to the level seen following AngII treat-
ment of WT or mutant receptor–expressing cells (79). Thus, it is 
likely that adrenal ZG AT1AR activity is increased, but the result-
ing suppression of renin limits the rise in circulating aldosterone 
levels. In contrast, CNO treatment of AS+/Cre hM3Dq mice allows 
aldosterone levels to rise to the pathologic range despite a suppres-
sion of renin.

Importantly, related to the AS+/Cre hM3Dq mouse model, there 
are clinical correlates for inappropriate activation of GPCRs in 
both adrenal Cushing’s syndrome and PA (80). Aldosterone-pro-
ducing tumors have been shown to ectopically express multiple 
receptors that can substitute for the normal function of AngII and 
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mass spectrometry (LC-MS/MS). Unlabeled and deuterium-labeled ste-
roids were obtained from Sigma-Aldrich, Cerilliant, and C/D/N Isotopes 
(Supplemental Table 2). Steroid extraction by liquid-liquid extraction 
and quantitation were performed as previously described (88).

Samples (10-μL) were injected via autosampler and resolved with 
a pair of Agilent 1260/1290 binary pump HPLCs via 2D liquid chro-
matography, first on a 10 × 3 mm, 3-μm particle size Hypersil Gold C4 
loading column (Thermo Fisher Scientific) followed by a Kinetex 50 × 
2.1 mm, 2.6-μm particle size biphenyl resolving column (Phenomen-
ex). The mobile phases consisted of 0.2 mmol/L aqueous ammonium 
fluoride (mobile phase A) and methanol with 0.2 mmol/L ammonium 
fluoride (mobile phase B). Steroids were eluted using gradient speci-
fications as described in Supplemental Table 3. The column effluent 
was directed into the source of an Agilent 6495 triple quadrupole mass 
spectrometer using electrospray ionization in positive ion mode for Δ4 
and analyzed using multiple reaction monitoring (MRM) mode (Sup-
plemental Table 3). Quantitation was performed by comparing ion 
currents for the monitored ions with weighted (1/×) 12-point linear 
external calibration curves (r2 was >0.995) and corrected for speci-
men dilution and recovery of internal standards using ChemStation 
and MassHunter software (Agilent Technologies). Intra-assay and 
inter-assay coefficients of variation (CV) were assessed by measuring 
quality control–pooled serum samples 5 times within a run and across 
5 different runs, respectively, and they were less than 12% for all ste-
roids. The lower limit of detection (LOD) for each steroid was defined 
by the minimum concentration achieving an extrapolated signal-to-
noise ratio of 3, and it ranged from 3.0 pg/mL for aldosterone to 44.4 
pg/mL for corticosterone (Supplemental Table 2).

Plasma renin. Mouse plasma renin was measured by an ELISA 
specific for the detection of Mouse Renin 1 (Thermo Fisher Scientific). 
Plasma samples were diluted 15-fold in the kit-provided diluent A and 
run in duplicate.

Radiotelemetry. Mice were surgically implanted with a telemetric 
blood pressure transducer (Data Sciences International [DSI]) by the 
University of Michigan Physiology Phenotyping Core as previously 
described (89). The catheter of the device was passed into the carotid 
artery, and the transducer was placed in the abdominal cavity. Mice 
were monitored postoperatively and given 2 weeks to recover from sur-
gery prior to treatment. Mice were individually housed in cages atop 
receiver pads, allowing for real-time measurements of blood pressure. 
As stated by DSI, the mean pressure parameter value was calculated 
by averaging the pressure values over 50 subsegments of the segment 
length. For our 24-hour analysis (Figure 6C), we selected the final day 
of the HS diet alone, the second day of the HS plus CNO treatment (near 
the peak MAP in most mice), and the seventh day of the washout period 
(when MAP returned closest to baseline and stabilized in most mice).

Statistics. Data are presented as the mean ± SEM. The box-and-
whisker plots in Figure 6B depict the interquartile range between the 
25th and 75th percentiles and the median (box), along with the maxi-
mum and minimum values (whiskers). An unpaired, 2-tailed Student’s 
t test was used for comparisons of groups of 2. A 1-way ANOVA with 
Bonferroni’s post hoc test was used for groups of 3 or more. For Fig-
ure 6B, a repeated-measures 1-way ANOVA with Bonferroni’s correc-
tion for multiple comparisons was performed. Comparisons of hourly 
blood pressure values (Figure 6C) were made using a repeated-mea-
sures 2-way ANOVA with Bonferroni’s correction. All immunofluores-
cence experiments were performed using 5 or more mice. Statistical 

administered 50 μg/mL CNO in the drinking water in addition to 5 
mM saccharin for taste. Vehicle-treated mice were administered 5 mM 
saccharin and 0.17% DMSO (as with the CNO-treated mice). Drink-
ing water was provided ad libitum and replaced every 2 days. Mice 
were fed a standard chow diet ad libitum (Research Diets) or a HS 
diet (Envigo) that contained 4% NaCl. All mice were maintained on 
a 12-hour light/12-hour dark cycle. Mice were housed in the Unit for 
Laboratory Animal Management at the University of Michigan. Mice 
were sacrificed using the decapitation method to ensure that there was 
minimal effect on the hypothalamic/pituitary/adrenal axis.

qPCR analysis. RNA was isolated from whole adrenal glands using 
the bead homogenization method and the RNeasy Plus Mini Kit (QIA-
GEN). In kidney experiments, frozen kidneys were first pulverized into 
a frozen powder that was used for RNA extraction. Reverse transcrip-
tion was performed using the High Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems). qPCR was performed using TaqMan or 
SYBR green primer sets, and data were analyzed according to relative 
expression using the ΔΔCt method. Ppia was used as the housekeeping 
gene for analysis. The TaqMan primers from Applied Biosystems were 
as follows: Cyp11a1 (Mm00490735_m1); Cyp21a1 (Mm00487230_
g1); Hsd3b1 (Mm01261921_mH); Ppia (Rn00690933_m1); Ren1 
(Mm02342887_mH); and Star (Mm00441558_m1). The TaqMan 
primers designed by Integrated DNA Technologies were as follows: 
Cyp11b1 F (5′-GTCCTCAATGTGAATCTGTATTCCA-3′); Cyp11b1 R 
(5′-CCAGCGCTGAGGCATATAGC-3′); Cyp11b1 probe (5′-56-FAM/
CCGGAACCCTGCAGTG-3′); Cyp11b2 forward (5′-TGCTGGGA-
CATTGGTCCTACT-3′); Cyp11b2 reverse (5′-CTTGGGAACACTG-
CAGGGTT-3′); and Cyp11b2 probe (5′-56-FAM/TATCTCTAC/ZEN/
TCCATGGGC-3′). The SYBR green primer sets from Integrated DNA 
Technologies were as follows: Axin2 F (5′-GAGGATGCTGAAG-
GCTCAAA-3′); Axin2 R (5′-GCAGGCAAATTCGTCACTC-3′); Dab2 
forward (5′-TGTTGGCCAGGTTCAAAGGT-3′); and Dab2 reverse 
(5′-GCACATCATCAATACCGATTAGCT-3′).

IF and histology. Whole adrenal glands were fixed in 4% parafor-
maldehyde for 1 hour. These tissues were processed, embedded in par-
affin, and sectioned at 5-μm thickness. For IF analysis, antigen retrieval 
was performed followed by 1 hour of blocking for nonspecific staining. 
Blocking reagents included 5% normal goat serum (NGS) in PBS (HA 
tag), 10% NGS with 0.5% SDS in PBS containing Tween-20 (Cyp11b1/
Cyp11b2), 2.5% normal horse serum (NHS) with 1% BSA in PBS (β-cat-
enin), or 2.5% NHS with the M.O.M. Kit (Vector Laboratories) in PBS 
(Dab2). Primary antibodies were incubated overnight at 4°C. The anti-
bodies used were anti-HA High Affinity (1:500, Roche, 11867423001); 
anti-Cyp11b2 (1:200, provided by C. Gomez-Sanchez, University of 
Mississippi); anti-Cyp11b1 (1:100, provided by C. Gomez-Sanchez, Uni-
versity of Mississippi); anti-Dab2 (1:500, BD Biosciences, no. 610464); 
and anti–β-catenin (1:500, Cell Signaling Technology, no. 8814). IF 
detection was accomplished using Alexa Fluor–conjugated secondary 
antibodies (from Jackson ImmunoResearch and Thermo Fisher Scien-
tific) or HRP-polymer solution (Vector Laboratories) and Alexa Fluor 
tyramide reagent (Thermo Fisher Scientific). Histologic analysis of tis-
sues was assessed on H&E-stained sections. Sections processed for IF 
and H&E staining were imaged using an Axio Imager M2 (Zeiss).

Steroid measurements. Trunk blood from decapitated mice was col-
lected in sodium heparin tubes, and plasma was isolated by centrifuga-
tion. We quantified four C18 steroids (11-deoxycorticosterone, corticos-
terone, 18OHB, and aldosterone) using liquid chromatography–tandem 
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