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Abstract

Atrial natriuretic peptide (NP) and BNP increase cGMP, which reduces blood pressure and
cardiac hypertrophy by activating guanylyl cyclase (GC)-A, also known as NPR-A or Npr1.
Although GC-A is highly phosphorylated, and dephosphorylation inactivates the enzyme, the
significance of GC-A phosphorylation to heart structure and function is unknown. To identify
in vivo processes that are regulated by GC-A phosphorylation, we substituted glutamates for
known phosphorylation sites to make GC-A8E/8E mice that express an enzyme that cannot be
inactivated by dephosphorylation. GC-A activity, but not protein, was increased in heart and
kidney membranes from GC-A8E/8E mice. Activities were 3-fold higher in female compared

to male cardiac ventricles. Plasma cGMP and testosterone were elevated in male and female
GC-ABE/BE mice, but aldosterone was only increased in mutant male mice. Plasma and urinary
creatinine concentrations were decreased and increased, respectively, but blood pressure and
heart rate were unchanged in male GC-A8E/8E mice. Heart weight to body weight ratios for
GC-ABE/8E male, but not female, mice were 12% lower with a 14% reduction in cardiomyocyte
cross sectional area. Subcutaneous injection of fSANP, a long-lived ANP analog, increased plasma
cGMP and decreased aldosterone in male GC-AWT/WT and GC-ABE/8E mice at 15 minutes,

but only GC-ABE/8E mice had elevated levels of plasma cGMP and aldosterone at 60 minutes.
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fSANP reduced ventricular ERK1/2 phosphorylation to a greater extent and for a longer time in
the male mutant compared to WT mice. Finally, ejection fractions were increased in male but

not female hearts from GC-A8E/8E mice. We conclude that increased phosphorylation-dependent
GC-A activity decreases cardiac ERK activity, which results in smaller male hearts with improved
systolic function.
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1. INTRODUCTION

In response to volume overload, atrial natriuretic peptide (ANP) and B-type NP (BNP)

are released from the heart into the blood, where they decrease blood pressure by
stimulating vasorelaxation, natriuresis, diuresis and endothelial permeability (1, 2). All of
these responses are mediated through direct activation of guanylyl cyclase (GC)-A because
GC-A knock out mice do not respond to cardiac NPs, are hypertensive, and display cardiac
hypertrophy, whereas mice lacking the NP clearance receptor (NPR-C), the other receptor
for ANP and BNP, display phenotypes associated with increased NP-stimulated GC activity
(3-7). Although GC-A-dependent reductions in blood pressure were initially hypothesized
to indirectly decrease cardiac hypertrophy (6), elegant pharmacologic and genetic studies
demonstrated that GC-A reduces cardiac hypertrophy independently of blood pressure (8-
11) by an unknown mechanism that occurs early in development (12).

Both GC-A and GC-B, a homologous receptor that is activated by C-type NP (13), are
phosphorylated on multiple conserved serines and threonines under basal conditions (14—
20). However, prolonged exposure to NPs or acute exposure to luteinizing hormone (21,
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22) or fibroblast growth factor for GC-B (23, 24), or possibly angiotensin 11 for GC-A

(11, 25, 26), cause the dephosphorylation and inactivation of these receptors. Multiple
homologous phosphorylation sites were first identified in GC-A and GC-B (14, 15, 17—

20, 27-29), but were later identified in the retinal GC known as GC-1 or GC-E (30)

and a receptor GC expressed in sea urchin sperm (31). Alanine substitutions that mimic
uncharged, dephosphorylated residues, result in reduced NP-dependent GC activities (18,
19, 28), and the mutation of four or more phosphorylated GC-A residues to alanine
produced an enzyme that was not activated by ANP (19). In contrast, glutamate substitutions
for the individual phosphorylation sites to mimic the negative charge of phosphate preserves
the ability of the enzymes to transmit the NP binding signal to the catalytic domain

(20, 29, 32, 33). Importantly, unphosphorylated versions of GC-A and GC-B containing
glutamate substitutions for known phosphorylation sites have the same basal and NP-
stimulated activities as the wildtype phosphorylated enzymes but are not inactivated by
dephosphorylation (23, 29, 32).

Changes in GC-B phosphorylation regulates the resumption of meiosis in the ovarian follicle
(21, 22, 34-36) as well as longitudinal bone growth (24, 37) and skeletal bone mineral
density (38) in mice, but little is known about how phosphorylation of GC-A regulates
physiology /n vivo. To date, genetically modified mice examining the physiological roles of
GC-A have consisted of knockout, loss of function, or transgenic overexpression, gain of
function, models (5, 6, 39-45). In these mice, GC-A is either always “on” or always “off.”
Here, we created a novel knock-in mouse model called GC-A8E/8E that globally expresses
GC-A-8E in place of both wild type alleles. These mice exhibit increased and prolonged
cGMP synthesis only in the presence of ANP and/or BNP, which mimics physiologic
conditions. Using this model, we investigated how GC-A affects cardiac morphology and
function by measuring cardiomyocyte (CM) cross-sectional area (CSA) and performing
echocardiography on GC-AWTWT and GC-ABE/8E mice of both sexes. We furthered our
investigations into this process by determining if the increased NP-dependent GC-A activity
observed with GC-A-8E mice resulted in a greater and more sustained reductions in the
phosphorylation of the extracellular regulated kinases (ERK) 1 and 2, well-known activators
of cardiac hypertrophy in mice.

2. MATERIALS AND METHODS

2.1 Animals.

GC-ABE/8E mice that express GC-A-8E in a global manner were created by CRISPR-Cas9
technology at the University of Connecticut Center for Mouse Genome Modification. Primer
design and the overall approach to making the GC-A8E/8E mice is described in Supplemental
Figure 1A and is based on characterization studies of rat GC-A-8E expressed in transfected
cells (32). Male and female GC-AWTWT and GC-A8E/8E mice were genotyped as shown in
Supplemental Figure 1 and maintained on a C57BL/6 background as previously described
(22). Mice were fed standard chow under specific-pathogen-free conditions. All mice were
12 weeks old unless otherwise indicated. Animal care and use was compliant with the
University of Minnesota and University of Connecticut Institutional Animal Care and Use
Committees.
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2.2 Reagents.

Antibodies were from the following sources: anti-ERK1/2 P-thr 202 and P-tyr 204 #9101,
anti-ERK1/2 #9102, anti-MEK1/2 P-ser 217 and P-ser 221 #9121, anti-MEK1/2 #9122 (Cell
Signaling, Danvers, MA, USA), and anti MKP-1/DUSP1 (E-6)(Santa Cruz Biotechnology,
Dallas, TX, USA). Antibodies to GC-A were generated and used as described (46). ELISA
kits for cGMP and aldosterone were from ENZO Lifesciences, Inc. (Farmingdale, New
York, USA). The testosterone ELISA was from Cayman Chemical (Ann Arbor, MI56t).
ELISAs for mouse ANP and mouse BNP were from RayBiotech (Peachtree Corners, GA,
USA). fsANP was from Anaspec (Fremont, CA, USA) as previously described (47). The
mouse creatinine assay kit was from Crystal Chem (Elk Grove Village, IL, USA).

2.3 Guanylyl Cyclase Activity Assays.

Heart and kidney tissue were homogenized in phosphatase inhibitor buffer (PIB) at 4°C (48).
Assays were performed at 37 °C in a buffer containing 25 mM HEPES, pH 7.4, 50 mM
NaCl, 0.1% BSA, 0.5 mM isobutylmethylxanthine, 1 mM EDTA, 0.5 pM microcystin, 5
mM MgCly, 0.1 ug/ml creatine kinase, 5 mM creatine phosphate, 1 mM ATP, and 1 mM
GTP in the absence or presence of 1 uM ANP for the indicated periods of time. Assays were
terminated with 0.5 ml of 110 mM ZnOAc followed by 0.5 ml 110 mM Na,CO3, which was
centrifuged to separate the GTP from cGMP. Cyclic GMP from the eluate was purified on
acidified alumina columns as previously described (49). The cGMP was eluted with 3 ml of
200 mM ammonium formate and added undiluted to the ELISA assay as described (48).

2.4 Immunoprecipitation and western blotting of GC-A.

0.15-0.25 g of membrane protein from whole kidneys or 0.08-0.10 g of membrane protein
from cardiac ventricles were prepared in 0.5 to 1.0 ml of PIB from wild type and GC-A8BE/SE
mice and immunoprecipitated with 2 pl of serum from rabbit #6326 that was immunized
with a peptide corresponding to the last 17 C-terminal amino acids of rat GC-A (19).
Samples were fractionated on an 8% gel by SDS-PAGE and blotted to a polyvinylidene
difluoride membrane. The membrane was blocked with Odyssey LI-COR blocking buffer
(Li-Cor Biosciences, Lincoln, NE) for 1 h at room temperature and then incubated overnight
at 4°C with the same antiserum at a dilution of 1:10,000 in 1:1 blocking buffer/PBS with
0.1% Tween. The membrane was washed 4 x 5 min with TBST and then incubated with
IRDye 680 goat anti-rabbit antibody with a dilution of 1:15,000 for 1 h at room temperature
in 1:1 blocking buffer/PBST and 0.01% SDS. The membrane was washed 4 x 5 min with
TBST and once with PBS before imaging on a Li-Cor infrared imaging device. The relative
amount of GC-A protein was determined using NIH ImageJ software.

2.5 Telemetry implantation.

16-week-old male GC-AWTWT and GC-ABE/8E mice were implanted with Data Science
International Inc. (St. Paul, MN, USA) transmitters (model HD-X11) for continuous
monitoring of arterial pressure and heart rate as previously described (50). The surgical
area was shaved and disinfected with iodine and cleaned with 70% isopropyl alcohol.
The mice were placed on a heated surgical pad and a midline back incision was made to
subcutaneously implant the body of the transmitter and a second incision was made in the
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interior side of the left leg to access the femoral artery for placement of the catheter of
the transmitter. Mice were then allowed to recover for 1 week before telemetry data was
collected during the period of 17-20 weeks of age.

2.6 Heart Histology.

Hearts from GC-AWTWT and GC-A8BE/8E mice were arrested in diastole with 200 pl of

PBS supplemented with 60mM KCI, excised, cleaned, and weighed. Hearts were cannulated
through the aorta and perfused with PBS supplemented with 60 mM KClI, followed by 4%
paraformaldehyde. Fixed hearts were embedded in paraffin and then sectioned transversely
at the midpoint of the ventricles. Sections were stained with wheat germ agglutinin (WGA)
and DAPI, imaged at 10X magnification, and analyzed for cardiomyocyte (CM) cross
sectional area (CSA) using ImageJ by averaging the area of at least 250 CMs per heart (51,
52).

2.7 Subcutaneous fsANP injections.

Frameshift (fs) ANP was dissolved in water at a concentration of 1 mM and frozen at —-80°C
until used as previously described (47). Mice were subcutaneously injected with 2 mg/kg
fSANP or with an equal volume of saline as vehicle control.

2.8 Plasma and urine analysis.

Plasma ANP, BNP, aldosterone, testosterone, and cGMP concentrations were determined
by ELISA according to the manufacturer’s instructions. Plasma and urine creatinine was
determined by an enzymatic assay according to manufacturer’s instructions.

2.9 ERK analysis.

Ventricular lysates were prepared from GC-AWT/WT and GC-AB8E/8E mice by homogenizing
with a Polytron in ice-cold RIPA buffer containing 50 mM Tris HCI, pH 7.4, 150 mM NacCl,
1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, and 10 mM NaF
with Roche (San Francisco, CA, USA) complete protease inhibitor tablet and microcystin
added fresh followed by agitation for 30 min at 4°C. The lysates were then centrifuged at
14,000g for 10 minutes at 4°C and the supernatant was collected. Thirty micrograms of
ventricular lysates were fractionated on a 10% gel by SDS-PAGE and transferred for 1 h at
100 V to a polyvinylidene difluoride membrane. The membrane was blocked with LI-COR
blocking buffer for 1 h at room temperature and then incubated overnight at 4°C with
primary antibody. The membrane was washed 3 x 5 min with TBST and then incubated with
IRDye 680 goat anti-rabbit antibody with a dilution of 1:15,000 for 1 h at room temperature
in LI-COR blocking buffer. The membrane was washed 3 x 5 min with TBST and then once
with TBS and then visualized and quantified on a Li-Cor infrared imaging device.

2.10 Echocardiography.

Echocardiography was performed using the Vevo 2100 (FujiFilm VisualSonics Inc. Toronto,
ON, Canada) with a MS550 transducer on anesthetized mice that were gently restrained

in the supine position on the prewarmed monitoring pad. Echocardiographic images were
captured as mice were recovering from anesthesia to achieve a heart rate (HR) of 400
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— 500 bpm. Parasternal long axis M-mode images of the left ventricle were captured to
measure left ventricular posterior wall thicknesses during systole (L\VVPW;s) and diastole
(LVPW;d), left ventricular internal diameters (LVID;s and LVID;d), left ventricular end
systolic volume (ESV: (7.0/(2.4 + LVIDs))*LVIDs3) and end diastolic volume (EDV:
(7.0/(2.4 + LVIDd))*LVIDd3), fractional shortening (FS: 100*((LVIDd — LVIDs)/LVIDd)),
ejection fraction (EF: 100*((EDV — ESV)/EDV)), stroke volume (SV: EDV - ESV), and
cardiac output (CO: SV*HR). Pulsed-wave Doppler images of the aortic arch were recorded
to measure peak aortic velocity (AoV). Pulsed-wave Doppler images of the apical four-
chamber view were taken to measure mitral flow velocities (E wave and A wave to calculate
E/A ratio).

2.11 Statistics.

Statistics and graphs were generated with Prism 9 software (GraphPad Software, La Jolla,
CA, USA). p-values were obtained using either an unpaired, two-tailed student’s t-test,
Mann-Whitney test (panels A and B of figure 4), or two-way ANOVA with or without
repeated-measures followed by Turkey’s post-hoc test where p < 0.05 was considered
significant.

3. RESULTS

3.1 Generation and validation of the GC-A8E/8E mice.

Cell culture studies indicated that a rat GC-A variant containing glutamate substitutions

for the eight confirmed phosphorylation sites is activated by ANP like the phosphorylated
wild type receptor (32). Here, glutamates were substituted for Ser-473, Ser-487, Ser-497,
Thr-500, Ser-502, Ser-506, Ser-510 and Thr-513 using amino acid numbering based on the
rat cDNA as initially described by Otto et al. (32). All substitutions were confirmed by DNA
sequencing (Supplemental Fig. 1B). PCR-based genotyping indicated that heterozygous
breeding produced the GC-AWT/WT GC-ABE/* and GC-ABE/SE [ines at the expected
mendelian ratios (Supplemental Fig. 1C). At 12 weeks of age, there was no difference

in body weight between the GC-AWT/WT and GC-ABE/8E mice. Additionally, no differences
in the mass of livers, lungs, or kidneys that express high levels of GC-A were observed
between the GC-AWT/WT and GC-ABE/8E mice (Supplemental Table 1A). No obvious
differences were observed in fertility between wild type or mutant mice as well.

3.2 Plasma cGMP concentrations are elevated in GC-A8E/SE mice.

Plasma was isolated between 4:00PM and 6:00PM from male and female GC-AWT/WT and
GC-AB8E/8E mice and analyzed for ANP, BNP and cGMP by ELISA. Plasma ANP and
BNP concentrations did not differ between GC-AWTWT and GC-A8E/8E mice of either sex
(Fig. 1A-D). However, cGMP levels were elevated 95.1% and 80.1% in male and female
GC-ABE/8E mice, respectively, compared to their wild type littermates (Fig. 1E and F).

3.3 GC-ABE/EE mjce have greater ANP-dependent guanylyl cyclase activity but not GC-A

protein.

Membranes from cardiac ventricles and whole kidneys of male and female mice of both
genetic lines were assayed for GC-A activity in the presence of saturating amounts of ANP

FASEB J. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wagner et al.

Page 7

as a function of time. As anticipated, both male and female GC-A8E/8E mice had two to
four times more ANP-dependent GC-A activity in these tissues compared to GC-AWT/WT
mice (Fig. 2A and B). The difference in activity was not explained by variances in protein
concentrations because GC-A protein levels measured by sequential immunoprecipitation-
western blot analysis from hearts and kidneys were similar between GC-AWTWT angd
GC-ABE/8E mice (Fig. 2C and D). Plausible explanations for the increased ANP-dependent
GC activity in tissues from the GC-ABE/8E mice are that more of the translated GC-A
protein from the GC-ABE/8E mice is active since it does not require post-translational
phosphorylation and/or a significant amount of the WT GC-A protein is not completely
phosphorylated at any one time (19). Unexpectedly, both GC-AWT/WT and GC-ABE/8E
female mice had approximately three-fold more ventricular ANP-dependent GC-A activity
than males of the same genotype, whereas renal GC-A activity was similar between sexes.
Again, these sex-dependent differences in cardiac activity were not explained by variances in
GC-A protein concentrations based on western blots (Fig. 2C).

3.4 Blood pressure is unchanged between male GC-AWTWT gnd GC-ABE/8E mice.

To investigate potential blood pressure differences between the GC-AWTWT and GC-
ABE/BE mice, 16-week-old male mice of both lines were implanted with telemetry sensors
that monitor blood pressure and heart rate continuously (50). One week after sensor

implant surgery, the mice were sequentially fed diets containing varying NaCl content for
approximately one week during the 17-week-old to 20-week-old time period, which resulted
in a 40-fold range in NaCl intake. However, regardless of the dietary salt content, neither
mean arterial pressure (MAP) (Fig. 3A) nor heart rate (Fig. 3B) differed between mice of the
two genotypes.

3.5 The release of creatinine into the urine is increased in male GC-A8E/8E mice.

To determine if renal function was changed in the mutant mice, we measured plasma and
urine creatinine concentrations. Plasma creatinine levels for the male GC-AWTWT mice
were about 0.2 mg/dL, which is consistent with previously reported mouse plasma creatinine
levels (Fig. 4A)(53). In contrast, creatinine levels from several of the male GC-AB8E/8E

mice were below the limit of detection of our assay. This is not unexpected since in the
absence of renal dysfunction, plasma creatinine is low. Given that plasma creatinine levels

in 6 of the 10 male GC-ABE/8E mice were below the assay’s level of detection, the most
conservative analysis of this data is to assign values for the samples that were below the last
standard on the curve to the lowest value that was on the curve and use the nonparametric,
Mann-Whitney test to assess statistical differences. When applied, this approach yielded a
statistically significant decrease (p = 0.0018) in male GC-A8E/8E creatinine concentrations
compared to the GC-AWTWT mice. Creatinine levels in urine were also measured in male
mice of both genotypes and found to be significantly elevated in the male GC-A8E/8E

mice (Fig. 4C). In contrast, no differences in urine creatinine concentrations were observed
between the female WT and mutant mice. Taken together, these data provide strong evidence
that the male GC-A8F/8E mice release more creatinine into the urine than GC-AWTWT mice,
which is consistent with the well-known ability of GC-A to increase the glomerular filtration
rate (54).
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3.6 Male GC-A8E/8E mice have smaller hearts and cardiomyocytes.

Hearts from GC-A8E/8E male mice were 8% smaller by weight (Fig. 5A and C), but body
weights were not different (Fig. 5D), which resulted in heart weight-to-body weight ratios
that were 12% lower compared to GC-AWTWT male mice (Fig. 5E). No differences were
observed between the female GC-A8E/8E and GC-AWTWT mice (Fig. 5B and F-H). To
further investigate the reduced cardiac hypertrophy in males, ventricles were sectioned and
stained to determine the cross-sectional area (CSA) of individual CMs (Fig. 51). Male
GC-ABE/8E mice had a 14% decrease in CM CSA compared to the GC-AWT/WT male mice
(Fig. 5J), consistent with the known cardiac anti-hypertrophic effects of GC-A (6, 10).
Hence, this reduction in CM CSA accounts for the reduction in heart size in the GC-A8E/8E
male mice. Consistent with the lack of differences in female heart size, CM CSA did not
differ in hearts from female GC-A8E/8E or GC-AWTWT mice (Fig. 5K).

3.7 Plasma aldosterone levels are elevated in male, but not female, GC-A8E/8E mice.

Because mice with mutations that increase plasma aldosterone concentrations have higher
blood pressure (55), and the GC-ABE/8E mice do not have reduced blood pressure as
expected due to the increased GC-A activity, we measured aldosterone levels in our GC-
AWTWT and GC-ABE/8E mice that were fed normal chow diets with no added NaCl.
Aldosterone concentrations were 78% higher in male GC-A8E/8E mice (557.8 pg/ml)
compared to male GC-AWTWT mice (312.5 pg/ml) (Fig. 6A). In contrast, no significant
difference in plasma aldosterone concentrations was observed between the female GC-
AWTWT (2648 pg/ml) and GC-ABE/8E (249.5 pg/ml) mice (Fig. 6B).

3.8 Plasma testosterone levels are elevated in male and female GC-A8E/8E mice.

Previous reports correlated changes in cardiac hypertrophy and hypertension in genetic
models with increased GC-A-dependent blood testosterone concentrations (56, 57).
Therefore, we measured plasma testosterone levels in male and female GC-AWTWT and
GC-ABE/8E mice. We found that male GC-AWTWT mice had plasma testosterone levels of
3.68 ng/ml compared to 5.4 ng/ml for male GC-A8E/8E mice, whereas female GC-AWT/WT
mice had plasma testosterone levels of 0.08 ng/ml compared to 0.12 ng/ml for female
GC-ABE/8E mice. For both sexes, plasma testosterone levels were significantly elevated in
the mutant mice (Fig. 6C and D).

3.9 Analysis of cardiac ERK phosphorylation in male GC-A8E/8E mice.

Cardiac hypertrophy is positively regulated by the ERK1/2 pathway (58-60), and ANP

and BNP have been shown to decrease ERK1/2 phosphorylation in cultured cells (61-63).
Therefore, we investigated whether ERK1/2 activity is reduced in male GC-A8SE/8E mice,
Hearts were removed from male GC-A8E/8E and GC-AWT/WT mice and ventricular extracts
were fractionated by SDS-PAGE and transferred to a PVDF membrane. Western blots

were probed with an antibody against phosphorylated ERK1/2, then stripped and re-probed
with an antibody against ERK1/2 protein and GAPDH. The amount of phospho-ERK and
total ERK protein were quantified and used to determine the stoichiometry of ERK1/2
phosphorylation. Although ventricular ERK1/2 phosphorylation trended lower in extracts
from the GC-A8E/8E mice, the difference was not statistically significant (Supplemental Fig.
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2A and B). We also measured protein expression of MKP-1/DUSP1, a phosphatase known
to reduce ERK1/2 phosphorylation, but observed no significant differences (Supplemental
Fig. 2C). We then examined ERK1/2 phosphorylation in younger, 4-week-old mice, and
again found that ERK1/2 phosphorylation trended lower in the male GC-A8E/8E mice,

but that the decrease was not statistically significantly different from the wild type mice
(Supplemental Fig. 3).

3.10 fsANP injections result in higher and more sustained plasma cGMP concentrations
in male, but not female, GC-A8E/8E mice.

Since GC-A activity is not increased without NP stimulation in our GC-A8E/8E model

(32), we subcutaneously injected mice with saline or fSANP, a C-terminally extended,
long-lived ANP analog (47, 64) as performed by Chen et al. in rats (65). Plasma cGMP
concentrations were elevated more than three-fold 15 minutes after injection of fsANP

in the GC-AWT/WT mice and declined to basal levels by 60 minutes. Saline did not

increase plasma cGMP concentrations at any time period (Fig. 7A). Injections of fSANP
into male GC-AWT/WT mice and GC-A8E/8E mice resulted in similar plasma cGMP
elevations at 5 minutes. However, while cGMP concentrations peaked 10 to 15 minutes
after fSANP injection for the male GC-AWT/WT mice, plasma cGMP concentrations in

the male GC-A8E/8E mice continued to climb for 20 minutes, at which point the plasma
cGMP concentrations plateaued (Fig. 7B). Elevated plasma cGMP concentrations in the
GC-ABE/8E mice are consistent with the GC-A8E/8E mice not undergoing dephosphorylation-
dependent homologous desensitization (14, 16, 29, 32, 66, 67). As a result of the prolonged
cGMP production in the GC-A8E/8E mice, plasma cGMP concentrations were more than
two-fold higher in the male GC-A8E/8E mice compared to male GC-AWTWT mice during
the 15-to-30-minute time period. In contrast, little difference was observed between fSANP-
dependent plasma cGMP elevations in female GC-AWT/WT and GC-ABE/8E mice (Fig. 7C).

3.11 fsANP injection decreases plasma aldosterone similarly in male GC-A8E/8E and GC-
AWTWT mice at 15, but not at 60 minutes.

Plasma aldosterone concentrations from both male GC-AWTWT and GC-A8E/8E mice
taken 15 minutes after subcutaneous injection with fSANP were reduced to similar

levels (WT fSANP: 53% of vehicle, 8E fSANP: 62% of vehicle)(Supplemental Fig. 4A),
which is consistent with previous reports showing that ANP decreases plasma aldosterone
concentrations (68). However, while plasma aldosterone concentrations from male GC-
AWTWT mice taken 1 hour after subcutaneous injection with fSANP were back to vehicle
control levels, plasma aldosterone levels from GC-A8E/8E mice were significantly elevated
above vehicle control levels (Supplemental Fig. 4B). These data are consistent with a
dysregulation of the GC-A/aldosterone regulatory axis in the GC-ABE/8E mice.

3.12 fsANP injection decreases ventricular ERK1/2 phosphorylation to a greater extent
and for a longer period in GC-A8E/8E compared to GC-AWTWT mice.

ERKZ1/2 regulatory phosphorylation was determined by Western blot in ventricular extracts
from male GC-AWTWT and male GC-A8BE/8E mice 5-, 15-, 30-, and 60-minutes after
injection with fsANP (Fig. 8A-B and Supplemental Fig. 5A-H). The phospho-ERK/total-
ERK values were normalized to mean values from saline-injected control mice and plotted
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as a function of time after injection (Fig. 8D). For the male GC-AWT/WT mice, the maximum
decrease in ERK1/2 activity was 57%, which occurred at the earliest time period of 5-
minutes and recovered to 89% of the unstimulated control value by the 60-minute timepoint.
In contrast, cardiac ERK1/2 activities in the male GC-ABE/8E mice reached a nadir of 40%
30 minutes after the fSANP injection, which remained significantly depressed at 57% of the
control value 60-minutes after the fSANP injection. Importantly, no difference in ERK1/2
phosphorylation in ventricular extracts from female GC-A8E/8E and GC-AWTWT mice was
observed 30 minutes after fSANP injection (Fig. 8C). Finally, no change in MEK activity in
these same cardiac extracts was detected (Supplemental Fig. 6). Together, these data indicate
that acute NP activation of GC-A reduces ERK1/2 activity in cardiac ventricles to a greater
extent and for a longer period of time in male GC-A8E/8E compared to male GC-AWT/WT
mice.

3.13 Male GC-A8E/8E mice have improved systolic function.

To determine if increased NP-dependent GC-A activity affects cardiac function, we
performed echocardiography on male and female mice of both lines (Fig. 9 and
Supplemental Table 1B). Despite their smaller hearts, male GC-A8E/8E mice had increased
ejection fractions and fractional shortening compared to the male GC-AWTWT mice (Fig.
9A and Supplemental Table 1B). End systolic volume was also decreased in the mutant male
mice (Fig. 9B). However, the E/A ratio did not differ between the wild type and mutant
mice, indicating that the GC-A8E/8E male mice had normal diastolic function (Fig. 9D).

In contrast, none of the measured heart functions were significantly different between the
mutant and wild type female mice (Fig. 9E—H and Supplemental Table 1B). Together, these
data indicate that the male GC-A8E/8E mice have improved systolic function despite having
smaller hearts.

4. DISCUSSION

Using a novel mouse model that exhibits increased GC-A activity only in the presence

of endogenous levels of ANP and/or BNP, we investigated how prevention of GC-A
dephosphorylation regulates physiology in a live animal. The GC-A8E/8E mice have greater
and longer lasting NP-dependent GC activity, but normal basal activity, which provides a
new perspective for examining the effects of increased GC-A activity /in vivo. This increased
GC-A activity was associated with decreased heart size in male, but not female, GC-A8E/8E
mice, which is consistent with more severe cardiac hypertrophy observed in male compared
to female GC-A™~ mice. (6). The smaller heart phenotype was not explained by changes

in blood pressure since the blood pressure between male GC-AWT/WT and GC-A8BE/8E mice
did not differ over a 40-fold change in dietary NaCl content. These data are harmonious
with reports demonstrating pressure-independent effects of GC-A on cardiac hypertrophy
(8-10). Microscopy studies indicated that the decreased heart size in male GC-A8E/8E mice
was explained by reduced CM CSA, which is in agreement with increased CM CSA in
male GC-A~'~ mice (6). Importantly, male but not female GC-A8E/8E mice had improved
systolic function compared to GC-AWTWT mice, despite having smaller hearts. These data
are consistent with that of mice expressing four GC-A alleles (Npr1*+/+*) that had reduced
heart weight to body weight ratios and increased fractional shortening (69) as well as with
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GC-A~"~ mice that had cardiac hypertrophy and increased left ventricular end diastolic and
systolic dimensions (6). Hence, the totality of data indicate that gain of function GC-A
models result in smaller male hearts with improved systolic function, whereas loss of
function models result in larger male hearts with reduced systolic function.

Unexpectedly, there was no significant difference in blood pressure between male GC-
ABE/BE and GC-AWTWT mice, even when measured over a wide range of salt intake.

The GC-A knockout mice have chronically elevated blood pressure that is unresponsive to
changes in salt-intake (5, 6), whereas the Npr1**/** mice that express four GC-A alleles
exhibit increased GC-A activity and are hypotensive (40). Increased urinary creatinine
indicates that at least one known renal function of GC-A is elevated in the GC-A8E/8E mice
as expected. One potential explanation for the lack of reduction in blood pressure in the
male GC-A8E/8E mice is that the elevated plasma aldosterone concentrations observed in
the GC-A8E/8E mice may compensate for the increased GC-A activity to normalize blood
pressure. Why aldosterone was unchanged in the original GC-A~/~ mice (5) and increased in
the same mice many years later is not known (70).

A previous study reported that mice with increasing numbers of GC-A alleles have
proportionally increased GC-A activity, proportionally increased blood testosterone levels,
and proportionally decreased blood pressure (57). Hence, it was suggested that the GC-

A dependent increases in testosterone levels contribute to the hypotension observed in
mice with increased GC-A activity. However, in our model, where GC-A activity is only
increased in response to natural ligand activation, we observed no change in blood pressure
despite significant increases in blood testosterone levels in male mice. Additionally, Li et
al suggested that male mice exhibit more cardiac hypertrophy than female mice because
they have higher testosterone levels (56). However, in our model where the male mice
exhibit increased GC-A activity and testosterone levels, these mice display reduced cardiac
hypertrophy. Similarly, the female GC-A8E/8E mice have 48% higher serum testosterone
levels as the female GC-AWTWT mice but show no signs of hypertrophy. Hence, increased
testosterone levels are neither associated with hypotension in male mice nor cardiac
hypertrophy in mice of either sex in our GC-A8E/8E model.

Cyclic GMP stimulated by NPs, but not nitric oxide, counteracts cardiac hypertrophy

in murine knockout hypertension models by directly acting on CMs (5, 8-10, 71, 72),

and reductions in NP-dependent cGMP concentrations by phosphodiesterase 9A result

in pathologic cardiac hypertrophy (73). Significantly, GC-A has been shown to decrease
ERK1/2 activity in cultured cells by many investigators through a mechanism that is usually
mimicked by cGMP analogs and requires protein kinase G (61-63, 74, 75), although
Hofmann and colleagues have shown that protein kinase G I is not required for reductions in
transaortic constriction (TAC)-dependent or angiotensin 11-dependent cardiac hypertrophy in
mice (76-78).

Cardiac hypertrophy can be physiologic as occurs during development and exercise, or
pathologic as occurs with hypertension and chemotherapy (60, 79). ERK1/2 activation is
more closely associated with physiologic as opposed to pathologic cardiac hypertrophy (79).
Genetic studies involving ERK17/~ and ERK2*/~ mice, or studies using mice overexpressing

FASEB J. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wagner et al.

Page 12

dual specificity phosphatase 6 that dephosphorylates and inactivates ERK1/2 (60, 79),
suggest that increased ERK1/2 activity is not required for pathological cardiac hypertrophy
(80, 81).

Regarding the physiologic consequences of GC-A inhibition of ERK1/2 in the heart, CM-
specific transgenic overexpression of MEK-1, the direct upstream activator of ERK1/2,
induces physiologic hypertrophy (82) and attenuates ischemic injury (83, 84), whereas
ERK17/~ and ERK2*/~ mice are more susceptible to ischemic injury (82). Here, the reduced
activation of ERK1/2 in hearts from the GC-A8E/8E mice is mechanistically consistent

with decreased hypertrophic growth observed in these mice with development. Moreover,
physiologic cardiac hypertrophy associated with lactation was exaggerated in GC-A~'~ mice
and correlated with increased cardiac ERK1/2 phosphorylation and activity (70). Conversely,
in GC-A™~ mice, exaggeration of pathologic hypertrophy post-TAC was not dependent

on ERK1/2 activity (9, 11). Finally, the ability of ANP to block phenylephrine-dependent
increases in neonatal rat CM CSA was shown to require increased, not decreased, ERK1/2
activity, which differs from our model (85). Regardless, the majority of data indicate that
GC-A-dependent CM ERK1/2 inhibition is context dependent, such that reduced activation
of ERK1/2 in GC-ABE/8E mice attenuates developmental hypertrophy but is not required for
pathologic hypertrophy in the GC-A~~ mice post-TAC. Hence, the mechanism that GC-A
uses to regulate cardiac hypertrophy in development as demonstrated by the GC-A8E/8E
mice is distinct from the mechanism associated with pathologic cardiac hypertrophy as
originally suggested by Scott et al. (12).

Surprisingly, we observed much greater GC-A activity in ventricular membranes from both
female GC-ABE/8E and GC-AWTWT mice compared to membranes from male mice of each
genotype. To our knowledge, this is the first demonstration of a sex difference in cardiac
GC-A activity. One explanation for why only male GC-A8E/8E mice have smaller hearts

is that the ANP-dependent GC-A activity in the female GC-AWTWT ventricles is elevated
above the threshold level required to inhibit the CM ERK1/2 pathway. In contrast, GC
activity in the male wild type mice is below this threshold. Thus, the increased activity
observed in the male GC-A8E/8E mice is now high enough to inhibit the CM ERK1/2
pathway. In contrast, GC-A activity in the female GC-AWTWT mice is already sufficiently
elevated to inhibit the CM ERK1/2 pathway, and therefore, the additional GC-A activity
observed in the female GC-A8E/8E mice provides no additional benefit. Interestingly, the
increased GC-A activity in female ventricles may explain the cardioprotective effects of
estrogen on CMs mediated by GC-A (86, 87). These studies determined that estrogen
increases ANP concentrations, while our data demonstrates that GC-A activity is much
higher in ventricles from female mice. The increases in both ANP and GC-A activity in
murine female ventricles would increase cGMP concentrations in CMs, which is a known
inhibitor of cardiac hypertrophy (9, 10, 61).

In conclusion, we developed a novel mouse model to study the physiologic consequences
of NP-dependent, but phosphorylation-independent, activation of GC-A /n vivo. Using
this model and subcutaneous injections of a long-lived ANP analog, we determined

that preventing dephosphorylation-dependent inactivation of GC-A has measurable,
physiological consequences. The male GC-AS8E/8E mice have smaller hearts due to
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reduced CM hypertrophy, despite exhibiting elevated plasma aldosterone and testosterone
concentrations. Activation of GC-A with fsANP produced greater and more sustained
plasma cGMP elevations, which correlated with larger and longer reductions of cardiac
ERK1/2 phosphorylation in male GC-A8E/8E mice. Thus, increased cardiac GC-A activity
reduces CM size in male GC-A8E/8E mice by decreasing ventricular ERK1/2 activity, a well-
known regulator of cardiac hypertrophy. Finally, we note that GC-A8E/8E mice not only have
less cardiac phospho-ERK1/2 protein, but they also have elevated plasma aldosterone levels
compared to the wild type mice. Importantly, these two differences are most apparent at
longer time periods after injection with fSANP, which is consistent with the disparities being
mediated by the prolonged GC activity of the GC-A-8E protein endogenously expressed in
the GC-A8E/8E mice,
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fs frameshift

GC guanylyl cyclase

IR infrared

MAP mean arterial pressure

MEK ERK kinase

NP natriuretic peptide

PIB phosphatase inhibitor buffer

SEM standard error of the mean

TAC transverse aortic constriction

WGA wheat germ agglutinin
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Figurel.
GC-ABE/8E mice of both sexes have elevated plasma cGMP, but not NP concentrations.

Plasma ANP, BNP and cGMP concentrations from GC-AWT/WT (black) or GC-A8E/8E (red)
(A, C, E) male (squares) and (B, D, F) female (circles) mice. n = 11-36 mice per group.
Statistical differences were determined using a two-tailed student’s t-test with significant
associated p values shown in each panel.
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Figure 2.
GC-ABE/8E mice of both sexes have greater ANP-dependent guanylyl cyclase activity, but

not GC-A protein levels, than GC-AWTWT mice. Guanylyl cyclase activity determined

in the presence of 1 uM ANP, 1 mM GTP, and 1 mM ATP in membranes from (A)

cardiac ventricle or (B) whole kidney of male or female GC-AWTWT and GC-AB8E/8E mice.
(C) Sequential immunoprecipitation-western blot analysis and quantitation of GC-A from
individual GC-AWT/WT and GC-ABE/8E mouse hearts. (D) Sequential immunoprecipitation-
western blot analysis of GC-A from male GC-AWTWT and GC-A8BE/8E mouse kidney
membranes. Right arrows in panels C and D indicate GC-A. Numbers on the left side

of panels C and D indicate 100 kDa and 150 kDa MW markers. Each lane in panel D
represents the isolation of GC-A from one kidney from an individual mouse. For panels
A-C, n =6 per group. The symbols indicate the mean and the vertical bars within symbols
indicate SEM. For panel C, no significant differences were observed between the groups.
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Figure 3.

Mean arterial pressure and heart rate do not differ between male GC-AWTWT and GC-

ABE/8E mice regardless of salt intake. (A) Mean arterial pressure (MAP) and (B) heart

rate measured in beats per minute (bpm) for GC-AWTWT and GC-ABE/8E in 16-week-old
male mice fed the indicated dietary NaCl concentrations. n = 6 per group. White columns
are “lights on” and gray columns are “lights off” measurements. The symbols indicate

the mean and the vertical bars within symbols indicate SEM. Two-way repeated-measures
ANOVA demonstrated no significant differences between GC-AWT/WT and GC-ABE/SE mice
for either MAP or heart rate.
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Figure 4.

GC-AB8E/8E male mice have decreased plasma and increased urinary creatinine
concentrations, respectively. Plasma and urine were collected from 12-week-old male and
female mice. (A) Male and (B) female plasma creatinine concentrations. (C) Male and (D)
female urine creatinine concentrations. Dotted line in panels A and B indicate the creatinine
assay’s limit of detection. n = 6-10 mice per group. Long horizontal bars indicate the

mean and the shorter bars indicate SEM. Statistical differences were determined using a
Mann-Whitney test for panels A and B. A two-tailed student’s t-test was used to determine
significance for panels C and D. Associated p values are shown in each panel for each test.
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Hearts from male GC-ASE/8E mice weigh less because they have smaller cardiomyocytes.
Hearts from male and female GC-AWTWT and GC-A8E/8E mice were collected for
morphological analysis. Photos of (A) male and (B) female hearts from 12-week-old mice.
Male (C) heart weight, (D) body weight, and (E) heart weight-to-body weight ratio (HW/
BW). Female (F) heart weight, (G) body weight, and (H) HW/BW. Representative images
of male and female cardiomyocyte (CM) cross sectional area (CSA) from ventricular tissue
stained with WGA and DAPI (I). Quantitative results from (J) male and (K) female CM
CSA analysis, which was performed with NIH ImageJ by measuring the CSA of 250 CM
per heart and averaging the individual values for each heart. n = 15-24 mice per group. Long
horizontal bars indicate the mean and vertical bars indicate SEM. Statistical differences were
determined using a two-tailed student’s t-test with associated p values shown in each panel.
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Figure 6.

Male GC-A8E/8E mice have elevated plasma aldosterone and testosterone concentrations.
Plasma from male or female GC-AWT/WT and GC-ABE/8E mice was analyzed for aldosterone
and testosterone concentrations by ELISAs. Male (A) and female (B) plasma aldosterone
concentrations. Male (C) and female (D) plasma testosterone concentrations. n = 8-14 mice
per group. Long horizontal bars indicate the mean and vertical bars indicate SEM. Statistical
differences were determined using a two-tailed student’s t-test with associated p values

shown in each panel.
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Figure 7.
fSANP injections result in a greater and more sustained elevation of plasma cGMP in

male GC-A8E/8E compared to male GC-AWTWT mice. (A) Injection of fSANP, but not
saline vehicle, transiently increases plasma cGMP in male GC-AWTWT mice. (B) Plasma
cGMP concentrations in male GC-AWTWT and GC-A8E/8E mice as a function of time after
fSANP injection. (C) Plasma cGMP concentration in female GC-AWT/WT and GC-A8E/SE

as a function of time after fSANP injection. The symbols represent the means and the
vertical bars within the symbols represent the SEM. n = 3-5 mice per treatment. Statistically
significant differences were determined by two-way-ANOVA with multiple comparisons
where * = p<0.05, ** = p<0.01, and *** = p<0.001.
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Figure 8.
fSANP injection suppresses ventricular ERK1/2 activity to a greater extent and for a longer

period of time in male GC-A8E/8E compared to male GC-AWT/WT mice. Western blots of
ventricular extracts probed for phospho-ERK1/2, total-ERK1/2, and GAPDH after injection
with vehicle or fSANP in male GC-AWT/WT or GC-ABE/8E mice for (A and B) 30-minutes.
(C) Western blot from female GC-AWTWT and GC-A8E/8E mice 30 minutes after fSANP
injection. (D) Relative ventricular ERK1/2 activities of male GC-AWT/WT and GC-A8E/8E
mice normalized to vehicle control values as a function of time after fSANP injection. n =
4-7 mice per treatment. The symbols represent the means and the vertical bars within the
symbols represent the SEM. Band intensities from left to right: (A) Phospho-ERK: 1.249,
1.586, 1.728, 0.750, 0.728, 0.969. Total-ERK: 1.859, 2.105, 2.008, 1.774, 1.603, 1.697.
GAPDH: 5.663, 5.311, 4.923, 4.450, 4.777, 4.811. (B) Phospho-ERK: 1.244, 1.612,1.685,
0.493, 0.373, 0.482. Total-ERK: 1.822, 1.809, 1.904, 2.002, 1.658, 2.115. GAPDH: 4.893,
5.310, 5.661, 5.776, 5.273, 6.514. Statistically significant differences were determined by
two-way-ANOVA with multiple comparisons where ** = p<0.01.
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Figure9.
Male, but not female, GC-A8E/8E hearts have improved systolic function. 12—13-week-old

male (left panels) and female (right panels) GC-AWT/WT (black symbols) and GC-A8E/8E
(red symbols) mice were assessed by echocardiography for (A, E) ejection fraction; (B, F)
end systolic volume; (C, G) end diastolic volume; (D, H) E/A Ratio. n = 7-10 mice per
group. Long horizontal bars indicate the mean and vertical bars indicate SEM. Statistical
differences were determined using a two-tailed student’s t-test with associated p values
shown in each panel.
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