
A phosphodiesterase 11 (Pde11a) knockout mouse expressed 
functional but reduced Pde11a: phenotype and impact on 
adrenocortical function

Isaac Levy1,2, Eva Szarek1, Andrea Gutierrez Maria1, Matthew Starrost3, Maria De La Luz 
Sierra1, Fabio R. Faucz1,#, Constantine A. Stratakis1

1Section on Endocrinology & Genetics (SEGEN), Eunice Kennedy Shriver National Institute of 
Child Health & Human Development (NICHD), National Institutes of Health (NIH), Bethesda, 
MD20892, USA.

2Endocrine and Diabetes Unit. Edmond and Lily Safra Children’s Hospital, Tel-Hashomer. Ramat 
Gan. Sackler School of Medicine, Ramat-aviv, Israel.

3Division of Veterinary Resources, National Institutes of Health (NIH), Bethesda, MD20892, USA.

Abstract

Phosphodiesterases catalyze the hydrolysis of cyclic nucleotides and maintain physiologic levels 

of intracellular concentrations of cyclic adenosine and guanosine mono-phosphate (cAMP and 

cGMP, respectively). Increased cAMP signaling has been associated with adrenocortical tumors 

and Cushing syndrome. Genetic defects in phosphodiesterase 11A (PDE11A) may lead to 

increased cAMP signaling and are found to predispose to the development of adrenocortical, 

prostate, and testicular tumors. A previously reported Pde11a knockout (Pde11a−/−) mouse line 

was studied and found to express PDE11A mRNA and protein still, albeit at reduced levels; 

functional studies in various tissues showed increased cAMP levels and reduced PDE11A activity. 

Since patients with PDE11A defects and Cushing syndrome have PDE11A haploinsufficiency, it 

was particularly pertinent to study this hypomorphic mouse line. Indeed, Pde11a−/− mice failed to 

suppress corticosterone secretion in response to low dose dexamethasone, and in addition 

exhibited adrenal subcapsular hyperplasia with predominant fetal-like features in the inner adrenal 

cortex, mimicking other mouse models of increased cAMP signaling in the adrenal cortex. We 

conclude that a previously reported Pde11a−/− mouse showed continuing expression and function 

of PDE11A in most tissues. Nevertheless, Pde11a partial inactivation in mice led to an 

#To whom all correspondence should be addressed: Fabio R. Faucz, PhD: SEGEN, NICHD, NIH - 9000 Rockville Pike, CRC, Bldg 
10, Rm 1E-3216, Bethesda, MD 20892-1862, tel. 301-451-7177, fax 301-402-0574, fabio.faucz@nih.gov.
Credit Author Statement
Isaac Levy: Conceptualization; Data curation; Formal analysis; Methodology; Project administration; Writing - original draft. Eva 
Szarek: Conceptualization; Data curation; Formal analysis; Methodology; Andrea Gutierrez Maria: Data curation; Visualization; 
Writing - review & editing. Maria De La Luz Sierra: Data curation; Visualization. Matthew F. Starost: Data curation; Visualization. 
Fabio R. Faucz: Conceptualization; Data curation; Project administration; Formal analysis; Visualization; Supervision; Writing - 
review & editing. Constantine A. Stratakis: Conceptualization; Funding acquisition; Project administration; Supervision; Writing - 
review & editing.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Mol Cell Endocrinol. Author manuscript; available in PMC 2022 January 15.

Published in final edited form as:
Mol Cell Endocrinol. 2021 January 15; 520: 111071. doi:10.1016/j.mce.2020.111071.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



adrenocortical phenotype that was consistent with what we see in patients with PDE11A 
haploinsufficiency.
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1. INTRODUCTION

Cyclic nucleotide phosphodiesterases (PDEs) catalyze the hydrolysis of the phosphodiester 

bond in the second messenger cyclic adenosine mono-phosphate (cAMP) and guanosine 

monophosphate (cGMP). Eleven families of PDEs have been distinguished based on 

aminoacid sequence and biochemical and inhibitors profiles (Makhlouf, et al., 2006). The 

phosphodiesterase 11A (PDE11A) family consists of four isoforms (PDE11A1, −2, −3, and 

−4), and was the last identified PDE (Fawcett, et al., 2000). PDE11A expression has been 

extensively documented in human tissues, as well as in mouse prostate and testis (Fawcett, et 

al., 2000; Yuasa, et al., 2000; Loughney, et al., 2005; Wayman, et al., 2005; Lakics, et al., 

2010).

Human PDE11A defects were first linked to adrenal disease in 2006, after a genome-wide 

study identified the chromosome 2q31.2 PDE11A gene locus as the most closely linked to 

Cushing Syndrome (CS) in a cohort of patients with micronodular adrenal hyperplasia 

(MAH) (Horvath, et al., 2006a; Horvath, et al., 2006b). Soon thereafter, PDE11A genetic 

variants were found to predispose to a variety of adrenal lesions beyond MAH (Libe, et al., 

2008), and testicular and prostate tumors (Horvath, et al., 2009; Faucz, et al., 2011; Libe, et 

al., 2011).

A Pde11a−/−mouse model was reported with mainly an infertility phenotype (Wayman, et 

al., 2005); subsequently, another Pde11a−/−mouse was reported and studied for PDE11A’s 

linkage to psychiatric diseases and its expression in the ventral hippocampus (Kelly, et al., 

2010). Neither of the two studies looked at adrenocortical function or abnormalities. In the 

present study, we were able to obtain the first animal model of Pde11a deficiency (Wayman, 

et al., 2005), and investigate its endocrine and other phenotypic abnormalities, focusing, in 

particular, on the adrenal cortex. Our results show that Pde11a−/− mice failed to suppress 

corticosterone secretion in response to low dose dexamethasone and in addition exhibed 

adrenal subcapsular hyperplasia with predominant fetal-like features in the inner adrenal 

cortex.

2. MATERIALS & METHODS

2.1 Mouse strain, dissections and phenotype analysis

Pde11a−/− mice were obtained from Wayman et al. (Wayman, et al., 2005) and were 

maintained on a C57BL/6 mixed genetic background. Pde11a−l− mice were generated using 

a neomycin cassette replacing 16 bases of the catalytic domain in exon 12 of the human 

PDE11A gene, because of its high homology to the murine sequence, as the complete 

murine Pde11a sequence was unknown at the time (Wayman, et al., 2005). We studied wild 
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type (WT, Pde11a+/+; n=43), Pde11a+/− (n=44) and Pde11a−l− (n=39) mice for 18 months. 

Male and female mice were euthanized at 6-, 12- and 18-months of age. We also examined 

early embryonic development, at embryonic day (e) 9.5, 12.5, 14.5, 15.5 as well as postnatal 

day 1 and 10. All mice were genotyped and phenotyped. Mice were fed and maintained in 

the same in-house animal facility, under standardized conditions spanning the two year 

study. For mRNA studies and protein studies, dissected tissue was snap-frozen and stored at 

−80°C until ready for processing. Tissue from each major organ (brain, lung, liver, kidney, 

adrenal gland, testis, prostate and ovary) was formalin-fixed and paraffin embedded for 

routine histological analysis using haematoxylin and eosin (H&E) staining and other routine 

staining, as outlined below. Most histopathological analysis was performed in our laboratory 

and at Molecular Histology, Inc., (Gaithersburg, MD, USA) or at the Division of Veterinary 

Resources (NIH, Bethesda, MD, USA). Blood was collected from mice, via cardiac 

puncture, following anaesthetization with halothane, and was used for analyzing blood 

biochemistry and complete blood counts; serum was collected and frozen at −80C. All 

animal experiments were approved by the National Institute of Health Animal Ethics 

Committee (ASP#18–033).

2.2 Mouse genotyping

Mouse genomic DNA was extracted from tail biopsies,and analyzed by PCR. The primers 

used for all PCR genotyping were: 5’-TCGGAACTGGCCATCGATGACATCC-3’, 5’-

CTAACACCCTGCAGGATTCTCATGAC-3’ and 5’-

GGGCCAGCTCATTCCTCCCACTCAT-3’. Amplification by PCR was performed in a 

DNA Thermal Cycler. PCR conditions were as follows: 16 cycles 95° - 30 sec, 62°−58° - 30 

sec, 72° 45 sec and then 20 cycles 95° - 30 sec, 58° - 30 sec, 72° 45 sec. Amplicons were 

analyzed by gel electrophoresis on a 2% agarose gel; the wild-type allele (Pde11a+/+) 

generated a 281bp product, whereas the null mutation (Pde11a−/−) generated a 479bp 

product; mice heterozygous (Pde11a+/−) contain both the wild type and null allele. 

(Supplementary Figure 1).

2.3 RNA extraction

Total RNA was isolated from 30–50mg of frozen tissue (brain, lung, liver, kidney, adrenal 

gland, testis, prostate and ovary) using Trizol (Invitrogen, Carlsbad, CA). RNA was 

resuspended in diethyl pyrocarbonate-treated (DEPC) water. The concentration and purity of 

RNA was determined spectrophotometrically by UV absorbance (260/280nm), treated with 

DNAse (Invitrogen, Carlsbad, CA) and stored at −80C, until use.

2.4 RT-PCR

cDNA was synthesized using oligo (dT)s (Invitrogen, Carlsbad, CA) and the SuperScript 

First-Strand Synthesis System (Invitrogen, Carlsbad, CA). Synthetized cDNA from Pde11a
+/+ and Pde11a−/− sample from brain, adrenal, testis were analized by RT-PCR using 

standard oligonucleotide primers spaning two consecutive exons in different areas of the 

transcripts. The primers spaning exons 9–10 and exons 12–13 were 5’-

CCTTGATGTGCTGTCGTACC-3’ and 5’-GGAACCCAGCAGTAGTTAGCA-3’ 

respectively; primer spaning exons 14–15 and exons 18–19 were 5’-

CCTTCAGAGTGAGGGTCACAA-3’ and 5’-GGTTCCGGTCAAAAATAGCA-3’ 

Levy et al. Page 3

Mol Cell Endocrinol. Author manuscript; available in PMC 2022 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



respectively; primer spaning exons 1–2 and exons 10–11 were 5’-

CCAGGACCGAAGATTCAATG −3’ and 5’-

GTTTAAGGCAGCCAACATCC-3’respectively. Amplification by PCR was performed in 

Thermal Cycler. PCR conditions were as follows: 12 cycles 94° - 30 sec, 64°−58° - 30 sec, 

72° 45 sec and then 23 cycles 94° - 30 sec, 58° - 30 sec, 72° 45 sec. Amplicons were 

analyzed by gel electrophoresis on a 2% agarose gel (Figures 2-A1–3). cDNA from Pde11a
+/+ and Pde11a−/− sample from brain, adrenal, testis and lung were also analized by qRT-

PCRperformed on the Applied Biosystems 7500 real-time PCR system. TaqMan probes 

(Applied Biosystems, Carlsbad, CA, USA) were used for qRT-PCR whereby reaction and 

analysis was carried out as per manufacturer guidelines. Mouse Gapdh (Applied Biosystems, 

Catalog number Mm99999915_g1) was used as the endogenous control. The following 

TaqMan probes were used: Pde11a (Applied Bioystem Catalog number Mm01327347_m1); 

Akr1b7 (Applied Bioystem Catalog number Mm00477605_m1), Cyp17 (Applied Bioystem 

Catalog number Mm00484040_m1), Akr1c18 (Applied Bioystem Catalog number 

Mm00506289_m1). Each sample was analyzed in triplicate.

2.5 Immunohistochemistry

Analysis of the expression of Pde11a, from early embryonic development through to 

adulthood, was analyzed by immunohistochemistry and performed in collaboration with 

Phylogeny (Colombus, Ohio). Tissues were obtained from mouse embryos at embryonic day 

(e) 9.5, 12.5, 14.5, 15.5 as well as postnatal stages 1 and 10, and adult mice. Embryos and 

organs from postnatal stages were flash frozen and stored at −80°C. Frozen tissues were cut 

into 8–10μm sections, fixed for 60 minutes in 4% formaldehyde, washed in phosphate 

buffered saline (PBS; 0.01M, pH 7.4), rinsed in distilled water (to remove salts) and air-

dried for a few days. Sections were fixed in formalin (4% PFA for 15 minutes and washed in 

PBS 0.01M, pH 7.4), incubated with the PDE11A antibody overnight at 4°C. The anti-

Pde11a antibody (diluted 1:75; Abcam ab14624), was a rabbit polyclonal one to human 

PDE11A synthetic peptide (aa 454–468). Staining was performed using standard peroxidase 

methods as per Phylogeny (Colombus, Ohio). Detection of the primary antibody was 

performed using an anti-rabbit antibody coupled to biotin (111-065-144, Jackson Immuno 

Research Laboratory) followed by streptavidin-HRP amplification (016-030-084, Jackson 

Immuno Research Laboratory). HRP activity was detected with 3,3’-

diaminobenzidinetetrahydrochloride (DAB) (SK-4105, Vector Labs). Normal rabbit serum 

was used as control in order to detect non-specific immunoreaction.

Analysis of the effect of loss of PDE11A on the adrenal was performed by 

immunofluorescence. All mouse adrenals were treated similarly. They were rapidly removed 

postmortem and immediately fixed in ice-cold 4% formaldehyde in PBS (0.01M, pH 7.4) for 

24h, and embedded in paraffin following standard procedures for sectioning. Whole adrenals 

were bisected along the coronal plane. Sets of serial sections were cut at 5μm thickness. 

Sections were mounted onto poly L-ornithine-coated (Sigma, St Louis, MO) glass slides. 

Each section-mounted slide underwent antigen retrieval, performed with slides immersed in 

citric acid buffer solution (pH 6.6) and steamed for 20 minutes, to normalize staining across 

sections. Each section was immunostained using the following primary antibodies: Pde11a 

(Fabgenix Cat. PD11–112AP), and rabbit anti-20αHsd (a generous gift from Dr. Weinstein, 
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Ben Gurion University of the Negev - Israel). For general morphology, sections were stained 

with H&E.

Immunofluorescence involved rehydration of sections in successive 2 min Histoclear 

(National Diagnostic, Atlanta-Georgia, USA. Catalog number HS-200) and ethanol rinses 

(100, 95, 75 and 50%) followed by washing in PBS (0.01M, pH 7.4) for 5 min each prior to 

antigen retrieval. Sections were incubated in blocking solution, using 10% normal goat 

serum (Jackson Immuno Research) made in PBS (0.01M, pH 7.4) for all antibodies, except 

for goat anti-Akr1b7 whereby sections stained for this antibody were blocked with 10% 

normal donkey serum (Jackson Immuno Research) made in PBS (0.01M, pH 7.4). All 

sections were blocked at room temperature in a humidified chamber (1 hour). Single-labeled 

immunofluorescence was performed by incubating the sections overnight at 4°C with 

primary antibodies, specified above. Following primary antibody incubation, sections were 

washed in PBS (0.01M, pH 7.4) containing 0.1% Triton-X and incubated with the 

appropriate fluorophore-conjugated secondary antibody: goat anti-rabbit Alexa-Fluor 555 

(1:400, Molecular Probes, Life Technologies, OR, USA) and donkey anti-rabbit Alexa-Fluor 

555 (1:500, Molecular Probes, Life Technologies, OR, USA). Sections were washed in PBS 

(0.01M, pH 7.4) containing 0.1% Triton-X and mounted with DAPI Prolong Gold 

(Molecular Probes, Life Technologies, OR, USA).

2.6 Adrenal zonation and histologic analysis

Histology of adrenal gland specimens from 43 Pde11a+/+, 44 Pde11a+/−, and 39 Pde11a−/− 

mice were analyzed following H&E staining by an experienced pathologist to determine any 

histological changes in the capsule, glomerulosa, fasciculata or medulla. Adrenal 

subcapsular hyperplasia with predominant fetal like features in the inner adrenal cortex 

mimicking other animal models of increase cAMP signaling in the adrenal cortex was 

recorded. Further correlation by immunostaining for the X-zone (anti-20α HSD antibody) 

was done.

The presence of foamy cells in the adrenal cortex, as well as subcapsular hyperplasia and 

persistence hyperplasia of the X-zone was studied in every specimen and counted in each 

genotype group. The presence or absence of the X-zone is an all or none phenomenon; thus, 

we recorded its presence or absence. Each animal was examined for the presence of X-zone 

in their adrenal gland after staining by 20a-HSD, which is specifically expressed in fetal 

corticsl cells.

2.7 Assays for cAMP levels and binding activity, and protein kinase A (PKA) activity

Levels of cAMP were measured in tissue extracts using the cAMP 3H Biotrak Assay System 

(Amersham Biosciences). Samples were homogenized in ethanol, centrifuged (1000g, 10 

min), and the supernatant dried and resuspended in buffer, according to manufacturer’s 

instructions. Three samples were prepared for each sample group.

PKA enzymatic activity was measured in tissue following as previously described 

(Nesterova, et al., 1975; Rohlff, et al., 1993; Nesterova, et al., 2008). Briefly, tissue was 

processed in 10mM Tris-HCl, pH 7.5, 1mM EDTA, and 0.1mM dithiothreitol (DTT) 

protease inhibitor cocktail I (EMD Biosciences, Darmstadt, Germany). About 10mg protein 
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of the tissue extracts were added to the reaction mixture (50μl) containing 0.025mM [g-32P] 

ATP, 5mM kemptide, 10mM MgCl2 ± 5μM cAMP, and μM PKA inhibitor (PKI). The 

mixture was incubated for 15 min at 30°C, spotted on phosphocellulose filters, and washed 

for three times using 0.1% phosphoric acid. The filters were air dried before analysis by a 

liquid scintillation counter. Basal levels of PKA activity correspond to the non-stimulated 

enzyme. Total activity reflects activation following cAMP addition. Free PKA activity 

represents the difference between activation without addition of cAMP and presence of PKI.

2.8 PDE activity

cAMP-binding total PDE activity was assayed using titrated cAMP (Poch, 1971). PDE 

activity was measured by cAMP-specific activity, whereas PDE is a dual-specificity PDE, 

binding c-GMP as well. A non-specific cyclic nucleotide PDE inhibitor, 3-isobutyl-1-

methylxanthine (IBMX, a non-selective PDE inhibitor; PDE1, −2, −7, −10 and −11 but not 

PDE8), was used in order to study the degree of PDE inhibition in Pde11a+/+ and Pde11a−/− 

mice adrenal and testis lysated samples. In addition, BC11–38, a novel specific PDE11A 

inhibitor, was also used in order to detect the degree of PDE11 contribution to the total 

measured PDE activity in the same sample. As previously describbed (Ceyhan, et al., 2012), 

we used 500μM IBMX and 20μM BC11–38 in order to measure the effect of inhibition in 

each assay. Testis was used as control for the PDE assay because testes express more PDEs 

than adrenal and as described, the contribution of Pde11 is high. Giving these conditions, it 

is possible to measure difference in PDE activity between the two genotypes, measure small 

difference after adding IBMX (probably because the contribution of uninhibited PDEs) and, 

detect significant difference after BC11–38 because the high expressed Pde11 in testis.

2.9 Dexamethasone suppression test

Two groups of mice, Pde11a+/+ (n=8; 4 male and female) and Pde11a−/− (n=8; 4 male and 

female), aged between 8–10 month old were treated with low-dose (0.062mg/100g body 

weight) and high-dose (0.25mg/100g body weight) dexamethasone (Sigma, St. Louis, MO), 

over a 6 day period based on Liddle’s protocol in humans (Stratakis, et al., 1999). 

Dexamethasone was diluted in NaCl 0.9% standard saline physiologic solution. Low-dose 

was intraperitoneally injected beginning on day 2 at 1800h, and thereafter every 12 hours 

until day 4, when dexamethasone high-dose was started, again at 1800h and every 12 hours 

thereafter until day 6. Blood was collected, via tail vein bleeds, on days 1, 4 and 6. The day 

1 before the first intraperitoneally dexamethasone dose injected, day 4 before the first high 

dose and at day 6 at the end. This way we measured corticosterone and ACTH at baseline, 

post-low-dose and post-high-dose dexamethasone. Corticosterone and ACTH plasma levels 

were determined in mice of each group using a commercial ELISA kit (Alpco, Salem, NH). 

Cortisol measurements were done and compared between Pde11a−/− and Pde11a+/+ mice 

because, like in other animals where there is persistence of the X-zone, cortisol (in addition 

to corticosterone) may be produced by 17a hydroxylase that is expressed in the fetal X-zone 

(but not in adult rodent adrenal cortex). Since Pde11a partial deficiency led to persistence of 

the X-zone, we wanted to determine if this zone was biochemically active and produced 

cortisol. Plasma cortisol levels were measured using a commercial ELISA kit for cortisol 

(Alpco Salem, NH), as per the manufacturer’s instructions.
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2.10 Statistical analysis

Statistical analysis was performed using χ2, Fisher’s exact test, and t-test, where 

appropriate. For all statistical comparisons p < 0.05 was considered statistically significant. 

Data were analyzed using SPSS Software. Where applicable, data are represented as mean ± 

SEM.

3. RESULTS

3.1 Pde11a is widely expressed in adult mice but not as highly in the adrenal glands

We examined the expression of Pde11a in Pde11a+/+ mice across development at embryonic 

day (e)9.5, 12.5, 14.5, 15.5) and in adult animals ages 6-, 12- and 18-months old. (Figure 1, 

Supplementary Figure 2, Supplementary Table 1). Pde11a immunoreactivity is widely 

present in adult mice but at lower intensity in the adrenal glands. There was no significant 

Pde11a immunoreactivity in fetal adrenal cortex. At embryonic age (e)14.5 and (e)15.5 days, 

Pde11a protein was expressed in the hippocampus, dorsal root ganglia, choroids plexus, 

small intestine and the developing tooth. Higher Pde11a immunostaining was found in the 

epithelium of the small intestine villi, thyroid follicular cells, spermatocytes within specific 

sets of seminiferous tubules in the testes and epithelial cells in the prostate, as shown 

previously by Wayman et al (Wayman, et al., 2005). Moderate Pde11a levels were measured 

in neuronal cells of the grey matter and Purkinje cells of the cerebellum, while weak signal 

was observed in choroid plexus cells, cerebral cortex, hippocampus, hypothalamus, thalamus 

and cranial ganglia. Moderate immunoreactivity was observed in the remaining gut region 

and epithelial cells, liver hepatocytes, exocrine pancreatic acini (but not endocrine pancreas), 

epithelium within lung bronchi, epithelium in renal tubules and cells in glomerulus, 

epithelial cells in the uterus, odontoblast and ameloblast cells in the teeth. The 

immunoreactivity in the pituitary gland and skeletal muscles was almost undetectable. 

Transient Pde11a expression pattern (E14.5-P1) is evident within chondrification centers, 

such as the rudimental ear cochlea tympanic ring and calvaria, where protein expression 

does not occur during adulthood (Supplementay Figure 2).

3.2 Pde11a−/− mice established by Wayman et al. (Wayman, et al., 2005) do not carry a 
complete deletion of Pde11a

Mice tissues providing sufficient protein lysate were used to examine mRNA and protein 

expression (brain, adrenal, testis and lung). To determine the integrity of Pde11a mRNA in 

Pde11a−/− mice we analyzed a variety of tissues, by RT-PCR, Pde11a amplicon using 

primers spaning exons 9–10 and 12–13 produced a product of 326bp size in Pde11a+/+ 

samples and as expected no product in Pde11a−/− having LacZ-Neo cassette disrupting exon 

12. (Figure 2 A1); Pde11a amplicon using primers spaning exons 14–15 and 18–19 

produced a product of 350bp size in Pde11a+/+ as well as on Pde11a−/− (Figure 2 A2); 

finally, Pde11a amplicon using primer spaning exons 1–2 and 10–11 produced two produts 

sizes of 893bp and 800bp (two Isoforms are described in mice, Pde11a-201 and the 

Pde11a-203 lacking 93bp from exon 9) (Figure 2 A3). This results provide evidence that 

Pde11a−/− RNA transcript is intact from exon 1 throught 19 and, is not degraded and 

incorporate LacZ-Neo cassette.
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Further, we assessed the degree of expression of Pde11a in three genotypes. Using primers 

for the 5’ region of the mouse Pde11a gene, we quantified by qRTPCR total Pde11a mRNA 

of Pde11a+/+, Pde11a+/− and Pde11a−/− animals. Total Pde11a mRNA was significantly 

reduced in Pde11a−/− and Pde11a+/− mice, compared to the Pde11a+/+ animals but not 

completeled deleted (Figure 2B). Pde11a protein was also reduced – as an example, 

testicular and adrenal Pde11a protein is shown, normalized against ß-actin (Figure 2C). 

Finally, analysis of the effect of loss of Pde11a on the adrenal was performed by 

immunofluorescence, Pde11a immunoreactivity is higher in zona fasciculata and present in 

both genotype, albeit reduced in Pde11a−/− adrenal cortex (Figure 2D). These results 

indicated that despite correct identification of Pde11a−/− vs. Pde11a+/− (heterozygote, HET) 

vs. Pde11a+/+ by primers described by Wayman et al (Wayman, et al., 2005) (Supplementary 

Figure 1), the Pde11a gene was not completely deleted in Pde11a−/− tissues; the complete 

transcript of Pde11a, including the Neo-cassette was still present and Pde11a protein still 

expressed in the tissues examined from the Pde11a−/− mice described by Wayman et al., 
albeit at reduced amounts vs. Pde11a+/+.

3.3 PDE activity and cAMP levels

PDE activity was measured in tissue lysates from adrenal glands from 6-mo old Pde11a+/+ 

and Pde11a−/− mice at baseline conditions (no inhibitor, control) and in the presence of 

IBMX (a non-selective PDE inhibitor) and BC11–38 (a novel specific PDE11 inhibitor). 

Since Pde11a is highly expressed in testis and his activity has been previously very well 

characterized in this mouse model, we decided to use testicular lysates as an external control 

for this study on adrenal PDE activity using inhibitors. In adrenal glands (Figure 3A), PDE 

activity was significantly decreased in both Pde11a+/+ (505.3 vs 1532.6 Arbitrary Units, 

p=0.01) and Pde11a−/− (369.6 vs 1681.6 Arbitrary Unitis, p<0.01) adrenals following IBMX 

treatment. Treatment with BC11–38 did not attenuate PDE activity in Pde11a+/+ or in 

Pde11a−/− (1629.7 vs 1532.6 Arbitrary Unitis, p=0.83 and 1770.6 vs 1681.6 Arbitrary 

Unitis, p=0.78) adrenal glands. In testis (Figure 3B) overall PDE activity was higher in 

Pde11a+/+ than in Pde11a−/− (441.9 vs 374.5 Arbitrary Unitis, p=0.01). Treatment with 

IBMX or BC11–38 resulted in a significant attenuation in PDE activity in Pde11a+/+ testis 

lysates (382.8 and 351.6 respectively vs 442 Arbitrary Unitis, p=0.02 and p 0.001 

respectively), however, there was no significant difference in Pde11a−/− testis following 

BC11–38 or IBMX treatment when compared with no inhibitor control (p=043 and p=0.16 

respectively). In the adrenal, as previously described, Pde11a expression is low, therefore 

technically the PDE assays is not sensitive enough to determine difference in wild type and 

even less in knockout tissue. This data shows the impact of selective inhibition for PDE11 is 

best appreciated in Pde11a+/+ testis and is blunted in Pde11a−/− as expected. The cAMP 

levels were significantly higher in adrenal glands of Pde11a−/− mice compared to adrenals of 

wild type animals (p=0.0038, Figure 3C).

3.4 Dexamethasone suppression testing and PKA activity

We subjected Pde11a+/+ and Pde11a−/− to dexamethasone suppression assessing 

corticosterone as well as cortisol and ACTH levels, as per the test performed in humans 

(Stratakis, et al., 1999). Low dose dexamethasone (0.062 mg/100g of body weight) 

treatment resulted in the suppression of corticosterone secretion in Pde11a+/+ (0.297 ng/ml) 
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but not in Pde11a−/− (0.424 ng/ml) mice. On the other hand, high dose dexamethasone (0.25 

mg/100g body weight) treatment resulted in the suppression of corticosterone in both 

Pde11a+/+ (0.141 ng/ml) and Pde11a−/− (0.193 ng/ml) mice (Figure 4A). ACTH levels were 

suppressed as expected, however following high dose dexamethasone treatment in Pde11a−/− 

mice, suppression did not reach statistical significance. ACTH levels at baseline and after 

high-dexamethasone were 136.0 vs. 0 pg/ml in Pde11a+/+, p<0.01 and 303.8 vs. 64.4 pg/ml 

Pde11a−/−, p=0.3 (Figure 4B). PKA activity, both at baseline (Figure 4C) and after the 

addition of cAMP (Figure 4D), was generally higher in Pde11a−/− mice compared to Pde11a
+/+ animals; however, the difference was not significant neither following the addition of 

cAMP (p=0.14) nor at baseline (p=0.3). No cortisol was detected in Pde11a−/− mice.

3.5 Pde11a−/− mice showed adrenal hyperplasia and zonation defects

The adrenal cortex of 12-month old Pde11a+/+ had significantly more foamy cells than 

Pde11a−/− mice (Figure 5A); subcapsular hyperplasia (Figure 5B), as well as hyperplasia of 

the X-zone (Figure 5C) were predominant in Pde11a−/− adrenals (52% vs. 30% of all mice 

together, p=0.05). The X-zone was absent in all but one of the wild type female mice. In 

contrast, about half of heterozygous and half of knockout females had changes consistent 

with X-zone. In males, number of mice with changes consistent with X-zone were the same 

in all genotypes without statistically significant difference in number. For reasons that we 

can not explain, the transition from fetal to definitive adrenal cortex is better appreciated in 

female mice than in males (Supplementary Table 2). These changes were present at 6 

months of age but became significant at 12 months. Those changes were statistically 

predominant in Pde11a−/− adrenals. Similar changes were seen in few Pde11a+/+ adrenals 

however none of them were confirmed with X-zone markers. To further investigate, and 

confirm, the hyperplasia seen in the X-zone, we stained for the adrenal zonation markers 

20αHSD (a marker of the X-zone) and Akr1b7 (a marker for the zona fasciculata) (Figure 

6A). We indeed confirmed persistence of the X-zone of the adrenal cortex in female Pde11a
−/− mice, when compared to those from Pde11a+/+ animals; we even detected resurgence of 

the X-zone in primiparous mice (Figure 6B). In RNA expression, there was significant 

upregulation of Cyp17 expression in Pde11a−/− mice, consistent with X-zone persistence 

and/or reemergence (Figure 6C); this overexpression was mostly driven by female mice 

Cortisol levels were below the assay’s detection limits, despite the significant overexpression 

of Cyp17.

3.6 Other phenotype differences between Pde11a−/− and Pde11a+/+ mice

There were no other significant consistent phenotypic differences found between Pde11a+/+, 

Pde11a+/− and Pde11a−/− animals. Total body weight and life span did not differ between 

genotypes. Serum biochemical profiles, including renal and liver function test and blood cell 

count did not differ between genotypes. No tumors or other histological difference between 

genotypes were found in dissected tissues from each organ analyzed after hematoxylin/eosin 

staining by an experienced pathologist.
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4. DISCUSSION

We and others have shown that PDE11A genetic variants in humans predispose to adrenal, 

testicular and prostate tumors (Horvath, et al., 2006a; Horvath, et al., 2006b; Libe, et al., 

2008; Horvath, et al., 2009; Faucz, et al., 2011; Libe, et al., 2011). It was a natural extension 

of this work to look at the phenotype of animal models with PDE11A deficiency, after first 

identifying widespread Pde11A expression in developing and adult mice (Supplentary 

Figure 2, Supplementary Table 1, Figure 1). There have been at least two mouse models 

with Pde11a genetic silencing described: the mice we studied here (Wayman, et al., 2005) 

and a more recent model described by Kelly et al. (Kelly, et al., 2010). The latter mouse has 

been studied extensively for its behavioral abnormalities (Hegde, et al., 2016a; Hegde, et al., 

2016b; Kelly, 2017; Pilarzyk, et al., 2019). We obtained the mouse reported by Wayman et 
al. (Wayman, et al., 2005) and we were surprised to detect mRNA expression of Pde11a. We 

decided to fully characterize these mice because PDE11A expression and activity were less 

than the corresponding Pde11a+/+ littermates in several tissues, including the adrenal gland, 

brain, testis and lung (Figure 2B). The hypomorphic Pde11a−/− mouse presented us with the 

opportunity to study in vivo effects of decreased PDE11A activity along the lines of what 

human patients with inactivating PDE11A variants may have in their tissues. The data are 

consistent with what more than a decade of research has shown for PDE11A deficiency: 

despite some abnormalities in biochemistry (Figure 3) and adrenal gland histology (Figure 5 

and 6, Supplementary Table 2) and spermatogenesis (Wayman, et al., 2005), adrenocortical 

steroid hormone production is basically normal (Figure 4) and these mice lived normal life 

spans without any obvious differences in tumor formation or other abnormalities in any of 

the tissues we examined, up to the age of 18 months.

PDE11A partial deficiency just like this gene’s haploinsufficiency by inactivating variants 

maybe considered more of a risk and/or predisposing factor than a causative one for the 

phenotypes it has been linked to: adrenocortical tumors (Horvath, et al., 2006a; Horvath, et 

al., 2006b; Libe, et al., 2008; Carney JA, et al., 2010) prostate cancer (Horvath, et al., 2006a; 

Horvath, et al., 2006b; Libe, et al., 2008; Faucz, et al., 2011) and testicular germ cell tumors 

(Horvath, et al., 2009; Mirabello, et al., 2012; Pathak, et al., 2015).

In patients with Carney complex (CNC) and causative PRKAR1A mutations that were 

shown to increase cAMP signaling (Kirschner, et al., 2000), the concurrent presence of 

PDE11A-inactivating variants clearly enhanced the severity of the CNC-associated 

adrenocortical and testicular tumor phenotypes (Libe, et al., 2011).

It is tempting to speculate that even though PDE11A inactivation leads to increased cAMP 

levels, as this study and a number of others in humans and mice have shown (Horvath, et al., 

2006a; Horvath, et al., 2006b; Libe, et al., 2008; Kelly, et al., 2010), the effects of this 

increase are mitigated by the complexity of downstream signals and the presence of a 

multitude of other PDEs in most tissues (Levy, et al., 2011; Azevedo, et al., 2014; Szarek & 

Stratakis, 2014; Leal, et al., 2015). Nevertheless, increased cAMP signaling at the tissue 

level leads to abnormalities such as the ones described by Wayman et al. (Wayman, et al., 

2005) and the ones we described here: adrenocortical hyperplasia and, in particular, X-zone 

persistence and/or reemergence is more prevalent in female animals (Figure 5 and 6). These 
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histologic abnormalities have been seen in at least two other mouse models of increased 

cAMP signaling in the adrenal cortex that tested the effects of PRKAR1A-inactivation 

(Griffin, et al., 2004a; Griffin, et al., 2004b; Sahut-Barnola, et al., 2010). Female animals 

were more affected in both genotypes, as well as the only other mouse model of a cAMP-

specific PDE which examined adrenocortical function, that of Pde8 deficiency (Tsai, et al., 

2011).

PDE11A as a risk factor has been implicated in phenotypes linked to abnormal 

adrenocortical function, such as depression and related mental health issues and abnormal 

behaviors (Hegde, et al., 2016a; Hegde, et al., 2016b; Kelly, 2017), suicide (Coon, et al., 

2013), and hypertension (Ohlsson, et al., 2016). Most recently it has been linked to asthma 

and other respiratory diseases possibly due to abnormal cAMP signaling (Sakornsakolpat, et 

al., 2019; Mu, et al., 2020) and sleep dysregulation (Jones, et al., 2019). Along with other 

PDEs, it is found frequently mutated in pediatric adrenocortical cancer (Pinto, et al., 2020) 

and may be involved in predisposition to other malignancies, including breast and ovarian 

cancer (Oliver, et al., 2019; Shahi, et al., 2019). The present study shows a hypomorphic 

Pde11a−/− mouse has a very modest phenotype in the adrenal gland beyond what was 

reported before in the testis (Wayman, et al., 2005). These data underline the need for 

additional animal modeling of PDE11A, one that perhaps involves tissue-specific genetic 

manipulation and/or crossing with other models of predisposing gene(s) to further delineate 

this gene’s involvement in disease pathogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Genetic defects in PDE11A may predispose adrenocortical tumors 

development.

• Pde11a−/− mice failed to suppress corticosterone secretion in response to low 

dose dexamethasone.

• Phenotype of Pde11a inactivated in mice is consistent with patients with 

PDE11A haploinsufficiency.
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Figure 1: Pde11a immunostaining in Adrenal of wild type mouse.
(A) Anatomical view of the adrenal gland together with adjacent kidney, pancreas, spleen, 

stomach and skeletal muscles; B) Weak, diffuse immunoreaction is seen in the adrenal 

cortex and, less, in the medulla. This is evident when compared to control staining shown in 

(C); C) Control staining for (B) performed with normal rabbit serum; D) Detail of the 

contrast between the immunoreaction in the cortex and medulla at higher magnification; E) 

Adrenal assayed with the negative control (normal rabbit serum); Adr - adrenal gland; Cx - 

cortex; K - kidney; M - muscle; Me - medulla; NRS - normal rabbit serum; P - pancreas; Spl 

- spleen; St - stomach.
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Figure 2: Pde11a mRNA integrity in Pde11a−/− sample and its expression in the studied mice.
(A) Products of RT-PCR using primers spanning different regions along the Pde11a 

transcript of KO and Pde11a+/+ mice: A-1) primer spaning exons 9–10 and exons 12–13; 

A-2) primers spaning exons 14–15 and exons 18–19; A-3) primers spanning exons 1–2 and 

10–11: Amplicons were analyzed by gel electrophoresis on a 2% agarose gel. Amplification 

in Pde11a−/− mice indicates that Pde11a−/− RNA transcript is intact from exon 1 throught 19, 

is not degraded and incorporate the LacZ-Neo cassette (B) qRT-PCR levels of Pde11a in 

adrenal, brain, testis and lungs from heterozygote (Het) Pde11a+/, and knock-out (KO) 

Pde11a−/− mice against Pde11a+/+ mice; clearly Pde11a mRNA is decreased in the 

genetically modified animals but not absent in the KO mice, *p value for KO sample 0.05, 

**p value KO= 0.001; (C) Protein expression of Pde11a, assessed by western blot (WB) 
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analysis, in testis amd adrenal, as an example and quantified in testis by optical density of 

WB bands; once again, Pde11a protein in testis of the KO mouse is present and is lower than 

in the Pde11a+/+ animal but not absent. (D) Pde11a immunostainig (red) merged with 

nuclear staining (DAPI – blue) in Pde11a+/+ and Pde11a−/− adrenals, immunoractivity is 

rubust in zona fasciculata of both genotypes but reduced in Pde11a−/− adrenal. 

Abbreviations: Br, brain, Ad, adrenal, T, testis, M, medulla, ZF zona fasciculata, ZG, zona 

glumerolosa.
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Figure 3: Measurements of PDE11A activity.
Measurements of PDE11A activity in adrenal (A) and testis (B) using PDE inhibitors, on 

non-specific for PDEs (IBMX) and on that is specific for PDE11A (BC11–38). In testis of 

wild type mice there is inhibiton of PDE11A activity by both inhibitors whereas in Pde11a 
knockout (Pde11a−/−) animals, the inhinbition by the specific inhibitor (BC11–38) is blunted 

demonstrating decreased substrate (PDE11A) in Pde11a−/− animals. In the adrenal, there is 

no inhibition of PDE11A activity by the specific inhibitor (BC11–38) in Pde11a−/− or wild 

type (Pde11a+/+) animals. (C) cAMP levels in Pde11a+/+ compared to Pde11a−/− mice. 

cAMP levels are higher in the adrenals of the knockout animals (p<0.001).
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Figure 4: Corticosterone and ACTH responses to low and high dose dexamethasone and Adrenal 
PKA activity.
(A) Both wild type (Pde11a+/+) and knockout (Pde11a−/−) animals respond with suppression 

of their corticosterone levels to dexamethasone; however, the Pde11a−/− mice fail to suppress 

significantly in response to low dose dexamethasone; they suppressed, comparable to 

Pde11a+/+, in response to high-dose dexamethasone. Overall, there are no significant 

differences between Pde11a+/+ and Pde11a−/− mice. *p = 0.001 and p < 0.001 in low and 

high doses respectively. **p = 0.08 and p < 0.001 in low and high doses respectively. (B) 

ACTH responses to low and high dose dexamethasone: ACTH levels were suppressed as 

expected, however following high dose dexamethasone treatment in Pde11a−/− mice, 

suppression did not reach statistical significance (*p < 0.01, **p = 0.3) (C) Total adrenal 

PKA activity at baseline and after the addition of cAMP (D) in Pde11a+/+ and Pde11a−/− 
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animals; knockout mice have higher PKA activity, but the difference only approached 

tendency to be significant after the addition of cAMP (p = 0.14).
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Figure 5: Histological appearance, as shown by H&E staining, of adrenal glands from 12-month 
old.
(A) Pde11a+/+ and (B & C) Pde11a−/− mice. Arrow point in (A), the presence of foamy cells 

in the adrenal cortex, more frequently observed in Pde11a+/+; in (B), the presence of 

subcapsular adrenal hyperplasia in female Pde11a−/− mice; in (C), the persistence of the X- 

or fetal-zone in female Pde11a−/−mice. Abbreviations: M, medulla; ZF, zona fasiculata; ZG, 

zona glomerulosa.
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Figure 6: Persistent X-zone and mRNA expression levels of some markers in wild type (Pde11a
+/+) and knockout (Pde11a−/−) animals.
Persistent X-zone as shown by immunostaining with the X-zone-specific marker 20α-

hydroxy-steroid dehydrogenase (20αHSD) (green) in Pde11a−/− mice. A. H&E and staining 

of the corresponding sections with an antibody specific for 20αHSD; B. Presence of the X 

zone in 2 animals and its absence in their age-matched littermates (one pair at 6 months and 

the other at 16 months); all are animals that had at least one pregnancy. C. mRNA expression 

levels of Pde11a, 20αHSD, Akr1b7 and Cyp17 in wild type and Pde11a−/− animals at 6 

months of age; Cyp17 is substantially higher in Pde11a−/− animals.
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