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Chapter 1

Introduction and Statement of Problem
cAMP signal transduction - 

The role of cyclic nucleotides as a universal second messengers in biological processes has been widely accepted since the discovery of cyclic adenosine monophosphate (cAMP) over 50 years ago 


(Rall, Sutherland et al. 1956; Sutherland and Rall 1958) ADDIN EN.CITE .  Since then, significant advances have been made in understanding the myriad roles that cAMP plays as a second messenger.  The cAMP signaling cascade is initiated by the binding of an extracellular ligand to its Gs-protein coupled receptor, and this signal is transduced to adenylyl cyclases whose activation leads to the synthesis of cAMP from ATP (figure 1.1).  Then, cAMP binds to one or more of its effector proteins: protein kinase A (PKA), cyclic nucleotide-gated (CNG) ion channels, and exchange protein activated by cAMP (EPAC) (Gloerich and Bos 2010).  These effector proteins subsequently carry out various biological processes such as gene activation, modulation of metabolism, and cell proliferation.  

The cAMP signal is highly orchestrated and compartmentalized by A-kinase-anchoring protein (AKAP) 


(Smith and Scott 2006; Jarnaess and Tasken 2007) ADDIN EN.CITE .  The importance of the spatial dimension of cAMP signaling was convincingly demonstrated by the loss of cAMP-dependent effects when the interaction between PKA and AKAP was disrupted 


(Paulucci-Holthauzen, Vergara et al. 2009) ADDIN EN.CITE .  AKAP not only anchors cAMP effector proteins to promote efficient signaling, but it also localizes cAMP degrading enzymes, cyclic nucleotide phosphodiesterases (PDEs) to prevent the dispersal of cAMP into unwanted compartments.  The level of cAMP in each of these compartments is determined by its rate of synthesis by adenylyl cyclases and rate of degradation by PDEs 


(Conti and Beavo 2007) ADDIN EN.CITE .  In mammals, there are 11 families of PDEs, and each PDE family has its own unique kinetic, regulatory partners, as well as inhibitor sensitivity (figure 1.2 and appendix A).  Current theory holds that an individual isoform of PDE often subserves different compartment(s) of cAMP and regulates different biological processes. From a drug development perspective, the diversity of the PDE families makes them excellent drug targets. 
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Figure 1.1.  The cAMP signaling pathway.
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Figure 1.2. Cyclic nucleotide phosphodiesterase (PDEs) families.

The Phosphodiesterase 8 (PDE8) Family-

Of these PDEs, the PDE8 family is one of the more recently discovered.  The PDE8 family consists of two distinct genes - Pde8a and Pde8b.  PDE8A and PDE8B have very high affinity towards cAMP and hydrolyze cAMP with a relatively low Km ≈0.15 mM.  Both PDE8s do not hydrolyze cGMP, nor are they regulated by cGMP.  Like many other PDEs, the activity of PDE8A and PDE8B are dependent on the binding of divalent cations such as Mg2+ 


(Fisher, Smith et al. 1998; Soderling, Bayuga et al. 1998) ADDIN EN.CITE .  However, no binding partners that regulate the activity of PDE8s have been identified to this day.  Nevertheless, it is likely that the activity of PDE8 enzymes is modulated in ways similar to that of other PDE families.  For example, the PDE1 family is regulated by Ca2+/Calmodulin, PDE2/5 by cGMP-binding to their GAF domains, and PDE4 by phosphorylation.  Upstream of the catalytic domain, the N-terminal regions of both PDE8A and 8B contain a putative REC (signal receiver) and PAS (for Per, ARNT and Sim proteins from which this domain was originally identified) domains (Soderling, Bayuga et al. 1998).  It has been hypothesized that PDE8 activity can be modulated by a cofactor via interaction with the REC and/or the PAS domain.  However, the mechanism(s) by which PDE8 activity is regulated remains to be determined.  
The human PDE8A gene contains 23 exons, and there are five known splice variants 


(Wang, Wu et al. 2001) ADDIN EN.CITE .  PDE8A1 is the full-length (829 amino acids) splice variant and contains both the N-terminal REC and PAS domains and a C-terminal catalytic domain.  PDE8A2 (783 amino acids) is lacking the PAS domain and PDE8A3 (449 amino acids) is lacking both the REC and PAS domains.  PDE8A4 and PDE8A5 (582 amino acids) differ only at the nucleotide level and they both lack the REC and PAS domains.  Similar to PDE8A, several splice variants of human PDE8B gene have also been identified 


(Hayashi, Matsushima et al. 1998) ADDIN EN.CITE .  The full-length mRNA transcript of PDE8B1 (885 amino acids) contains 22 exons.  PDE8B2 (838 amino acids) and PDE8B3 (788 amino acids) both have a deletion in the PAS domain.  However, splice variants for the Pde8a and Pde8b genes in rats and mice have not been reported.  

High levels of mRNA transcripts for the human PDE8A gene are found in testis, spleen, colon, small intestine, ovary, placenta, and kidney 


(Wang, Wu et al. 2001) ADDIN EN.CITE .  However, the expression of PDE8B in humans appears to be more restricted.  Northern blot analysis revealed a high level of PDE8B expression in the human thyroid, and lower but significant levels in brain, spinal cord, and placenta 


(Hayashi, Matsushima et al. 1998) ADDIN EN.CITE .  Interestingly, Pde8b mRNA expression in rats and mice differs from that in humans.  For example, mRNA expression of Pde8b was undetectable in the thyroid of a rat 


(Kobayashi, Gamanuma et al. 2003) ADDIN EN.CITE .  We also were unable to detect Pde8b expression in thyroid of mice, but have shown that mouse Pde8b transcripts were highly enriched in steroidogenic tissues (adrenal gland, ovary, and testis) and brain (cortex, hippocampus, and striatum) as shown in figure 2.1 and 4.3.

Unlike other cAMP-specific PDEs, PDE8s are insensitive to a common non-selective PDE inhibitor, 3-isobutyl-1-methylxanthine (IBMX), but can be inhibited by a high concentration of dipyridamole (IC50 = 23 mM) (Soderling, Bayuga et al. 1998).  Until recently, no true PDE8-selective inhibitor has been available.  Pfizer, Inc. has developed a series of small molecules that selectively inhibit PDE8s.  One of the new selective PDE8 inhibitors (PF-04957325) has a reported in vitro IC50 of 0.7 nM against PDE8A, 0.2 nM against PDE8B, and >1.5 mM against all other PDE isoforms 


(Vang, Ben-Sasson et al. 2010) ADDIN EN.CITE .  The availability of this new PDE8-selective inhibitor enabled us to investigate the roles of PDE8.  Characterization of this new PDE8-selective inhibitor (PF-04957325) is described in chapter 3.  


Only a few PDE8-modulated physiological processes have been suggested since the discovery and characterization of this PDE family.  PDE8A has been shown to regulate chemotaxis of activated mouse lymphocytes 


(Dong, Osmanova et al. 2006) ADDIN EN.CITE  and effector T cell functions 


(Vang, Ben-Sasson et al. 2010) ADDIN EN.CITE .  PDE8A also modulates testosterone production in mouse Leydig cells (Vasta, Shimizu-Albergine et al. 2006) as well as androgen production from ovarian theca cells 


(Chen, Wickenheisser et al. 2009) ADDIN EN.CITE .  Furthermore, genetic ablation of Pde8a causes a potentiation of b-adrenergic receptor induced Ca2+ release in mouse ventricular cardiomyoctes (Patrucco, Albergine et al. 2010).  Compared to PDE8A, the physiological role of PDE8B is much less well understood.  Genetic studies have shown a correlation between a SNP of the human PDE8B gene and thyroid function 


(Arnaud-Lopez, Usala et al. 2008) ADDIN EN.CITE .  Mutations in human PDE8B gene also have been linked to adrenal hyperplasia 


(Horvath, Giatzakis et al. 2008) ADDIN EN.CITE  and autosomal-dominant striatal degeneration (ADSD) 


(Appenzeller, Schirmacher et al. 2010) ADDIN EN.CITE .  Finally, the Nesher group demonstrated that siRNA knockdown of PDE8B sensitized the insulin response to glucose in pancreatic bcells of rats 


(Dov, Abramovitch et al. 2008) ADDIN EN.CITE .  Due to the lack of selective drugs for PDE8s, all of these researchers utilized various types of genetic analysis to implicate the roles of PDE8s in these biological processes.  However, direct evidence linking PDE8B to a particular physiological function is still largely lacking.  
Statement of problem -


Access to a PDE8B KO colony and a true PDE8-selective inhibitor (PF-04957325) provided us with a unique opportunity to answer the question, what does PDE8B do?  This dissertation focuses on identifying two physiological roles of PDE8B in tissues where PDE8B is highly expressed, namely the adrenal glands and the brain.  I also examine some of the possible mechanisms by which PDE8B modulates these processes.  

The specific questions addressed were: 

(1)  Does PDE8B modulate one or more pools of cAMP that promote steroid production in the mouse adrenal gland?  If so, how does PDE8B regulate steroid production via the acute or chronic phase of cAMP-dependent steroidogensis?   

(2)   What are the inhibitory properties of the new PDE8-selective inhibitor (PF-04957325) towards PDE8A, 8B, and 4D?  Does PF-04957325 maintain its selectivity when used at the higher concentrations needed in intact adrenal cells experiments?

(3)  Does PDE8B modulate known cAMP-dependent processes such as anxiety and memory in the mouse central nervous system of a mouse brain?
Chapter 2

Phosphodiesterase 8B is a Major Modulator of Adrenal Steroidogenesis

Summary-

The functions of the PDE8 family of phosphodiesterases have been largely unexplored due to the unavailability of selective pharmacological inhibitors.  Here we report a novel function of PDE8B as a major regulator of adrenal steroidogenesis using a genetically ablated PDE8B mouse model as well as cell lines treated with a new PDE8-selective inhibitor.  We demonstrated that PDE8B is highly enriched in mouse adrenal fasciculata cells, and showed that PDE8B knockout mice have elevated urinary corticosterone due to adrenal hypersensitivity toward ACTH.  Similarly, acute ablation of Pde8b mRNA transcripts by an shRNA construct potentiated steroiodogenesis in Y-1 cells.  We also observed that the PDE8-selective inhibitor (PF-04957325) acutely potentiates ACTH stimulation of steroidogenesis by increasing PKA activity in both primary isolated adrenocortical cells and the commonly used Y-1 adrenal cell line.  Interestingly, PDE8s regulate steroidogenesis under low ACTH-stimulated conditions while other higher Km PDE(s) modulate steroidogenesis more effectively when cells are fully stimulated.  Furthermore, both genetic ablation of PDE8B and chronic pharmacological inhibition of PDE8s cause increased expression of steroidogenic enzymes.  We conclude that PDE8B is a major regulator of one or more pools of cAMP that promote steroidogenesis, via both acute and chronic mechanisms.  These findings further suggest PDE8B as a potential therapeutic target for the treatment of several different adrenal diseases.
Introduction -

The mammalian adrenal gland is an endocrine organ consisting of two distinct parts: the catecholamine-producing adrenal medulla and the steroidogenic adrenal cortex (Ehrhart-Bornstein and Bornstein 2008).  The cortex contains three distinct layers: 1) zona glomerulosa, a thin layer of cells that synthesizes aldosterone (a mineralocorticoid), 2) zona fasciculata, the thickest layer of the cells in the cortex that produces glucocorticoids, and 3) zona reticularis, the inner layer that makes the sex steroid precursor, 5-Dehydroepiandrosterone (5-DHEA) (Vinson 2003).  In contrast to other mammals, mouse adrenal gland lacks a functional reticularis layer and does not produce adrenal androgens due to the lack of 17-hydroxylase, an essential enzyme in this process 


(Keegan and Hammer 2002; Bielohuby, Herbach et al. 2007; Hershkovitz, Beuschlein et al. 2007) ADDIN EN.CITE .  

The most recognized function of the adrenal gland is its role in the stress response, also known as the fight-or-flight response.  The secretion of epinephrine and norepinephrine from the medulla and the release of glucocorticoids enable animals to respond to stressful situations (Aguilera, Kiss et al. 2007).  Glucocorticoids serve a number of important roles in mammalian physiology since they regulate glucose and fat metabolism, mediate stress responses, and influence the immune system, among other functions 


(McCann, Antunes-Rodrigues et al. 2000; Aguilera, Kiss et al. 2007; Macfarlane, Forbes et al. 2008; Vinson 2009) ADDIN EN.CITE .  The synthesis of corticosterone, the major murine glucocorticoid, is regulated by the pituitary hormone, adrenocorticotropic hormone (ACTH) (Vinson 2003).  High circulating levels of corticosterone can among its actions inhibit corticotropin-releasing factor (CRF) release from the hypothalamus and ACTH production from the pituitary gland.  These effects on the hypothalamus and pituitary form an efficient feedback regulatory loop known as the hypothalamic-pituitary-adrenal (HPA) axis that maintains glucocorticoid homeostasis (Jacobson 2005). 

ACTH binding to its receptor, the melanocortin 2 receptor (MC2R), stimulates production of the second messenger cyclic adenosine monophosphate (cAMP) in adrenal zona fasciculate (AZF) cells.  cAMP then activates cAMP-dependent protein kinase (PKA), which in turn promotes steroidogenesis by at least three mechanisms 


(Stocco, Wang et al. 2005; Manna, Dyson et al. 2009) ADDIN EN.CITE .  First, PKA can regulate the availability of free cholesterol, the initial substrate for corticosterone biosynthesis.  This occurs by phosphorylation and activation of hormone sensitive lipase (HSL) [also known as cholesterol ester hydrolase] which catalyzes the hydrolysis of stored cholesterol esters into free cholesterol and a fatty acid 


(Arakane, King et al. 1997; Kraemer and Shen 2002) ADDIN EN.CITE .  Second, PKA can phosphorylate and activate the steroidogenic acute regulatory protein (StAR), a key regulator of free cholesterol transfer from stores to the mitochondrial membrane (Stocco 2001).  This process then allows a steroidogenic cytochrome p450 enzyme, p450scc, to convert cholesterol into pregnenolone, initiating corticosterone synthesis.  This synthetic pathway includes the enzymes 3bHSD, p450c21, and p450c11 that catalyze a cascade of reactions ultimately leading to production of corticosterone.  It is important to mention that the transport of cholesterol to mitochondria by StAR protein is usually regarded as the rate-limiting step of this pathway.  However, under some conditions, HSL activity can acutely limit synthesis.  Finally, PKA activation also has a long-term influence on steroidogenesis.  In the chronic phase of steroid production, mRNA transcripts of several of the key steroidogenic genes increase due to cAMP/PKA mediated activation of transcription factors, including SF-1 and DAX-1. 


(Simpson and Waterman 1988; Davis and Lau 1994; Sewer and Waterman 2003) ADDIN EN.CITE .  All of these regulatory processes are controlled by cAMP, although possibly by different pools. 

In chapter one we described the unique properties and the lack of knowledge on physiological roles of this high affinity cAMP-specific PDE8 family.  Recently, we obtained a PDE8-selective inhibitor (PF-04957325) which allowed us to carefully examine functions of the PDE8 family.  In this study, we have used this pharmacological tool with isolated primary adrenal cells as well as with a commonly used adrenocortical cell line, Y-1 cells, to demonstrate that PDE8 inhibition potentiates steroid production under subsaturating levels of ACTH stimulation.  Additionally, we have taken a genetic approach by utilizing a global PDE8B knockout mouse model to investigate the long-term consequence of PDE8B ablation on steroidogenesis.  In 2006, our laboratory reported modulation of testosterone secretion by PDE8A in Leydig cells using a similar PDE8A knockout (Vasta, Shimizu-Albergine et al. 2006).   These studies showed that PDE8A plays an important role in regulating a pool of cAMP that promotes testicular steroidogenesis.  Here we report that the other member of the PDE8 family, PDE8B, regulates ACTH-stimulated AZF steroidogenesis by both acute and chronic mechanisms.  Finally, a mutation in PDE8B has also been implicated in a single severe case of adrenal hyperplasia in humans (Horvath, Mericq et al. 2008).  Together, these data suggest the general importance of PDE8s in cAMP regulation of steroid production.
Materials and Methods -
b-gal activity staining 


Adrenal glands were fixed in 4% (wt/vol) paraformaldehyde on ice for 6 hours.  The fixed glands were sequentially rinsed with 10% sucrose, soaked in 20% sucrose for 8 hours, and then soaked in 30% sucrose overnight to remove paraformaldehyde. The tissue was embedded in Tissue-Tek O.C.T. compound and sectioned on a cryostat into 20 mm thick floating slices in phosphate buffered saline (PBS), pH 7.4.  b-galactosidease activity was evaluated by staining the sections with 5-bromo-4-chloro-3-hydroxyindole (X-gal), as adapted from a protocol described previously 


(Duffield, Park et al. 2005) ADDIN EN.CITE .  Briefly, after mounting the floating sections on slides, the slides were placed in an X-gal staining mixture (2 mM MgCl2, 0.01% Na-deoxycholate, 0.02% Nonidet P-40, 5 mM EGTA, 20 mM K3Fe(CN)6, 20 mM K4Fe(CN)6(H2O, and 1 mg/mL X-gal in PBS pH7.4) at 37(C overnight.  After the incubation with X-gal, the slides were washed three times with PBS pH 7.4, once with water, and then counterstained with Eosin and mounted with Permount( (Fisher Scientific).  

Real-Time PCR 

Whole mouse adrenal glands were disrupted with a dounce homogenizer in RTL buffer from a Qiagen RNeasy mini kit (Qiagen Inc.).  Total RNA was isolated using Qiashredder columns and the RNeasy mini kit according to the manufacturer’s protocol.  Then cDNA samples were generated with Qiagen Omniscript RT kits using 2 mg of total RNA for each reaction.  Relative gene expression was determined by performing real-time PCR on a MX3000P QPCR system (Stratagene) and analyzed with Mx-Pro( software.  The primers for adrenal p450s have been previously reported and verified 


(Otawa, Arai et al. 2007; Cooray, Almiro Do Vale et al. 2008) ADDIN EN.CITE .  RT-PCR reactions were run with iTaq SYBR supermix (Biorad) with the following thermal profile: denaturing at 95(C for 15 sec, annealing at 58(C for 1 min, extension at 72(C for 1 min, for 40 cycles. 

Immunoprecipitation and PDE activity assay 


Immunoprecipitation of PDE8B was performed with goat poly-clonal antibodies to PDE8B [PDE8B (I-16) from Santa Cruz Biotechnology, Inc.] in tissue lysates made in 0.5% Triton( X-100, 1 mM EDTA, 1:100 diluted protease inhibitor cocktail (Sigma) in pH 7.4 PBS.  The immunopellet was re-suspended and washed three times with lysis buffer before PDE activity was measured.  PDE activity was measured as previously described 


(Hansen and Beavo 1982; Soderling, Bayuga et al. 1998) ADDIN EN.CITE .  Briefly, the activity assay was carried out at very low substrate conditions (10-20 nM [3H]-cAMP, ~100,000 cpm/reaction) in 40 mM MOPS (pH 7.5), 15 mM Magnesium acetate, 2 mM EGTA, and 0.2 mg/mL bovine serum albumin (BSA) in a final volume of 250 mL.  The reaction time and amount of lysate were maintained so that less than 30 percent of the substrate was hydrolyzed.
Animals 

The PDE8B KO mice utilized in these studies were generated on a 129 genetic background by Deltagen, Inc. (San Carlos, CA) under contract to Pfizer, Inc. (Sandwich, U.K.).  The animals were backcrossed with C57BL/6 mice obtained from Charles River or Jackson Laboratory for 12-15 generations.  All animal usage and procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Washington, in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals.  All experiments were performed on PDE8B KO animals between the ages of 4-12 months, using their WT littermates as controls.

The double PDE8A/8B knockout mice were established in the laboratory by crossing the PDE8B KO with the previously described PDE8A KO (Vasta, Shimizu-Albergine et al. 2006).  Deltagen, Inc generated the PDE8A KO with a similar knockout strategy as the PDE8B KO.

Urinary corticosterone measurements 


All urine collections were carried out between 6 PM and 12AM during the dark cycle when the animals were most active.  First, animals were provided with 4 mM Saccharin water ad libitum in their home cages to increase their water consumption 2 hours prior to an experiment or any handling (at 4 PM).  Urine from an individual mouse reflecting the basal, non-stressed, state was collected at 6 PM.  Usually the animals urinated spontaneously during handling.  Occasionally, gentle pressure was applied to the bladder to encourage urination.  Animals were then injected intraperitoneally with 1 mL isotonic saline to increase frequency of urination. The combination of handling and saline injection provided a mild stress.  Mice were then placed individually in urine collection cages (constructed with a disposable 96-well plate and a 96-well strip well frame, with 2 mm mesh above the wells to separate feces from urine.  Transparent plastic sheets were used as walls.  All mice were handled and injected for two days prior to the actual urine sample collections to minimize level of stress (see appendix H).  On the third day their urine samples collected at 3 hours and 6 hours post intraperitoneal injection, these were regarded as post-stimulated state samples.  

Primary mouse adrenal cell culture and pregnenolone measurement
A primary adrenal cell isolation protocol was adapted as previously described 


(Enriquez de Salamanca and Garcia 2003; Supornsilchai, Svechnikov et al. 2005) ADDIN EN.CITE .  Briefly, mouse adrenal glands were removed and the attached fat tissue was trimmed off.  Whole adrenal glands were minced with a pair of scissors and digested in a buffer (90 mM HEPES, 120 mM NaCl, 5 mM KCl, 1 mM CaCl2, 4.5 mM Glucose, and 15 mg/mL BSA) containing freshly prepared Collagenase type IV (2 mg/mL) and DNAse (0.1 mg/mL) (Worthington biochemical Corp., Lakewood, NJ).  The minced adrenals were incubated with digestion buffer for 1 hour at 37°C with agitation.  The digested tissue was then triturated 15-20 times with a 1 mL Eppendorf pipette and filtered once into a polystyrene tube fitted with a cell-strainer cap (Falcon, 352235).  Cells were collected by brief centrifugation (~300 g, 10 min) and washed twice with oxygenated HBSS + 1 mg/mL BSA (further purified fraction V and g-globulin free, Sigma).  Cells were then re-suspended in DMEM/F12 (1:1) media with 1 mg/mL BSA and plated in 96-well plates.  The cells then were allowed to recover for 3 hours in the incubator at 37o C.  After recovery, the cells were pre-incubated with 10 mM trilostane (Sanofi-synthelabo research, Malvern, PA) for 30 minutes to inhibit the conversion of pregnenolone to progesterone.  Synthetic full length ACTH peptide (1-39) (AnaSpec, San Jose, CA) was used on some cells to stimulate steroidogenesis.  The amount of pregnenolone in the media was determined by pregnenolone ELISA (Diagnostics, Biochem Canada, Inc., Ontario, Canada).   
Y-1 cell culturing and reagents 
Y-1 cells were originally obtained from ATCC.  Y-1 cells were cultured in F12K media with 20% FBS.  Stocks of Y-1 cells were frozen in media with 5% DMSO according to ATCC guidelines.  The non-selective PDE inhibitors used in the cell culturing models, dipyridamole and IBMX, were purchased from Sigma-Aldrich.  It has been our experience that Y-1 cells contain variable amount of PDE2A.  Our lab used a commonly used clonal selection method to isolate a Y-1 cells clone with low PDE2A expression, and this clone was used in all reported studies.  
shRNA ablation of PDE8B 


Y-1 cells were transfected with either an shRNA construct (3’-aatcctcatcaaacgcatgat-5’) or control shRNA plasmid (SureSilencing™ shRNA plasmids, SA Bioschiences) using the Nucleofector® technology (Lonza Walkersville Inc., Walkersville, MD).  The control shRNA plasmid had all the same elements as shRNA plasmid such as a green fluorescent protein (GFP) marker and a 21-nucleotide shRNA sequence (3’-ggaatctcattcgatgcatac-5’) with no known target.  The Y-1 cells were transfected according to the manufacturer’s instruction.  Briefly, Y-1 cells (2.5 million cells per transfection) were resuspended in buffers provided with the Cell Line Nucleofector® Kit V along with 2 g of plasmid DNA.  Y-1 cells were electroporated with a Nucleofector® Device (program T-32).  This transfection setting (T-32) resulting in approximately 40% survival rate in mock transfection (no DNA).  The transfected Y-1 cells were plated and allowed to recover for 48 hours before testing.  Transfection efficiency was monitored by determining the percentage of cells expressing measurable GFP plasmid marker.  The knockdown efficiency was measured by real-time PCR probing for Pde8b mRNA (detecting exon 8-9).  Steroid secretion of Y-1 cells containing shRNA plasmids was determined using the same pregnenolone kit described earlier.
Results -
PDE8B is highly expressed in the adrenal zona fasciculata (AZF).

In the PDE8B KO animals utilized in these studies, a critical region in the catalytic domain (exon 14-15) was replaced with DNA sequence encoding a lacZ reporter gene and a neomycin resistance gene followed by a stop codon (figure 2.1A).  The exogenous lacZ gene contained a nuclear targeting sequence that allows visualization of b-galactosidase activity under the control of the endogenous Pde8b promoter.  The enzymatic activity of the gene product (b-galactosidase) therefore can be used as an indirect measurement of Pde8b mRNA expression.  Using this method we found that the Pde8b promoter was highly active in the adrenal gland.  We observed that over 80% of the adrenocortical cells contained blue (X-gal stained) nuclei (figure 2.1B).  Utilizing the PDE8A KO animals generated with the same DNA cassette disruption method, we also observed that The Pde8a promoter was most active in an outer subpopulation of AZF cells (figure 2.1B).  However, it is unclear if Pde8b and Pde8a genes were transcribed in the same cells.  These results indicate that the Pde8b gene is highly transcribed in most of AZF cells and Pde8a gene is only highly expressed in a small population of AZF cells. 
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Figure 2.1. PDE8B is highly expressed in AZF cells. 
(A) The catalytic domain (exon 14-15) of Pde8b gene was disrupted by a lacZ reporter gene, a neomycin resistance gene, and premature stop codons. PDE8AKO mice were generated with the same gene disruption strategy.  (B) X-gal staining of PDE8B KO and PDE8A KO adrenal gland showed that the promoter of Pde8b gene was active, and PDE8B was expressed in the AZF cells. 

No full-length Pde8b mRNA transcripts and no active PDE8B enzymes detected in adrenal lysate of PDE8B KO mice.
As shown in figure 2.2A, disruption of the Pde8b gene was verified by real-time PCR.  We observed that the amplicons of the deleted exon 14-15 region and the 3’ region downstream of the transcript were either very low or undetectable in the PDE8B KO.  However, all of the 5’ Pde8b mRNA amplicons appeared to be increased in relation to WT.  Therefore, the absence of functional PDE8B enzyme or full-length Pde8b mRNA appeared to enhance the level of Pde8b mRNA amplicons upstream of the gene disruption cassette, perhaps suggesting a feedback regulation of the native promoter activity.  To demonstrate that no active PDE8B protein was produced in the PDE8B KO, we performed immunoprecipitation with an antibody [Santa Cruz, PDE8B (I-16)] against an epitope in PDE8B that is upstream of the disrupted exon 14-15.  The results show that IBMX-insensitive PDE8B activity can be precipitated with this antibody from the WT but not PDE8B KO adrenal lysate (figure 2.2B).  In addition, we also demonstrated that the new selective PDE8 inhibitor (PF-04957325) blocked the immunoprecipitated PDE activity at 10 nM.  Finally, a lack of PDE activity in the peptide blocking control indicated antibody specificity for PDE8B.  Overall these data verify the absence of functional PDE8B activity in the PDE8B KO mice used in these studies.  
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Figure 2.2.  Full-length Pde8b mRNA transcript and PDE8B enzymatic activity are absent in PDE8B KO adrenal glands.

(A) The full length Pde8b mRNA was not transcribed in the PDE8B KO adrenal.  However, the truncated mRNA of Pde8b was up regulated due to the absence of functional PDE8B (N=3).  (B) The absence of functional PDE8B enzyme in PDE8B KO adrenals was shown by immunoprecipitating PDE8B from the PDE8B KO in comparison to the WT control (N=3).  The data are reported as means ± SEM, and the data were analyzed by Student’s t-test (unpaired, two-tailed): **, p<0.01, ***, p<0.001.
PDE8B KO mice exhibit adrenal hypersensitivity in vivo. 

The general importance of cAMP/PKA signaling in steroidogenesis plus the high expression of PDE8B in the adrenal cortex led us to hypothesize that PDE8B is a modulator of one or more pools of cAMP stimulated by ACTH in AZF cells.  Additionally, because PDE8A modulates testosterone production in Leydig cells (Vasta, Shimizu-Albergine et al. 2006), we speculated that PDE8B might play a similar role in AZF cells.  Up to now, specific functions of PDE8B have remained relatively unexplored due to the unavailability of a selective inhibitor.  Therefore, the PDE8B KO mice provided us with a good tool to test for possible role(s) of PDE8B in adrenal steroidogenesis. 

These PDE8B KO mice did not exhibit any obvious reproductive or developmental defects.  They appeared healthy and maintained a normal weight under regular chow diet (figure 2.3A).  We were interested to see if complete ablation of the Pde8b gene in the mouse could induce an adrenal hyperplasia phenotype as reported for one individual patient who had a point mutation in the PDE8B gene 


(Horvath, Giatzakis et al. 2008) ADDIN EN.CITE .  However, by comparing the adrenal weight and morphology of serial cross-sections of the adrenal glands, we did not observe any obvious increase in the size of the PDE8B KO adrenal glands (figure 2.4).  
We then tried to determine if the PDE8B KO mice had any adrenal hypersensitivity to ACTH in vivo.  As one test of this idea, we determined urinary corticosterone under basal and mild stress conditions as a measure of adrenal steroid production.  As shown in figure 2.3B and C, we found that PDE8B KO mice had elevated levels of urinary corticosterone in both basal and stressed conditions compared to their littermate WT controls.  These data suggest that PDE8B KO mice exhibit adrenal hypersensitivity toward ACTH.  However, it also was possible that the loss of PDE8B might be causing an increase in ACTH.  Therefore, we measured serum ACTH levels by ELISA and found that the PDE8B KO mice had a lower, not higher, circulating ACTH level compared to the WT (figure 2.3D).  This result is consistent with the idea that the suppressed ACTH level is due to a chronic elevation of corticosterone negatively feeding back to the HPA-axis.  Overall, these findings suggest that PDE8B is an important regulator of adrenal steroidogenesis in vivo.  The ablation of the Pde8b gene causes adrenal hypersensitivity toward ACTH and an altered HPA-axis as a result of abnormal corticosterone production.
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Figure 2.3. PDE8B KO mice exhibit adrenal hypersensitivity in vivo. 
PDE8B KO mice had no gross development defects compared to their WT littermates. (A) The PDE8B KO mice maintained normal body weight under standard lab chow diet (N=3-7).  (B) PDE8B KO mice had elevated basal urinary corticosterone (N=26-27).  (C) PDE8B KO mice also exhibited increased stimulated corticosterone levels, when mice were mildly stressed via an i.p. injection (N=5-11).  (D) The circulating ACTH level of the PDE8B KO was not higher than WT control (N=10-13).  The data are reported as means ± SEM, and the data were analyzed by Student’s t-test (unpaired, two-tailed): *, p<0.05, **, p<0.01.
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Figure 2.4.  Weight of the adrenal glands of PDE8B KO mice compared to WT controls.

 No significant increase was detected in the weight of PDE8B KO adrenal glands. The data are reported as means ± SEM (N = 8-10), and the data were analyzed by Student's t-test (unpaired, two-tailed): no significance (n.s.).




Pde8b gene ablation increases mRNA expressions of steroidogenic p450s.

We then investigated the molecular mechanisms by which Pde8b ablation might increase adrenal steroid production.  Since the expression of several key steroidogenic enzymes are known to be transcriptionally regulated by cAMP, we hypothesized that the ablation of Pde8b might chronically increase the expression of these genes, namely Star protein, several cytochrome p450s, and Mc2r 


(Mountjoy, Bird et al. 1994; Sewer and Waterman 2003; Hammer, Parker et al. 2005; Manna, Dyson et al. 2009) ADDIN EN.CITE .  As shown in figures 2.5A and B, PDE8B KO adrenal glands expressed mRNA for these cAMP-regulated steroidogenic genes at a higher level than WT.  There was an approximately two-fold increase in mRNA levels of Star protein and Mc2r in the KO adrenal glands.  Similarly, the mRNA levels of several of the other cAMP-regulated enzymes (P450scc, P45021, P450c11b, and 3bHSD) showed a trend toward increase (< 2 fold) in the PDE8B KO.  Therefore it seems that an increase in mRNA levels of these steroidogenic enzymes may explain at least in part the adrenal hypersensitivity seen in the PDE8B KO animals in vivo. 
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Figure 2.5. Pde8b gene ablation increases mRNA expressions of p450s.  
The chronic phase of steroidogenesis elicits cAMP-dependent transcription activation to increase steroid production.  (A) PDE8B KO adrenals had an increase of mRNA levels of steroidogenic enzymes, such as Star protein and p450s (N=7-8).  (B) The mRNA of ACTH receptor (Mc2r) was also elevated in PDE8B KO adrenals, which is a cAMP-activated transcript (N=8). The data are reported as means ± SEM, and the data were analyzed by Student’s t-test (unpaired, two-tailed): no significance (ns), p>0.05, *, p<0.05, **, p<0.01.

PDE8 inhibition with PDE8 selective inhibitors (dipyridamole and PF-04957325) increases acute adrenal steroid production in Y-1 cells.
In addition to the chronic effects on gene transcription mentioned above it is possible that loss/inhibition of PDE8B activity also has acute effects on corticosterone production.  To test this idea, we used two adrenal cell culture models, the mouse adrenocortical Y-1 cell line and primary isolated mouse adrenal cells, to study the effects of PDE8 inhibition on the acute phase of steroidogenesis.  In both cases, we measured pregnenolone secreted into the media as the readout of steroid production because it is an early immediate product of the rate-limiting step of steroidogenesis.  In all experiments, cells were pretreated with a 3bHSD inhibitor (10 mM trilostane) 


(Bhattacharyya, Brake et al. 1995; Chaffin, Dissen et al. 2000) ADDIN EN.CITE .  At this concentration, trilostane effectively prevents most conversion of pregnenolone to corticosterone.  Moreover, the Y-1 cells still responded to ACTH-stimulation in the presence of trilostane, and their activation was reflected by a dose-dependent increase in pregnenolone production (Appendix B).

  We first showed that a semi-selective PDE8 inhibitor, dipyridamole (IC50 ~20 mM), potentiated ACTH-induced pregnenolone production in Y-1 cells.  Interestingly, dipyridamole appeared to be more effective than the non-selective PDE inhibitor, IBMX, which does not inhibit PDE8 (figure 2.6A).  However, since dipyridamole can also inhibit several other PDEs, we also tested a new selective PDE8 inhibitor (PF-04957325, Lot #: 0006) to see if it had a similar potentiating effect on pregnenolone production in Y-1 cells.  As expected, treatment with a selective inhibitor (PF-04957325) potentiated pregnenolone production in Y-1 cells, while IBMX only slightly increased steroid production (figure 2.6B).  Together these findings suggest that one or more PDE8s are important modulators of the pool(s) of cAMP that promote steroidogenesis in Y-1 cells.  Since these cells contain both PDE8A and 8B, and since neither inhibitor distinguishes between these two gene products it was still unclear from these experiments if one or both PDE8 isoforms are important regulators of steroidogenesis in the Y-1 cells.
PDE8 inhibitor (PF-04957325) also potentiates steroidogenesis in primary isolated adrenal cells.

To demonstrate that the Y-1 cell line was a representative model for adrenocortical cells, we also used primary isolated adrenal cells from wild type animals to determine if PDE8B can modulate acute steroid synthesis.  Under a relatively short ACTH-stimulating condition (1hr), WT primary adrenal cells appeared to be more responsive to ACTH when PDE8s were inhibited.  As presented in figure 2.6C, IBMX, a non-selective PDE inhibitor that does not inhibit PDE8s, potentiated pregnenolone production most effectively under the condition of saturating ACTH concentration, while the PDE8 inhibitor (PF-04957325) did not increase pregnenolone production under maximum stimulation.  However, the PF-04957325 did potentiate pregnenolone production of both basal and low doses of ACTH.  These in vitro experiments strongly suggest that PDE8 is also an effective modulator of acute steroidogenesis, in addition to regulating cAMP-dependent gene expression in the chronic phase (figure 2.5).  Secondly, other PDEs are probably controlling some additional aspects of the cAMP-dependent pathway, since the non-selective PDE inhibitor, IBMX, causes an increase in steroidogenic capacity (higher maximum effect), which is distinct from the increased in responsiveness (lower EC50) observed due to PDE8 inhibition. 
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Figure 2.6. PDE8 inhibition with inhibitors increases acute adrenal steroid production.  

(A) Treatment with semi-selective PDE8 inhibitor, dipyridamole, potentiated basal steroid production in Y-1 cells, while IBMX only slightly increased steroid production (N= 3). Pregnenolone secreted from Y-1 no inhibitor control cells averaged 0.824 ng/100,000 cells/hr.  (B) The PDE8 inhibitor (PF-04957325) showed similar results  (N=3 or 4). Maximum pregnenolone secreted (in ng/100,000 cells/hr) from Y-1 cells averaged 1.37 under no ACTH stimulation, and 0.782 at 10 pM ACTH, and 1.37 at 1000 pM ACTH.  (C) Primary adrenal cells also responded to 100 nM PDE8-selective inhibitor (PF-04957325) treatment with an elevated basal steroid production (N=3-5). Basal pregnenolone secreted by primary isolated adrenal cells averaged 0.65 ng/10,000 cells/hr.  The data are reported as means ± SEM, and the p values were obtained with Dunnett post hoc test: *, p<0.05, **, p<0.01. 

Short hairpin RNA (shRNA) against PDE8B also potentiates steroidogenesis in Y-1 cells.

To address the issue of Y-1 cells containing both PDE8 isoforms, we used short hairpin RNA (shRNA) induced RNA interference (RNAi) against PDE8B to convincingly demonstrate the effect of PDE8B in steroidogenesis.  Using an electroporation system, we were able to transfect the majority of Y-1 cells with the shRNA containing plasmids shown in appendix C.  As presented in figure 2.7A, transfection with this shRNA construct significantly reduced the amount of Pde8b mRNA transcript.  More interestingly, this acute ablation of Pde8b caused an increase in basal steroid production (figure 2.7B) similar to the effect observed when Y-1 cells were treated with the PDE8-selective inhibitor (PF-04957325) in figure 2.6B.  We interpret this result to support the idea that the potentiation in steroid production is caused by the ablation of PDE8B and not due to an unintended non-sequence-specific effect because the control shRNA plasmid containing shRNA sequence lacking a specific target had no effect on steroidogenesis in Y-1 cells.  Secondly, it is highly unlikely that any toxic effect of introducing an exogenous plasmid would elicit a gain of function such as an increase in steroid production.  These data further support the idea that PDE8B is a major modulator of adrenal steroidogenesis.
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Figure 2.7. shRNA against PDE8B also increases acute adrenal steroid production in Y-1 cells. 

 shRNA induced RNAi was utilized to verify the modulation of PDE8B in adrenal steroiodogenesis.  (A) Pde8b mRNA transcripts were greatly attenuated by the shRNA construct (N=3).  (B) Furthermore, this reduction of Pde8b mRNA expression elicited an increase in basal steroid production in Y-1 cells similar to that seen in the PDE8 inhibitor treated Y-1 cells shown in figure 2.6A (N=3).  Pregnenolone secreted from Y-1 cells transfected with control shRNA averaged 0.2 ng/million cells/hr. The data are reported as means ± SEM, and the data were analyzed by Student’s t-test (unpaired, two-tailed): **, p>0.01, ***, p<0.001.
PDE8 inhibition increases basal PKA activity and also increases mRNAs of steroidogenic enzymes in Y-1 cells.

Next, we tried to determine the mechanisms by which PDE8B modulates acute steroidogenesis.  We found that the PF-04957325 increased basal PKA activity in Y-1 cells, while IBMX treatment did not (figure 2.8A).  For instance, treatment with the PDE8 inhibitor increased the phosphorylation state of a number of proteins under basal and sub-maximal stimulated condition, as shown by western blot analysis with a phospho-PKA substrate (RRXS/T) antibody (Cell Signaling Technology Inc.).  Additionally, we identified one of the proteins to be HSL by probing with a phospho-HSL antibody (Ser660) (Cell signaling technology Inc.).  We observed that PF-04957325 treatment potentiated the basal phosphorylation state of HSL while IBMX treatment did not (figure 2.9).  Furthermore, PF-04957325 treatment as well as IBMX treatment potentiated the phosphorylation state of HSL when cells were stimulated with a sub-maximal dose of ACTH (figure 2.9).  This observation is consistent with the previous finding that IBMX does potentiate steroid production under the stimulated condition in figure 2.6B.  These results suggest that one role for PDE8(s) is to control substrate availability by lowering basal cAMP levels and keeping PKA inactive in the vicinity of stored cholesterol esters (the substrate for HSL/CEH). This finding is also consistent with our observation that PDE8 inhibition raised basal steroid level while IBMX had little to no effect in the Y-1 cells.

To determine if the PDE8 inhibitor also produced an increase in cAMP-dependent transcription similar to that produced by the global ablation of PDE8B seen in the KO mice, we treated Y-1 cells with PF-04957325 chronically.  After Y-1 cells were pre-treated with PDE8 inhibitor for 16 hours, and then stimulated with 100 pM ACTH for 2 hours, we observed a significant increase in mRNA expression of Star protein and p450scc (figure 2.8B).  This finding further verifies the observation in the PDE8B KO that PDE8B modulates steroidogenesis in part via cAMP-dependent transcription.  
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Figure 2.8. PDE8 inhibition increases basal PKA activity and also mRNAs of steroidogenic enzymes.  
Here we tested two mechanisms by which PDE8 might regulate steroidogenesis.  (A) Acute treatment with PF-04957325 increased the phosphorylation state of multiple proteins in Y-1 cells, shown by western blotting with the phospho-PKA substrate (RRXS/T) antibody (N=4). (B) Chronic treatment with the selective PDE8B inhibitor elicited an increase in mRNA levels of steroidogenic enzymes in Y-1 cells (N= 3).  The data are reported as means ± SEM, and the data were analyzed by Student’s t-test (unpaired, two-tailed): *, p<0.05, **, p<0.01)
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Figure 2.9.  PDE8 inhibition increases the phosphorylation state of HSL.
(A) Acute treatment with PF-04957325 increased the phosphorylation state of HSL under both basal and sub-maximal ACTH stimulation, as shown by western blot analysis with a phospho-HSL antibody (Ser660).  (B) The phospho-HSL bands were quantified by image J, and analyzed by one way ANOVA analysis and p values obtained with Dunnett post hoc test (N=3): no significance (ns), **, p<0.01.

Discussion -
Due to the unavailability of selective pharmacological inhibitors and the lack of knowledge about regulating partners, functional studies for the PDE8 family of phosphodiesterases have been difficult and remain largely unexplored.  We adopted a genetic approach that utilized a global PDE8B KO mouse model and a new PDE8-selective inhibitor (PF-04957325) to determine what role if any PDE8B might play in adrenal steroidogenesis.  Using an X-gal staining method based on the insertion of b-galactosidase into the Pde8b knock-out cassette 


(Duffield, Park et al. 2005) ADDIN EN.CITE , we were able to show that Pde8b transcripts are highly enriched in a majority of the adrenocortical zona fasciculata cells.  

Generally the PDE8B knockout mice develop normally as evidenced by a normal body weight and fertility.  However, when examined more closely for an adrenal-related phenotype substantial differences from WT animals can be seen.  PDE8B KO mice have elevated urinary corticosterone levels in the face of suppressed levels of circulating ACTH.  This chronic elevation of glucocorticoid levels is likely due to an adrenal hypersensitivity to ACTH, which would be expected if PDE8B has an important role in modulating steroidogenesis.  Notably, we observed no detectable increase in adrenal size as reported by Horvath, et al. for one patient with severe adrenal hyperplasia (Horvath, Mericq et al. 2008).  This difference may be due to either species variation or perhaps more likely to an additional mutation present in the patient that allows for hyperplasia of the adrenal gland.  Nevertheless, the ablation of functional PDE8B enzyme in the mouse is sufficient to sensitize the adrenal AZF cells to ACTH and cause an increase in corticosterone production in vivo.  This observation is consistent with the idea that the activity of PDE8B normally acts as a negative modulator of adrenal steroidogenesis. To our knowledge, this is the first report of a functional phenotype for a PDE8B KO mouse.  

We then became interested in the mechanisms by which ablation of functional PDE8B can cause an increase in corticosterone production.  We found that PDE8B KO mice had increased expression of several key steroidogenic genes in the adrenal compared to their littermates, including transcripts for Star protein and p450scc.  Similarly, when PDE8 was chronically inhibited in Y-1 cells, we also observed that cAMP-dependent transcription was activated.  Therefore we suggest that ablation of functional PDE8B leads to a chronic increase in basal cAMP levels in specific compartments that control cAMP-dependent gene regulation.  This cAMP elevation is capable of increasing the transcript levels of several key steroidogenic enzymes and therefore increasing urinary corticosterone in the PDE8B KO mice.

In addition to ACTH sensitization in the whole animal model, we also observed a similar sensitization effect on steroid production in cell culture models of both Y-1 cells and isolated primary adrenal cells.  Using a semi-selective PDE8 inhibitor (dipyridamole) and a selective PDE8 inhibitor (PF-04957325), we showed that acute PDE8 inhibition potentiates basal as well as submaximal ACTH-stimulated pregnenolone.  Moreover, PF-04957325 had no additive effect under the maximal ACTH-stimulation.  In other words, PDE8 inhibition by PF-04957325, increased the responsiveness of adrenal cells toward ACTH by shifting the EC50 for ACTH to the left without increasing the maximum effect.  We further demonstrated that this potentiation in pregnenolone production by PDE8 blockade is due at least in part to an increase in substrate availability.  Treatment with PF-04957325 increased PKA activity and the phosphorylation state of HSL in Y-1 cells.  These results suggest that one or both isozymes of PDE8 can modulate acute steroid production via increasing PKA activity.  
Due to the fact that the new PDE8-selective inhibitor does not distinguish between PDE8A and 8B, it remains unclear if PDE8A and PDE8B have distinct or overlapping roles in Y-1 cells.  However, the ability of PDE8B to modulate acute steroidogenesis was demonstrated by an increase in steroid production elicited by acute ablation of Pde8b mRNA transcript via an shRNA induced RNA interference as shown in figure 2.7B.  From X-gal staining experiments, we also observed that Pde8a transcripts are expressed at low levels in a sub-population of AZF (figure 2.1B).  Therefore, we conclude that both PDE8A and PDE8B inhibition can modulate acute steroidogenesis.  However, it is still not clear if PDE8A and 8B regulate steroid production by the same mechanisms or even in the same cell types. 
The ability of PDE8B to modulate steroidogenesis is not surprising due to the general importance of cyclic nucleotide signaling in this process and the relatively high expression levels of Pde8b mRNAs in the adrenal cortex.  However, it is known that other PDEs also can modulate this process.  For example PDE2A is known to regulate the effect of atrial natriuretic peptide (ANP) on aldosterone production from adrenal glomerulosa cells 


(MacFarland, Zelus et al. 1991) ADDIN EN.CITE .  Here we report a seemingly distinct mechanism by which PDE8B modulates acute steroid production as shown in figure 2.10.  PDE8s appear to be regulating basal steroidogenesis while other IBMX-sensitive PDEs modulate steroidogenesis more effectively when cells are stimulated.  The low Km (~0.15 mM) of the PDE8s would seem to make them ideal modulators of the low cAMP level present in the basal state, while higher Km PDEs are better suited to regulate cAMP in a fully stimulated state.  Furthermore, we also observed an additive effect of PF-04957325 and IBMX on basal pregnenolone production from Y-1 cells.  Taken together these findings suggest that both PDE8s as well as at least one additional IBMX-sensitive PDE, such as PDE2A, can regulate one or more pools of cAMP that in turn control steroidogenesis.  Furthermore, pharmacological inhibition of all of these PDEs is needed to achieve a maximum potentiating effect on adrenal steroid production.  Many questions still remain with regard to the roles of different PDEs in modulating adrenal steroidogenesis.  However, Pde8b gene ablation clearly elicits increased corticosterone production, which is at least partially due to an increased number of steroidogenic enzymes in the adrenal glands.  Also, acute inhibition of PDE8s can increase basal PKA activity, thereby promoting acute steroid production.

In addition to adrenal glands, we also screened for other peripheral tissues that expresses Pde8b gene using the X-gal staining technique, and found that PDE8B expression is rather limited.  Secondly, we demonstrate that PDE8B is an effective modulator of adrenal steroid production.  Therefore, we believe that PDE8B might be a good therapeutic target to treat various adrenal diseases.   For instance, a PDE8-selective inhibitor might be used to correct adrenal insufficiency, and a PDE8 activator might be used to treat Cushing’s syndrome. 
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Figure 2.10.  A model for modulation of PDEs.

A diagram demonstrates the current model for modulation of PDEs on adrenal steroidogenesis.  The low Km and low Vmax PDE8s are ideal for modulating the basal state and keep PKA from becoming activated.  However, under high ACTH stimulated state, PDE8s are overwhelmed by the high level of cAMP and PKA became activated.  Under this high cAMP condition, other higher Km PDEs become predominate in modulation of steroidogenesis as shown by the experiment in figure 2.6.
Chapter 3

Characterization of a PDE8-selective Inhibitor (PF-04957325)
Summary -

Pfizer, Inc. has recently developed a series of PDE8-selective inhibitors, including PF-04957325.  This compound has a reported IC50 of 0.7 nM against PDE8A, an IC50 of 0.2 nM against PDE8B, and >1.5 mM against all other PDE isoforms 


(Vang, Ben-Sasson et al. 2010) ADDIN EN.CITE .  We verified the IC50 of PF-04957325 by performing in vitro PDE activity assays with immunoprecipitated PDE8A and PDE8B using 15 nM cAMP as their substrate.  Secondly, we demonstrated that under a higher substrate condition of 1 mM cAMP the IC50 curve is shifted to the right, presumably due to cAMP competing with PF-04957325 for the same binding site on PDE8B.  By constructing the inhibitory curve of PF-04957325 on recombinant PDE4D, we also showed a minimal inhibition of 100 nM PF-04957325 towards PDE4D, a known target of PF-04957325.  Moreover, we also determined the effective concentration (EC50) of PF-04957325 in Y-1 cells by establishing a dose-response relationship between the concentration of PF-04957325 and steroid secretion.  We observed that a higher than IC50 dose of PF-04957325 (EC50~5 nM) is required to elicit a potentiating effect on basal steroidogenesis in Y-1 cells.  Interestingly, we observed a similar rightward shift in EC50 caused by ACTH-stimulated cAMP in Y-1 cells.  Finally, the selectivity of PF-04967325 is further demonstrated by a complete ablation of potentiating effect on steroidogenesis in PDEA/B double KO adrenal cells.  

Introduction -


Since the discovery of the PDE8 family by Soderling et al. in the late 1990s (Soderling, Bayuga et al. 1998), regulatory and functional studies of the PDE8 family have remained largely unexplored.  One main contributing factor is a lack of a selective inhibitor for this family of PDE enzymes.  Researchers have been restricted to using less than ideal drugs with modest PDE8-blocking properties, such as dipryridamole and trequensin (IC50 listed in table 1).  Unfortunately, those studies often yield inconclusive results due to the high concentrations of drug required to inhibit the PDE8s, resulting in low selectivity.  Recently, a more PDE8-selective inhibitor became available which potentially provided a valuable tool to investigate the functional roles of the PDE8 family.  However, characterization of this novel compound is essential for a correct interpretation of results.  We first verified the IC50 values of PF-04957325 against PDE8A and PDE8B.  We also tested the inhibitory properties of PF-04957325 against other cAMP-hydrolyzing PDEs, namely PDE4D.  We further demonstrated the selectivity of PF-04957325 by confirming a loss of potentiating effect on pregnenolone production in the primary isolated adrenal cells from PDE8A/B double KO animals. 

Table 1

Inhibitor Sensitivity of PDE8B (Vasta 2007)
	Compound Names


	Inhibitory Property [IC50 in M]



	Dipyridamole
     (PDE5 inhibitor, IC50 = 0.9 mM)


	23 M (Gamanuma, Yuasa et al. 2003)

	Trequinsin
     (PDE3 inhibitor, IC50 = 0.3 nM)


	2.1 M 


(Liu, Veilleux et al. 2005) ADDIN EN.CITE 

	IBMX
     (non-selective PDE inhibitor)
	>100 M (Gamanuma, Yuasa et al. 2003)


Materials and Methods-

Immunoprecipitation and PDE activity assay 

Immunoprecipitation of PDE8B was performed with goat polyclonal antibodies to PDE8B [PDE8B (I-16) from Santa Cruz Biotechnology, Inc.] in tissue lysates made in 0.5% Triton( X-100, 1 mM EDTA, 1:100 diluted protease inhibitor cocktail (Sigma) in pH 7.4 phosphate buffered saline (PBS).  The immunopellet was re-suspended and washed three times with lysis buffer before PDE activity was measured.  PDE activity was measured as previously described 


(Hansen and Beavo 1982; Soderling, Bayuga et al. 1998) ADDIN EN.CITE .  Briefly, the activity assay for the members of PDE8 family were carried out at relatively low substrate conditions (10-20 nM [3H]-cAMP, ~100,000 cpm/reaction) in 40 mM MOPS (pH 7.5), 15 mM Magnesium acetate, 2 mM EGTA, and 0.2 mg/mL bovine serum albumin (BSA) in a final volume of 250 mL.  Non-labeled cAMP was added to reactions when testing PDE activity at a higher substrate (1 mM cAMP) concentration.  In both cases, the reaction time and amount of lysate were maintained so that less than 30 percent of the substrate was hydrolyzed.  PDE8A was immunoprecipitated with a rabbit PDE8A polyclonal antibody (Scottish Biomedical, Glasgow Scotland, U.K.) from MA-10 cell lysate with the same buffer and protocol except that 1% Triton-X 100 was used.

Y-1 cell culturing and pregnenolone measurement
Y-1 cells were cultured in F12K media with 20% FBS.  Stocks of Y-1 cells were frozen in media with 5% DMSO according to ATCC guidelines.  A low PDE2A expressing Y-1 clone was established in our laboratory by clonal selection and used in all reported studies.  The Y-1 cells were originally obtained from ATCC.  Y-1 cells were first switched to serum free media (DMEM/F12 1:1 + 1 mg/mL BSA) and incubated at 37°C for 3 hours.  Then the media was replaced with fresh DMEM/F12 + 1 mg/mL BSA containing 10 mM trilostane, an inhibitor of 3bHSD (Sanofi-synthelabo research, Malvern PA) to prevent the conversion of pregnenolone to progesterone plus various concentrations of PF-04957325 for 30 min; then the media was collected for pregnenolone measurement.  The amount of pregnenolone in the media was determined by pregnenolone ELISA (Diagnostics, Biochem Canada, Inc., Ontario, Canada).
Primary mouse adrenal cell culture
The same isolation protocol for primary adrenal cells was used as described in chapter 2, which was modified from primary rat adrenal cells isolation protocols 


(Enriquez de Salamanca and Garcia 2003; Supornsilchai, Svechnikov et al. 2005) ADDIN EN.CITE .  For each independent experiment, adrenal glands from WT, PDE8B KO, and PDE8A/B KO mice were digested on the same day and treated with the same buffers.  

PDE4D expression


The PDE4D containing lysate, kindly provided by Stephen Kraynik, was made from a GST-PDE4D construct expressed in Escherichia coli (E. Coli) strain, BL21.  Briefly, E. coli was transformed with a GST-PDE4D construct (in pGEX vector, kindly provided by Dr. Miles Houslay, University of Glasgow) then the culture was expanded in 100 mL LB media containing 50 g/mL ampicillin.  We induced the E. coli culture to express the PDE4D protein by treating the culture with 200 mM IPTG (Isopropyl b-D-1-thiogalactopyranoside) at 37° for 4 h.  The PDE4D expressing E. coli cells were harvested by centrifugation, then the frozen cell pellet was triturated by pipetting in lysis buffer containing 20 mM Tris-HCl (pH 7.6), 0.1 mM EDTA, 0.5 mM EGTA, 10 mM DTT, 250 mM sucrose, and 1% Triton X-100.  The crude lysate was used for PDE activity assays with 1 mM cAMP as the substrate to determine the sensitivity of PDE4D enzyme toward different inhibitors, such as IBMX, rolipram, and PF-04957325.  All inhibitors were diluted in water to achieve desired concentration from stocks (IBMX 50mM in DMSO, Rolipram 10mM in DMSO, and PF-04957325 25mM in DMSO).  

Results -

The inhibition of PF-04957325 against the PDE8 family

cAMP-specific PDE8B was purified via immunoprecipitation from either a lysate of the striatial region of the mouse brain or adrenal glands where PDE8B is highly expressed.  In order to accurately measure the activity of this low Km and low Vmax PDE, we adjusted the substrate concentration in our PDE activity assay to 15 – 20 nM cAMP, a substrate concentration well below the reported Km of PDE8 (≈0.15 mM).  Under this low cAMP condition, we determined the IC50 of PF-04957325 to be ≈0.5 nM against immunoprecipitated PDE8B as shown by the inhibition curve in figure 3.1A.  We also verified the IC50 of PF-04957325 against PDE8A to be ≈3 nM using immunoprecipitated PDE8A from a crude lysate of MA-10 cells, a commonly used leydig cell line which contains large amounts of PDE8A and PDE8B (figure 3.1B).  Furthermore, PDE8B immunoprecipitated from MA-10 cells lysate also had an IC50 value of 0.4 nM, which is consistent with the IC50 value obtained from the PDE8B from mouse brain tissue.  The inhibitor selectivity data for PDE8A and PDE8B from MA-10 cells are consolidated in table 2.  Appendix D also includes the PDE selectivity data for PF-04957325 toward other PDE isoforms provided by Pfizer (Claffey 2010).
When testing the sensitivity of PDE8B toward PF-04975325 an interesting observation was noted, namely that the apparent sensitivity of PDE8B toward PF-04957325 is greatly influenced by concentration of cAMP in vitro.  For example, as shown in figure 3.1A, using 1 mM cAMP as the substrate for PDE8B the PF-04957325 IC50 curve was shifted to the right compared to the inhibition curve using 12 nM cAMP as substrate.  As expected given the low Km of PDE8B, under high cAMP condition PF-04957325 became less effective in blocking PDE8B activity (higher IC50), suggesting that the substrate (cAMP) could act as a competitor for the same binding site on the PDE8B.  Furthermore, the influence of cAMP concentration on the EC50 of PF-04957325 was also observed in an intact cell system shown in figure 3.3.  In Y-1 cells, we showed a similar rightward shift in the EC50 of PF-04957325 under ACTH-stimulated high cAMP condition (figure 3.3).  
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Figure 3.1.  Inhibition curve of PF-04957325 against PDE8B and PDE8A.  

Both PDE8A and PDE8B enzymes were isolated by immunoprecipitation.  (A) PDE8B was isolated from the striatal region of mouse brains with a polyclonal goat antibody (PDE8B I-16) from Santa Cruz Biotechnology, Inc.  The inhibitory properties of PF-04957325 toward PDE8B were determined under either 12 nM or 1 mM cAMP. (B) The unpublished data provided by Dr. Masami Shimizu-Albergine demonstrated the inhibition of PDE8A by PF-04957325 using immunoprecipitated PDE8A from MA-10 cell lysate.  The data reported are representative of at least three independent experiments. N=3.  

Table 2
Selectivity of PF-04957325 (unpublished data, Shimizu-Albergine, M.)

	PDE Isoforms



	Inhibitory Property [IC50 ± SD]



	PDE8A
	3.05 ± 2.9 nM

	PDE8B
	0.44 ± 0.4 nM


The inhibition of PF-04957325 against another cAMP-selective PDE – PDE4D

One superior characteristic of PF-04957325 compared to other PDE8-inhibitor compounds such as dipyridamole is that PF-04957325 has approximately a 300-fold selectivity toward PDE8A (2500-fold selectivity toward PDE8B) over all other PDE isoforms (see appendix D).  After PDE8A and PDE8B, the third most sensitive PDE target of PF-04957325 is PDE4D with a reported IC50 of 3.1 mM (Claffey 2010).  We used recombinant PDE4D to verify the IC50 value of PF-04957325 against PDE4D in a PDE activity assay.  A crude lysate of PDE4D expressing E. coli was used as the source of PDE4D enzyme.  We verified that the PDE activity detected from this crude lysate was PDE4D by testing its sensitivity toward rolipram, a known PDE4-selective inhibitor.  Rolipram has a reported IC50 value of ≈240 nM against PDE4D 


(MacKenzie and Houslay 2000) ADDIN EN.CITE .  This crude E. coli lysate exhibited a similar IC50 of 100 nM toward rolipram, suggesting that the PDE activity in this crude lysate was PDE4D (figure 3.2).  We also showed that PF-04957325 has an IC50 of ≈1 mM against PDE4D, which is similar to the reported IC50 of 3.1 mM as shown in figure 3.2.  These data also indicated that 100 nM PF-04975325 could only inhibit 10 percent of total PDE4 activity.  This finding further solidifies our interpretation that the effect of 100 nM PF-04975325 to potentiate basal steroidogenesis is most likely due to an inhibition of PDE8s (as shown in figure 2.6).  Furthermore, we also observed that 50 mM IBMX was sufficient to inhibit ≈90% of PDE4D activity in vitro.  This observation suggests that 50 mM IBMX was an effective concentration to inhibit the majority of PDE4.  Since treatment with 50 mM IBMX in previous experiments (figure 2.6) did not potentiate basal steroid production, we also concluded that an inhibition of IBMX-sensitive PDEs including PDE4 is not sufficient to potentiate basal steroid production.  As previously described in figure 2.10, a low Km low Vmax PDE, such as PDE8B, is modulating cAMP-dependent processes mostly under low cAMP conditions, which is distinct from modulation of a high cAMP environment where other cAMP-hydrolyzing PDEs, such as PDE4, become functionally important.  

[image: image15.wmf]
Figure 3.2.  PF-04975325 inhibition curve on recombinant PDE4D.  

A crude lysate of PDE4D expressing E. coli was used as the source of PDE4D in a PDE activity assay.  As expected, this crude preparation of PDE4D was inhibitable by a PDE4-selective inhibitor, rolipram.  The majority of the PDE activity was also sensitive 50 mM IBMX.  We also verified the IC50 value of PF-04975325 against PDE4D to be approximately 1 mM.  The data reported are a representative experiment from a collection of at least three independent experiments (unpublished data, Kraynik, S.). 
The effective concentration of PF-04957325 in potentiating basal steroid production in Y-1 cells 


In chapter 2, we used PF-04957325 as a pharmacological tool to demonstrate the role of PDE8 in adrenal steroiodogenesis.  To determine the appropriate concentration for usage in an intact cell system, we performed the following control experiments.  We established a dose-response curve using the adrenocortical Y-1 cells to demonstrate that a higher concentration of PF-04957325 (approximately 100-fold higher than the IC50) was needed to elicit a full potentiating response on pregnenolone production (figure 3.3).  Therefore, the EC50 of PF-04957325 for steroidogenesis in an intact cell is higher than the IC50 values for PDE8s measured in a low substrate cell-free environment.  We speculated that this discrepancy could be due to poor permeability of this compound, and/or to a relatively high cAMP tone in the cells, hindering the binding of the compound to its real target - PDE8. 


We also observed an increase in the EC50 value in a ACTH-stimulated higher cAMP condition (shown in figure 3.3) just as we demonstrated in vitro at higher substrate levels (shown in figure 3.1).  When Y-1 cells were stimulated with a sub-maximal concentration of ACTH (10 pM), an even higher concentration of PF-04975325 was required to elicit the same potentiating effect on basal pregnenolone production in Y-1 cells.  The EC50 value shifts from ≈3 nM under no ACTH-stimulation to ≈ 60 nM when Y-1 cells were treated with 10 pM ACTH (figure 3.3).  This result strongly suggests that the effectiveness of this PDE8 inhibitor is also largely influenced by the cAMP concentration in an intact cell environment.  
The effect of the PDE8 inhibitor (PF-04957325) is only due to blocking of PDE8 activity.

Because a higher concentration of PF-04957325 (approximately 100-fold higher than the IC50) was required to elicit the potentiating effect in steroidogenic cells, it became crucial to verify the specificity of 100 nM PF-04957325 in our system.  To prove the selectivity of this compound, we used primary adrenal cells from our PDE8B KO and PDE8A/8B double KO animals.  As presented in figure 3.4, PF-04957325 had only a partial effect to potentiate basal steroid production in PDE8B KO adrenal cells.  More importantly, this compound had no effect in the PDE8A/B double KO cells.  Since PF-04957325 fully blocks the activity of both PDE8A and 8B at 100 nM in vitro, the partial effect observed from the PDE8B KO is most likely due to PDE8A inhibition.  This finding also provides evidence in intact cells that PF-04957325 is working by selectively inhibiting only PDE8A and 8B, and not other PDEs, in these cells.  Finally, this observation also confirms the hypothesis that both PDE8s are important modulators of pools of cAMP promoting adrenal steroidogenesis.  However, it is still unclear if PDE8A and 8B are regulating the same or distinct pools of cAMP in these cells.
[image: image16.wmf]
Figure 3.3.  PF-04957325 potentiates pregnenolone secretion in Y-1 cells. 

The ability of PDE8-selective inhibitor (PF-04957325) to potentiate pregnenolone production in Y-1 cells was affected by intercellular cAMP levels.  Under basal conditions, PF-04957325 had an EC50 of approximately 3 nM in Y-1 cells; the EC50 was shifted over 10 fold to the right (≈ 60 nM) when Y-1 cells were stimulated with 10 pM ACTH. The data are reported as means ± SD (N=2).  
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Figure 3.4.  100 nM PF-04957325 selectively inhibits PDE8s in adrenal cells.

The effect of PDE8 inhibitor (PF-04957325) on steroidogenesis in the PDE8B KO and PDE8A/8B double KO cells were tested.  The potentiating effect of PF-04957325 was partially, but not completely, abrogated in PDE8B KO adrenal cells.  However, the effect of the PDE8 inhibitor was entirely abolished in double PDE8A/B KO adrenal cells.  This strongly suggests that this drug inhibits only PDE8s at 100 nM in WT adrenal cells (figure 2.6C).  Basal pregnenolone secreted (in ng/10,000cells/hr) by primary isolated adrenal cells averaged 0.65 for WT cells, 0.84 for PDE8B KO cells, and 1.28 for PDE8A/B KO cells.  The data are reported as means ± SEM (N=5), and data were analyzed with one-way ANOVA with Dunnett post hoc test: **, p<0.01, ***, p<0.001.


Discussion -


Only recently, has a largely PDE8-selective inhibitor (PF-04975325) become available.  We utilized this pharmacological tool to investigate the roles of the PDE8 family members in cellular physiology.  However, it was essential to characterize this compound in order to correctly apply the drug as well as accurately interpret the results from these experiments.  Using a low substrate PDE activity assay, we were able to confirm the IC50 of PF-04975325 against PDE8A and 8B to be ≈3 nM and ≈0.4 nM as shown in figure 3.1.  As shown in figure 3.2, we were also able to verify that this PDE8-selective inhibitor only inhibits the next most sensitive cAMP-hydrolyzing PDEs, PDE4D in the mM range of concentrations.  These data provide supporting evidence that treatment with a low dose (nM range) of PF-04975325 only inhibits PDE8 and not other PDEs.  

Furthermore, we also observed that the effectiveness of this PDE8-selective inhibitor is greatly affected by concentrations of the substrate of PDE8, cAMP.  In both in vitro PDE activity assay and in an intact cell system, raising the level of cAMP caused an over 10-fold increase in IC50 and EC50 values of PF-04975325.  This interesting observation suggests that PF-04975325 is either competing for the same binding site on PDE8B, or that the cAMP-bound PDE8B has a lower affinity toward the drug for some other reason.  As we alluded to in chapter 2 (figure 2.10), a high level of cAMP can easily overwhelm this low Km and low Vmax PDE8.  
Secondly, we also show that in Y-1 cells the effective dose of PF-04975325 is at least 10-fold higher than its IC50.  This phenomenon can be due to the inherently high basal cAMP concentration in the Y-1 cells and/or poor permeability and rapid metabolism of PF-04957325.  As shown in figure 3.3, we demonstrated that 100 nM of PF-04975325 is a sub-maximal dose in eliciting a response in Y-1 cells.  Although 100 nM PF-04975325 was over 100-fold above its IC50 value, we tested it on PDE8B and PDE8A/B double KO cells, and showed that at this concentration PF-04957325 is still selectively inhibiting PDE8s.  As shown in figure 3.4, there was a significant decrease in the potentiating effect of 100 nM PF-04975325 on steroidogensis in PDE8B KO adrenal cells.  Furthermore, the PDE8A/8B double KO adrenal cells were completely insensitive toward the PDE8 inhibitor, which further validates the PDE8-selectivity of this compound in adrenal cells.  


Finally, we validated that the IC50 value of PF-04975325 against PDE4D is approximately 1 mM as shown in figure 3.2.  This suggests that PF-04975325 can inhibit PDE4; however its approximately 300-fold selectivity toward PDE8 still makes this compound a valuable tool.  In the PDE4D activity assay, we demonstrated that 100 nM of PF-04975325 only inhibited 10% PDE4, and that 50 mM IBMX was sufficient to inhibit ~90% of PDE4D activity.  Overall, these characterization experiments give us confidence to conclude that PF-04957325 potentiates steroid production in adrenal cells entirely due to its ability to inhibit PDE8s.

Chapter 4
The Role of PDE8B in the Central Nervous System

Summary -


In addition to the adrenal gland, the Allen Brain Atlas shows that Pde8b mRNA transcripts are highly expressed in the mouse brain, namely the cortex, hippocampus, striatum, and olfactory bulb 


(Lein, Hawrylycz et al. 2007) ADDIN EN.CITE .  Utilizing a mouse model with genetically ablated PDE8B (PDE8B KO), we therefore asked if PDE8B also regulated some aspects of cAMP signaling in the brain.  For instance, PDE4 inhibitors have been shown to induce anxiety-like behaviors and cAMP-dependent transcription has been shown to be necessary for long-term hippocampus-dependent memory formation.  First, we hypothesized that PDE8B KO mice might have a heightened stress response due to their altered HPA axis as described in chapter 2.  We observed an anxiety phenotype in the elevated plus maze and open field test.  We also hypothesized that PDE8B could regulate one or more cAMP-signaling pathways such that PDE8B KO mice would perform better in hippocampus-dependent learning paradigms.  In contextual fear conditioning, PDE8B KO mice showed an increase in freezing time compared to their littermate WT controls.  Interestingly, PDE8B KO mice did not show a robust enhancement in learning when tested in other learning paradigms such as the Morris water maze and novel object recognition test.  We determined an increase in freezing time in contextual fear conditioning that was likely due to an increase in generalized fear after an adverse experience.  Overall, PDE8B KO mice exhibited anxiety-like behavior, but no significant enhancement in learning was detected.  

Introduction -


The ubiquitous second messenger, cAMP, has been implicated in a number of animal behaviors, such as anxiety and depression.  Researchers have shown that constitutive active Gas in the striatum is sufficient to trigger anxiety-like behavior (Favilla, Abel et al. 2008).  Other groups also have shown that chronic treatment with a PDE4 inhibitor (rolipram) induced anxiety-like behaviors in mammals 


(Imaizumi, Miyazaki et al. 1994; Heaslip and Evans 1995; Silvestre, Fernandez et al. 1999; Li, Huang et al. 2009) ADDIN EN.CITE .  Furthermore, chronic antidepressant treatment increased the level of CREB (both mRNA and protein) and increased the phosphorylation state of CREB in the hippocampus 


(Nibuya, Nestler et al. 1996; Thome, Sakai et al. 2000; Tiraboschi, Tardito et al. 2004) ADDIN EN.CITE .  All of these reports suggested the importance of cAMP signaling in anxiety-like behavior in mammals.  

In addition to affective behaviors, cAMP signaling is also implicated in learning and memory 


(Arnsten, Ramos et al. 2005; Benito and Barco 2010) ADDIN EN.CITE .  Researchers have shown that de novo protein synthesis 


(Davis and Squire 1984; Alberini 2008) ADDIN EN.CITE  and cAMP-dependent transcription are necessary for long-term memory formation (Arnsten, Ramos et al. 2005).  More specifically, CREB phosphorylation and CREB-dependent transcription are essential for the formation of long-term memory as shown by genetic methods 


(Bourtchuladze, Frenguelli et al. 1994; Yin, Wallach et al. 1994) ADDIN EN.CITE .  Furthermore, alterations in hippocampal cAMP-signaling pathways, for example the ablation of an adenylyl cyclase, also impacted performance in learning paradigms, suggesting that cAMP-signaling in the hippocampal region of the brain is important for memory formation 


(Wong, Athos et al. 1999; Pineda, Athos et al. 2004) ADDIN EN.CITE .  Lesion studies also suggest that the structural integrity of the hippocampal region of the brain is necessary for memory formation in various learning paradigms, such as the Morris water maze and contextual/cued fear conditioning 


(Kim and Fanselow 1992; Phillips and LeDoux 1992; Chen, Kim et al. 1996; Cho, Friedman et al. 1999; Broadbent, Squire et al. 2004) ADDIN EN.CITE . 

All these findings suggest the importance of the hippocampus and cAMP-signaling in learning and memory.  According to the Allen Mouse Brain Atlas, Pde8b mRNA transcripts are highly expressed in the cortex, hippocampus, striatum, and olfactory bulb shown by in situ (The Allen Brain Atlas ©2009).  Therefore, this high affinity cAMP-specific PDE8B can potentially regulate cAMP pathways in these brain regions.  Previous studies have found that PDE inhibition can lead to an improvement in various learning paradigms 


(Monti, Berteotti et al. 2006; Rutten, Prickaerts et al. 2007; van der Staay, Rutten et al. 2008; Li, Cheng et al. 2011) ADDIN EN.CITE .  We therefore became interested in investigating the behavioral phenotype of PDE8B KO mice, specifically anxiety-like behaviors and learning.  

Materials and Methods -
Mice
The PDE8B KO mice used in these studies were generated on a 129 genetic background by Deltagen, Inc. (San Carlos, CA) under contract to Pfizer, Inc. (Sandwich, U.K.).  The animals were backcrossed with C57BL/6 mice obtained from Charles River or Jackson Laboratory for 12-15 generations.  All animal usage and procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Washington, in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals.  All experiments were performed on male PDE8B KO mice between the ages of 4-12 months, using their age matched male WT littermates as controls.
Animal pre-handling procedure
Animals were handled before all behavioral testing to lower stress introduced by human contact.  First, all animals were handled in groups along with their cage mates for 10 min per day for 2 days.  Then, each mouse was handled individually for 5 min per day for 2 days.  Finally, mice were housed individually, and handled twice a day, 5 min per session for 3 additional days.  In addition to petting and rubbing each mouse, we also performed “catch-and-release” at least once per session to familiarize mice to being picked up by hands wearing latex gloves.  All behavioral experiments were performed with the researchers blind to genotypes of the animals.

Elevated plus maze
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Figure 4.1. Elevated Plus Maze




The elevated plus maze was conducted as described previously 


(Lister 1987; File 2001; Holmes, Yang et al. 2003) ADDIN EN.CITE .  The apparatus was comprised of two open arms (25 x 8 cm2) and two closed arms (25 x 8 x 12 cm3) that extended from a common central area as shown in figure 4.1.  There was a small raised edge on the open arms that prevented the animals from slipping off the arm.  The maze was 50 cm above the ground.  Mice were transported to the testing room (low light condition, ≈10 – 20 lux) one hour prior each experiment to acclimate.  During each trial, a mouse was placed in the center of the maze, and allowed to freely explore for 6 min.  We recorded the movement of each mouse for 6 min using a video camera mounted directly above the maze.  We then watched the video and determined the amount of time each mouse spent in the closed arms versus the open arms.  

Open field test
The open field test was performed in a circular arena (49 cm in diameter), evenly illuminated by white overhead fluorescent lighting.  The central area (≈17 cm in diameter) was designated as the center zone.  Each mouse was placed in this area and left to freely explore for 10 min.  We recorded the movement of each mouse using a video camera that was mounted directly above the circular arena.  The video footage was analyzed using Ethovision software (Noldus Information Technology, Leesburg, VA). 

Contextual and Cued Fear Conditioning
Contextual fear conditioning was conducted as previously described (Athos, Impey et al. 2002).  First, the animals were transferred to behavioral testing room at least one week prior to the pre-handling sessions allowing the mice to acclimate and adapt to the new 12 h light-dark cycle with lights turned on at 8 AM and off at 8 PM.  Contextual fear conditioning was performed in a plexiglass chamber with a shock grid floor and a 16” x 16” photobeam sensor grid (Truscan Mouse Chamber manufactured by Coulbourn Instruments, Allentown, PA).  During day one of the experiment, each mouse was placed in the conditioning chamber individually for 2 min to habituate.  The locomotor activity of each individual mouse was determined manually by researchers (sampled every 5 sec) and also by a computer that records beam-breaks during this habituation period.  Then a 0.7 mA foot shock (2 sec) has administrated through the grid floor.  The mice remained in the cage for an additional minute to facilitate the association of the shock with the conditioning chamber.  Each mouse then was retrieved from the conditioning chamber and returned to his home cage.  24 hours later, the animals were individually returned to the same conditioning chamber to determine how well the animals learned to associate the foot-shock with the conditioning chamber.  The degree of learning was quantified by the amount of freezing time during the 2 min testing period.  This was determined by both hand-scoring (sampled every 5 sec) and by the computer.  The procedure of contextual fear conditioning is graphically represented in figure 4.5A.
Similar to contextual fear conditioning, delayed cued fear conditioning uses an adverse stimulus (foot shock) paired with a 90-100Db audio tone.  The tone was played during the last 30 sec of the 2 min habituation period then a 2 sec (0.7 mA) foot shock was delivered.  As in the contextual fear conditioning, the mice remained in the cage for an additional minute to facilitate the pairing between the shock and the tone (as well as the context of the conditioning chamber).  24 hours post-training, the length of time the animals froze was measured (a) during 2 min in a novel context environment (a hexagonal plexiglass cage) (b) 2 min in the novel hexagonal box with the tone and (c) 2 min in the identical conditioning chamber.  The procedure of cued fear conditioning is graphically represented in figure 4.6A.

Shock Sensitivity Assay

In this test, naïve animals were placed one at a time into the same plexiglass conditioning chamber as used in contextual fear conditioning.  A series of electrical shocks with increasing intensity (from 0.05 mA to 0.7 mA increased in 0.05 mA increments) were delivered to the mice and their reactions were observed.  Animals were allowed to freely explore the novel environment for 2 min, after which the first electrical shock was delivered through the floor grid for 2 sec.  After a 2 min recovery period from the previous shock, a second higher intensity shock was delivered.  We classified the general reactions of the mice into 4 categories - flinching, flinching and vocalization, jumping, and jump and vocalization.  We evaluated the sensitivity of individual animals to a given current by their reactions.

Morris water maze
The water maze was a circular planter (79 cm diameter) filled with 25°C water rendered opaque by the addition of nontoxic white paint.  A 10 cm diameter escape platform was placed 1 cm beneath the water surface at a fixed location through out the training period.  During each training trial, mice were individually released into the maze at a random location near the edge of the pool, and allowed to swim freely until they found and climbed onto the escape platform and remained there for 30 sec.  For each case in which an animal was unsuccessful in finding the platform after 90 sec, the animal was placed onto the escape platform and not retrieved until they remained there for 30 sec.  The mice received 3 training trials per day with a 30 min break between each trial for 4 consecutive days.  The amount of time it took for the mice to find the submerged platform was recorded during training.  After all mice had sufficiently learned the task, determined by their ability to find the platform within 10 sec, a probe test was administered.  The probe test measured the strength of the memory by removing the escape platform and counting the number of times each animals crossed the location where the platform was during training and by the amount of time each animal spent in that quadrant.  The movement of each individual animal during the probe test was recorded by a video camera fixed directly above the pool.  The video footage was analyzed using Ethovision software (Noldus Information Technology, Leesburg, VA) to determine the number of platform crossings and the amount of time in each quadrant. 

Results -

PDE8B is highly expressed in the hippocampal and the striatal regions of the mouse brain


In order to examine the role(s) of PDE8B in the central nervous system, first we needed to establish where this enzyme is expressed.  Using the same X-gal staining method as described in chapter 2, we screened a number of other mouse tissues in addition to adrenal glands for high Pde8b mRNA transcript expression.  The exogenous lacZ gene contained a nuclear targeting sequence that allows visualization of b-galactosidase activity under the control of the endogenous PDE8B promoter.  The enzymatic activity of the gene product (b-galactosidase) therefore can be used as an indirect measurement of Pde8b mRNA expression.  Using sagittal sections of the PDE8B KO mouse brain, we showed that the hippocampal and striatal regions of the brain contained blue nuclei when stained with X-gal compared to a control section of PDE8A KO mouse brain (figure 4.2).  PDE8A expression was detected at a lower level in cells located sparsely within the cortex and cerebellum.  However, those X-gal stained cells were not easily visible at this magnification.  Because the expression of PDE8A in the brain was very low, we used a comparable section from the PDE8A KO animal as our negative control.  In addition to cells in the hippocampal and striatal regions, we also detected PDE8B expressing cells in the Purkinji layer of the cerebellum, which are not Purkinji cells.  The identification of these cells with blue nuclei is unclear.  Overall, PDE8B localization in the mouse brain detected by the X-gal staining matches the data in the Allen Brain Atlas.  

We further confirmed expression of functional PDE8B enzyme in the striatum by detecting IBMX-insensitive PDE8 activity in the immunopellet from the WT, but not PDE8B KO striatal lysate (figure 4.3).  These data suggest that PDE8B enzyme is also highly expressed in selected regions of the mouse brain.  Leading us to hypothesize that PDE8B may also play a critical role in modulating cAMP signaling in the mouse brain.

[image: image18.png]



Figure 4.2.  PDE8B expression in the mouse brain.  

Sagittal sections of the brains of PDE8A KO and PDE8B KO mice were used for the X-gal staining.  Since Pde8a or Pde8b gene promoter controlled the expression of the nucleus-targeted b-galactosidease reporter, the cells expressing Pde8a or Pde8b gene would contain blue nucleus.  PDE8A expression in the brain is low (in cells located sparsely within the cortex and cerebellum), therefore we used a comparable section from 8A KO animal as the negative control.  PDE8B KO section showed blue staining in the hippocampal and striatal regions of the brain, also in the Purkinje layers of the cerebellum.  
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Figure 4.3.  IBMX-insensitive PDE activity found in the pellet of a PDE8B immunoprecipitation from striatal lysate.  

PDE8B was immunoprecipitated from striatal lysate of both WT and PDE8B KO brain with a polyclonal goat antibody (PDE8B I-16, Santa Cruz).  We used a low substrate PDE activity assay (<20 nM H3-cAMP) to detect PDE8 activity.  We were able to detect PDE8B from WT striatal lysate, but not from the PDE8B KO lysate.  This PDE activity fits the criteria of being PDE8B in that it is recognizable by a PDE8B antibody and it is also IBMX-insensitive.  

The PDE8B KO animals exhibit anxiety-like behaviors


As described in chapter 2, PDE8B KO mice have an elevated stress response shown by an increase in the stress hormone, corticosterone.  We were interested in examining if the increase of this biochemical marker of stress translated into an increase in anxiety-like behaviors in these mice.  In the elevated plus maze, mice were subjected to stressors such as bright light and the height of the maze.  Depending on details of the strain of mouse and experimental set-up (e.g. illumination and wall transparency) a WT animal may show different preferences toward the closed arms in the elevated plus maze (Violle, Balandras et al. 2009).  It is not uncommon that under different set-ups, WT mice show different preferences toward the closed arms.  In our experimental set-up, a WT C57BL/6 mouse spent equal time between open and closed arms of the elevated plus maze.  However, PDE8B KO mice showed significant preference toward the closed arms compared to their WT littermates (figure 4.4A).  These results suggest that PDE8B KO mice not only had increased levels of corticorsterone, but also exhibited anxiety-like behaviors.  


We also used the open field test, a widely used assessment for anxiety, to verify the anxiety-like behaviors of PDE8B KO mice observed in the elevated plus maze.  The open field test measures the degree of thigmotaxis, the tendency to remain close to the walls, of the mice as an indication of anxiety.  As shown in figure 4.4B we observed that PDE8B KO mice spent less time in the center of a circular arena compared to their WT littermates, even though, PDE8B KO mice did not show a significant decrease in the frequency of entering into the center zone (figure 4.4C).  We also demonstrated that this decrease in time in the center was not due to a decrease in mobility since PDE8B KO mice traveled the same distance as WT controls (figure 4.4D).  These findings strongly suggest that the disruption of Pde8b gene lead to anxiety-like behaviors.
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Figure 4.4. PDE8B KO mice exhibit anxiety-like behaviors.  

(A) In the elevated plus maze, PDE8B KO animals showed a statistically significant preference toward the closed arms while their WT littermates did not.  (B) In the open field test, PDE8B KO mice spent less time in the open center zone of the testing arena compared to WT littermates.  (C) However, PDE8B KO mice did not show a significant decrease in the frequency of entry into the center zone.  (D) PDE8B KO animals showed similar mobility as their littermate WT controls.  The data are reported as means ± SEM, and the data were analyzed by Student’s t-test (unpaired, two-tailed): n.s., not significant, *, p<0.05, ***, P<0.001.

PDE8B KO mice showed an enhancement in contextual learning


Due to the general importance of the cAMP/PKA pathway in memory formation and the localization of PDE8B in the hippocampus, we became interested in determining if PDE8B is modulating memory formation.  In the hippocampus, cAMP/PKA activation leads to phosphorylation of CREB and transcription of CREB-mediated genes; these events are required for long-term memory formation (Bourtchuladze, Frenguelli et al. 1994).  Using contextual fear conditioning, an established learning paradigm, as illustrated in figure 4.5A, we investigated whether the PDE8B KO mice showed an improvement in hippocampus-dependent behavioral performance.  In this learning paradigm, we trained mice to associate an adverse stimulus (foot shock) with the context of the conditioning chamber during the training.  If the association was made, a fearful freezing behavior would be observed when we placed the animal back into the identical chamber.  We measured the amount of freezing 24 hours post-training as an assessment of the strength of the memory formed.  We found that PDE8B KO mice exhibited an increase in freezing time 24 hours post-training (figure 4.5B).  We also demonstrated that the difference in freezing time between PDE8B KO and WT controls was not due to a change in sensitivity towards a foot shock.  We compared the sensitivity towards shock of PDE8B KO mice to that of WT mice and observed no significant difference (figure 4.5C).  These findings suggested that PDE8B KO mice could have an enhancement in learning.  However, the results also might be due to an enhanced fear response.
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Figure 4.5. PDE8B KO mice show enhanced freezing behavior in contextual fear conditioning.  

(A) The contextual fear conditioning paradigm was used to assess the ability of an animal to associate the context of a conditioning chamber with an adverse stimulus.  We measured the freezing time as a percentage of total time when the animal was returned to the identical conditioning chamber where the foot shock was delivered.  (B) PDE8B KO mice exhibited an increase in freezing behavior.  (C) PDE8B KO mice also responded similarly toward various electrical currents, suggesting that this increase in freezing behavior was not due to hypersensitivity towards foot shock. The data are reported as means ± SEM, and the data were analyzed by Student’s t-test (unpaired, two-tailed): *, p<0.05.
In cued fear conditioning, PDE8B KO mice showed an increase in freezing behavior in a novel context environment 


Since we showed that PDE8B KO mice exhibited anxiety-like behavior (figure 4.4), it became important to demonstrate that the increased freezing behavior in contextual fear conditioning was due to a stronger association between stimulus and the context and not simply to an increase in generalized fear response.  We addressed this concern by using a delayed cued fear conditioning paradigm.  In this assay, the adverse stimulus (foot shock) was paired with an audio tone, which helped us identify the source of the increase in freezing behavior of PDE8B KO mice.  As shown in figure 4.6A, after training the animals were tested in three different environments: (i) a novel context, a chamber with different shape and texture from the conditioning chamber, (ii) a novel context with the tone, (iii) and the identical context, the conditioning chamber.  These series of testing determined if this freezing behavior was simply due the procedure of handling and removing the animals from their home cages or in fact due to a stronger association with the tone or context.  


As shown in figure 4.6B and C, PDE8B KO mice showed a statistically significant increase in freezing behavior in a novel chamber, also known as a context altered chamber, but a similar response to the tone compared to WT controls.  These data suggest that PDE8B KO mice had a generalized enhancement in fear response after experiencing an adverse stimulus.  This increased freezing behavior was only observed post-training, and it was not caused by a difference in mobility since a pre-training habituating period revealed a similar amount of time moving between PDE8B KO and WT mice (appendix F).  Furthermore, as shown in figure 4.6D, we also observed an increase in freezing behavior when PDE8B KO animals were returned to the conditioning chamber (identical context) similar to the observation in contextual fear conditioning (figure 4.5).  Nevertheless, the increase in freezing behavior observed in contextual fear conditioning was likely due to increased fear response and not due to enhancement in learning and memory.  These results also suggest that a fear-based learning paradigm might not be ideal for revealing a learning and memory phenotype in PDE8B KO animals due to their hypersensitivity toward stress.  
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Figure 4.6.  PDE8B KO mice have increased generalized fear response after an adverse stimulus. 

(A) Cued fear conditioning paradigm.  (B) PDE8B KO mice showed an significant increase in generalized fear response toward a novel environment, but (C) the same response as WT when the tone was played.  (D) PDE8B KO mice also showed an increase in freezing behavior when returned to the conditioning chamber.  The data are reported as means ± SEM, and the data were analyzed by Student’s t-test (unpaired, two-tailed): *, p<0.05, n.s, no significance.
PDE8B KO mice did not show a robust enhancement in spatial learning in the Morris water maze


Given that PDE8B KO animals had an enhancement in fear response, we wanted to use a learning paradigm with a readout that was not as directly influenced by fear.  It is known that while high stress enhances freezing behavior in contextual fear conditioning, it attenuates performance in the Morris water maze (Sandi and Pinelo-Nava 2007).  Also, it is widely accepted that structural integrity of the hippocampus is essential for spatial navigation and learning when measured by the Morris water maze 


(Cho, Friedman et al. 1999; Broadbent, Squire et al. 2004) ADDIN EN.CITE .  Because the parameters measured in the Morris water maze, such as latency to find an escape platform and time spent in the correct quadrant, could not be enhanced by an increase in fear, we asked if PDE8B KO animals had enhanced spatial learning.

First, we trained mice to escape by climbing onto a submerged escape platform in a fixed location at the northeastern (NE) quadrant of a pool (79 cm in diameter).  Once all animals learned to swim to the platform with an escape latency of less than 10 sec, we performed a 60 sec probe test, which involved removing the escape platform to measure the strength of their spatial memory.  Parameters such as escape latency, number of crossings over the original platform location, and distance traveled in the target quadrant (NE quadrant) of the pool were determined by analyzing the video footage recorded during the probe test.  In this probe test, PDE8B KO mice did not show significant improvements in latency to reach the previous platform location, number of crossings, or distance traveled in the target quadrant (NE quadrant) (figure 4.7B,C,and D).  These results suggest that PDE8B KO mice showed no significant enhancement in spatial learning.  

However, PDE8B KO mice appeared to learn the task at a faster rate during training compared to the WT control mice.  PDE8B KO mice consistently had an average escape latency of less than 10 sec after trial 5, while WT mice continuously showed higher (~20 sec) averaged escape latency until trial 11 (figure 4.7A).  We also showed that PDE8B KO mice have comparable coordination and mobility as the WT controls indicated by same total distance swum during the probe test (appendix G).  This finding suggests that this difference in escape latency is not due to difference in coordination and mobility between PDE8B KO mice and WT controls.  It was possible that all mice had already reached a maximum learning capacity with the current training protocol of three times per day for four consecutive days.  Decreasing the number of training sessions or performing the probe test on an earlier day could yield a different answer to the question, “do PDE8B KO mice have enhanced cAMP-dependent spatial learning compared to WT?”  Nevertheless, PDE8B KO mice did not show a significant enhancement in spatial learning in the Morris water maze as measured in these studies.
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Figure 4.7. PDE8B KO mice did not show a significant improvement in performance in the Morris water maze.  

(A) Escape latency during the training sessions.  PDE8B KO mice showed lower escape latency between trail 5-10 during training.  (B) Distance traveled in each quadrant during probe test.  The NE quadrant was the location of the platform during training.  Both genotypes showed similar preference for the correct NE quadrant.  (C) Number of platform crossing during probe test showed no significant difference in PDE8B KO and WT.  (D) During the probe test, PDE8B KO mice showed a non-significant slight decrease in escape latency.  The data are reported as means ± SEM, and the data were analyzed by Student’s t-test (unpaired, two-tailed): n.s, no significance.

Discussion -


In chapter two, we demonstrated that PDE8B was a major regulator of steroid production in adrenocortical cells, and that PDE8B KO animals had elevated urinary corticosterone levels.  We asked if this increased level of a stress biomarker also translated into an anxiety-like phenotype.  Using an X-gal staining technique to indirectly measure the activity of PDE8B promoter on the brain sections from PDE8B KO mice, we showed that Pde8b gene was highly expressed in the hippocampal and striatal regions of the brain (figure 4.2).  We verified that IBMX-insensitive PDE8B activity was found in the immunopellet of the WT brain lysate and that PDE8B activity was undetectable in the immunopellet of PDE8B KO lysate (figure 4.3). Furthermore, we demonstrated that PDE8B KO mice exhibited increased anxiety-like behaviors, which we detected through the use of the elevated plus maze and open field test (figure 4.4). 

Due to the high expression of Pde8b gene mRNA in the hippocampal region of mouse brain, we became interested in investigating the possible role(s) of PDE8B in other hippocampus-dependent process in addition to anxiety-like behaviors.  It is well accepted that late-phase consolidation and long-term memory formation requires the structural integrity of the hippocampus and is cAMP-dependent 


(Kim and Fanselow 1992; Phillips and LeDoux 1992; Chen, Kim et al. 1996; Cho, Friedman et al. 1999; Broadbent, Squire et al. 2004) ADDIN EN.CITE .  Therefore, we wanted to determine if PDE8B KO animals differed from WT in their ability to learn by using established paradigms such as contextual/cued fear conditioning and the Morris water maze.  If PDE8B regulates the cAMP-dependent signaling pathway in learning and memory, we expected that PDE8 KO animals would show improved performance in these learning paradigms.  

It was encouraging to us when PDE8B KO mice showed an increase in freezing behavior in contextual fear conditioning (figure 4.5), suggesting that PDE8B KO animals might have enhanced learning.  However, we also found that PDE8B KO animals had an increase in generalized fear after an adverse experience.  Compared to WT mice, PDE8B KO mice also exhibited a trend towards an increase in freezing time in a novel environment (also known as context altered environment) and exhibited no detectable increase in freezing time to a paired audio cue in cued fear conditioning (figure 4.6).  These findings suggest that the increased freezing time seen in the contextual fear paradigm was likely due to an increase in generalized fear after training, and not due to an increase in the association of foot shock with the context of the chamber.  


It is known that stress can differentially influence performance in various learning paradigms.  High stress can improve performance in contextual fear conditioning and attenuate performance in the Morris water maze (Sandi and Pinelo-Nava 2007).  Therefore, the novel object recognition test, a learning paradigm with fewer stressors than most other assays, was implemented to determine if PDE8B was a regulator of cAMP signaling in learning and memory.  Researchers have shown that injections of PDE4 or PDE2 inhibitors into the hippocampus improve performance in novel object recognition in mice 
 ADDIN EN.CITE 
(Rutten, Prickaerts et al. 2007; van der Staay, Rutten et al. 2008)
.  We therefore assessed if the genetic ablation of PDE8B would also cause an improvement in the novel object recognition test.  As shown in appendix E, although PDE8B KO mice learned to recognize a novel object as expected in this paradigm, we did not observe an improvement compared to WT controls.  


As an alternative to using low stress learning paradigms such as novel object recognition, we tested these mice in the Morris water maze.  This assay is commonly used to measure spatial navigation and memory, a type of memory formation known to be dependent on cAMP signaling in the hippocampus (Cho, Friedman et al. 1999).  An additional reason for using this learning paradigm on the PDE8B KO mice was because the parameters used as assessments for learning should not be inflated by increased fear.  As shown in figure 4.7, PDE8B KO mice did not exhibit a significant improvement compared to WT controls as measured by the probe test in the Morris water maze.  However, plots of the escape latency during training show that PDE8B KO mice appeared to learn the task faster compared to the WT animals (figure 4.7A).  PDE8B KO mice learned to locate the escape platform efficiently by trial 5 (with an escape latency within 10 sec in each session), while WT mice continued to improve until trial 11.  It was possible that our training protocol (three sessions per day for four consecutive days) might be excessive for the PDE8B KO animals.  A different training protocol and/or setting might be required to determine if there is a subtle learning phenotype of the PDE8B KO mice.  As our preliminary data showed (in appendix I), when the test is performed with a larger pool PDE8B KO mice learned the location of the escape platform with limited training while the WT controls did not.  PDE8B KO animals showed an increase in platform crossing, a decrease in escape latency, and also exhibited preference toward the correct quadrant compared to the WT controls.

Nevertheless, the lack of conclusive findings in both the novel object recognition and Morris water maze suggested that PDE8B KO mice had little if any improved memory.  More troubleshooting experiments are needed in order to make a firm conclusion.  However, it was clear that PDE8B KO mice exhibited anxiety-like behaviors when tested in the elevated plus maze and open field test.  Furthermore, PDE8B KO mice also showed increased generalized fear behavior after an adverse experience, which is consistent with their anxiety-prone phenotype.
Final Remarks and Future Directions

Since its discovery in 1998, the low Km cAMP-specific PDE8 family has become a research interest for several academic laboratories and pharmaceutical companies.  The insensitivity of PDE8 toward a commonly used non-selective inhibitor, IBMX, suggests that its catalytic domain significantly differs from that of the other members of PDE superfamily.  From a drug development perspective, if this concept is true, it creates the potential for a highly selective inhibitor/activator.  In fact, the crystal structure of the catalytic domain of PDE8A1 has been solved 


(Wang, Yan et al. 2008) ADDIN EN.CITE .  In this report, the authors found two extra helices in the catalytic domain of PDE8A1 compared to those of other PDE families; they also identified the residue (Tyr748) that prevented binding of IBMX to PDE8A1.  Therefore, distinctive characteristics of PDE8s do exist and can be utilized to develop highly selective drugs.  Furthermore, the expression profiles of PDE8A and PDE8B are limited to a relatively few specific tissues in mammals, which also make them excellent potential drug targets.  

Using the X-gal staining technique, we showed that the expression of Pde8b mRNA was restricted to the adrenal gland, specific regions of the brain (e.g. the hippocampus and the striatum) and other steroidogenic tissues like the testis.  However, no evidence suggests which splice variants are present in all these tissues.  The tissue distribution of the known PDE8B splice variants in humans needs to be further investigated, and the existence of potential splice variants in mouse Pde8b also needs to be addressed.  Taking the tissue distribution of PDE8A as an example, the two more predominate variants, PDE8A1 and PDE8A2, are expressed at various levels among different tissues 


(Wang, Wu et al. 2001) ADDIN EN.CITE .  It is possible that splice variants of PDE8B are also expressed at various levels in different tissues to regulate different pathways in distinct environments.  A careful analysis of the expression profile of all PDE8B splice variants may lead to the development of a more targeted therapy toward a particular type of disease and eliminate potential side effects.  

This study provides evidence supporting the regulatory roles of PDE8B in two physiological processes, namely adrenal steroid production and anxiety-like behaviors, and also a possible role in hippocampus-dependent memory.  More specifically, we demonstrated that PDE8B is a major modulator of one of more pools of cAMP that promote adrenal steroiodogenesis.  The inhibition of PDE8B increases steroid production via both transcriptional activation and increased substrate availability in a cell culture system.  We also showed that in addition to having elevated urinary corticosterone, PDE8B KO mice exhibited anxiety-like behaviors and were possibly more efficient in acquiring a learned task.  These findings suggest that a small molecule targeting PDE8B might be useful as a treatment for adrenal related diseases, anxiety and depression, and potentially enhancing one’s ability to learn.  For instance, a PDE8B activator may potentially be used to treat anxiety or depression.  Furthermore, if these physiological processes are variant-specific, one can potentially develop inhibitors or activators to directly target one process over the others.  We are just starting to understand the involvement of PDE8B in various physiological functions, and further details on the regulation and the distribution of PDE8B need to be obtained.

As discussed in previous chapters, many interesting questions remain with regard to the regulation of the enzymatic activity of PDE8s.  Specifically, the functions of the REC and PAS domains of PDE8s remain ambiguous.  The REC domain is known to be involved in a phosphotransfer signal transduction pathway in prokaryotes and plants.  In this pathway, the REC domain can change conformation upon phosphorylation by a histidine kinase and in turn mediate a response 
 ADDIN EN.CITE 
(Robinson, Buckler et al. 2000; Stock, Robinson et al. 2000)
.  However, whether PDE8A and PDE8B are substrates for a histidine kinase is still unclear.  The second putative domain, PAS, often functions as a sensory module for oxygen, redox potential, or even light intensity in various signaling proteins (Taylor and Zhulin 1999).  Alternatively, the PAS domain has also been shown to be involved in protein-protein interactions.  The functional roles of both REC and PAS domains in mammalian systems are not well understood.  However, it seems greatly possible that REC and PAS domains might be participating in regulation of PDE8 enzymes.  

One of the reasons for identifying physiological processes, which are modulated by PDE8s, is to illuminate potential binding partners and regulatory proteins.  Unfortunately, to date this approach has not revealed any obvious candidates that could regulate the activity of PDE8s.  Interestingly, PDE8s modulate mostly basal but not stimulated steroidogenesis (as shown in figure 2.10), which likely indicates that PDE8s are most effective in a low but not high cAMP environment.  This phenomenon can most likely be attributed to the low Km and low Vmax of PDE8s and not to differential regulation of PDE8s under different conditions.  Therefore, a non-biased approach such as proteomics may potentially be a good way to identify binding partners of PDE8s.

Finally, Leydig cells and a subpopulation of AZF cells contain both PDE8A and 8B isoforms.  It has been observed in our laboratory that PDE8A and PDE8B localize in different organelles in a cell.  According to immunocytochemistry data, PDE8A appears to localize near mitochondria while PDE8B appears near the Golgi apparatus.  However, the question remains, “are PDE8A and 8B subserving different functional and/or physical pools of cAMP in those cell types?”  Also, which aspects of cAMP-stimulated steroiodogensis is each member of the PDE8 family modulating?  We are starting to answer these questions with appropriate tools, such as shRNA knockdown of PDE8B and other inhibitors with a 10-fold or greater selectivity toward one isoform of PDE8s over the other.  

Bibliography

Allen Brain Atlas Resources [Internet]. (©2009). Available from: http://www.brain-map.org.
Aguilera, G., A. Kiss, et al. (2007). "Negative regulation of corticotropin releasing factor expression and limitation of stress response." Stress 10(2): 153-161.

Alberini, C. M. (2008). "The role of protein synthesis during the labile phases of memory: revisiting the skepticism." Neurobiol Learn Mem 89(3): 234-246.

Appenzeller, S., A. Schirmacher, et al. (2010). "Autosomal-dominant striatal degeneration is caused by a mutation in the phosphodiesterase 8B gene." Am J Hum Genet 86(1): 83-87.

Arakane, F., S. R. King, et al. (1997). "Phosphorylation of steroidogenic acute regulatory protein (StAR) modulates its steroidogenic activity." J Biol Chem 272(51): 32656-32662.

Arnaud-Lopez, L., G. Usala, et al. (2008). "Phosphodiesterase 8B gene variants are associated with serum TSH levels and thyroid function." Am J Hum Genet 82(6): 1270-1280.

Arnsten, A. F., B. P. Ramos, et al. (2005). "Protein kinase A as a therapeutic target for memory disorders: rationale and challenges." Trends Mol Med 11(3): 121-128.

Athos, J., S. Impey, et al. (2002). "Hippocampal CRE-mediated gene expression is required for contextual memory formation." Nat Neurosci 5(11): 1119-1120.

Beavo, J. A., Francis, Sharron H., Houslay, Miles D. (2007). Cyclic Nucleotide Phosphodiesterase Superfamily. Cyclic Nucleotide Phosphodiesterases in Health and Disease. J. A. Beavo, Francis, Sharron H., Houslay, Miles D. Boca Raton, FL 33487-2742, CRC Press: 3-17.

Bender, A. T. and J. A. Beavo (2006). "Cyclic nucleotide phosphodiesterases: molecular regulation to clinical use." Pharmacol Rev 58(3): 488-520.

Benito, E. and A. Barco (2010). "CREB's control of intrinsic and synaptic plasticity: implications for CREB-dependent memory models." Trends Neurosci 33(5): 230-240.

Bhattacharyya, K. K., P. B. Brake, et al. (1995). "Identification of a rat adrenal cytochrome P450 active in polycyclic hydrocarbon metabolism as rat CYP1B1. Demonstration of a unique tissue-specific pattern of hormonal and aryl hydrocarbon receptor-linked regulation." J Biol Chem 270(19): 11595-11602.

Bielohuby, M., N. Herbach, et al. (2007). "Growth analysis of the mouse adrenal gland from weaning to adulthood: time- and gender-dependent alterations of cell size and number in the cortical compartment." Am J Physiol Endocrinol Metab 293(1): E139-146.

Bourtchuladze, R., B. Frenguelli, et al. (1994). "Deficient long-term memory in mice with a targeted mutation of the cAMP-responsive element-binding protein." Cell 79(1): 59-68.

Broadbent, N. J., L. R. Squire, et al. (2004). "Spatial memory, recognition memory, and the hippocampus." Proc Natl Acad Sci U S A 101(40): 14515-14520.

Chaffin, C. L., G. A. Dissen, et al. (2000). "Hormonal regulation of steroidogenic enzyme expression in granulosa cells during the peri-ovulatory interval in monkeys." Mol Hum Reprod 6(1): 11-18.

Chen, C., J. J. Kim, et al. (1996). "Hippocampal lesions impair contextual fear conditioning in two strains of mice." Behav Neurosci 110(5): 1177-1180.

Chen, C., J. Wickenheisser, et al. (2009). "PDE8A genetic variation, polycystic ovary syndrome and androgen levels in women." Mol Hum Reprod 15(8): 459-469.

Cho, Y. H., E. Friedman, et al. (1999). "Ibotenate lesions of the hippocampus impair spatial learning but not contextual fear conditioning in mice." Behav Brain Res 98(1): 77-87.

Claffey, M. M. (2010). PDE8-selective inhibitor (PF-04975325). J. A. Beavo: Personal communication.

Conti, M. and J. Beavo (2007). "Biochemistry and physiology of cyclic nucleotide phosphodiesterases: essential components in cyclic nucleotide signaling." Annu Rev Biochem 76: 481-511.

Cooray, S. N., I. Almiro Do Vale, et al. (2008). "The melanocortin 2 receptor accessory protein exists as a homodimer and is essential for the function of the melanocortin 2 receptor in the mouse y1 cell line." Endocrinology 149(4): 1935-1941.

Davis, H. P. and L. R. Squire (1984). "Protein synthesis and memory: a review." Psychol Bull 96(3): 518-559.

Davis, I. J. and L. F. Lau (1994). "Endocrine and neurogenic regulation of the orphan nuclear receptors Nur77 and Nurr-1 in the adrenal glands." Mol Cell Biol 14(5): 3469-3483.

Dong, H., V. Osmanova, et al. (2006). "Phosphodiesterase 8 (PDE8) regulates chemotaxis of activated lymphocytes." Biochem Biophys Res Commun 345(2): 713-719.

Dov, A., E. Abramovitch, et al. (2008). "Diminished phosphodiesterase-8B potentiates biphasic insulin response to glucose." Endocrinology 149(2): 741-748.

Duffield, J. S., K. M. Park, et al. (2005). "Restoration of tubular epithelial cells during repair of the postischemic kidney occurs independently of bone marrow-derived stem cells." J Clin Invest 115(7): 1743-1755.

Ehrhart-Bornstein, M. and S. R. Bornstein (2008). "Cross-talk between adrenal medulla and adrenal cortex in stress." Ann N Y Acad Sci 1148: 112-117.

Enriquez de Salamanca, A. and R. Garcia (2003). "Rat glomerulosa cells in primary culture and E. coli lipopolysaccharide action." J Steroid Biochem Mol Biol 85(1): 81-88.

Favilla, C., T. Abel, et al. (2008). "Chronic Galphas signaling in the striatum increases anxiety-related behaviors independent of developmental effects." J Neurosci 28(51): 13952-13956.

File, S. E. (2001). "Factors controlling measures of anxiety and responses to novelty in the mouse." Behav Brain Res 125(1-2): 151-157.

Fisher, D. A., J. F. Smith, et al. (1998). "Isolation and characterization of PDE8A, a novel human cAMP-specific phosphodiesterase." Biochem Biophys Res Commun 246(3): 570-577.

Gamanuma, M., K. Yuasa, et al. (2003). "Comparison of enzymatic characterization and gene organization of cyclic nucleotide phosphodiesterase 8 family in humans." Cell Signal 15(6): 565-574.

Gloerich, M. and J. L. Bos (2010). "Epac: defining a new mechanism for cAMP action." Annu Rev Pharmacol Toxicol 50: 355-375.

Hammer, G. D., K. L. Parker, et al. (2005). "Minireview: transcriptional regulation of adrenocortical development." Endocrinology 146(3): 1018-1024.

Hansen, R. S. and J. A. Beavo (1982). "Purification of two calcium/calmodulin-dependent forms of cyclic nucleotide phosphodiesterase by using conformation-specific monoclonal antibody chromatography." Proc Natl Acad Sci U S A 79(9): 2788-2792.

Hayashi, M., K. Matsushima, et al. (1998). "Molecular cloning and characterization of human PDE8B, a novel thyroid-specific isozyme of 3',5'-cyclic nucleotide phosphodiesterase." Biochem Biophys Res Commun 250(3): 751-756.

Heaslip, R. J. and D. Y. Evans (1995). "Emetic, central nervous system, and pulmonary activities of rolipram in the dog." Eur J Pharmacol 286(3): 281-290.

Hershkovitz, L., F. Beuschlein, et al. (2007). "Adrenal 20alpha-hydroxysteroid dehydrogenase in the mouse catabolizes progesterone and 11-deoxycorticosterone and is restricted to the X-zone." Endocrinology 148(3): 976-988.

Holmes, A., R. J. Yang, et al. (2003). "Mice lacking the serotonin transporter exhibit 5-HT(1A) receptor-mediated abnormalities in tests for anxiety-like behavior." Neuropsychopharmacology 28(12): 2077-2088.

Horvath, A., C. Giatzakis, et al. (2008). "A cAMP-specific phosphodiesterase (PDE8B) that is mutated in adrenal hyperplasia is expressed widely in human and mouse tissues: a novel PDE8B isoform in human adrenal cortex." Eur J Hum Genet 16(10): 1245-1253.

Horvath, A., V. Mericq, et al. (2008). "Mutation in PDE8B, a cyclic AMP-specific phosphodiesterase in adrenal hyperplasia." N Engl J Med 358(7): 750-752.

Imaizumi, M., S. Miyazaki, et al. (1994). "Effects of a non-xanthine adenosine antagonist, CGS 15943, and a phosphodiesterase inhibitor, Ro 20-1724, in a light/dark test in mice." Methods Find Exp Clin Pharmacol 16(10): 717-721.

Jacobson, L. (2005). "Hypothalamic-pituitary-adrenocortical axis regulation." Endocrinol Metab Clin North Am 34(2): 271-292, vii.

Jarnaess, E. and K. Tasken (2007). "Spatiotemporal control of cAMP signalling processes by anchored signalling complexes." Biochem Soc Trans 35(Pt 5): 931-937.

Keegan, C. E. and G. D. Hammer (2002). "Recent insights into organogenesis of the adrenal cortex." Trends Endocrinol Metab 13(5): 200-208.

Kim, J. J. and M. S. Fanselow (1992). "Modality-specific retrograde amnesia of fear." Science 256(5057): 675-677.

Kobayashi, T., M. Gamanuma, et al. (2003). "Molecular comparison of rat cyclic nucleotide phosphodiesterase 8 family: unique expression of PDE8B in rat brain." Gene 319: 21-31.

Kraemer, F. B. and W. J. Shen (2002). "Hormone-sensitive lipase: control of intracellular tri-(di-)acylglycerol and cholesteryl ester hydrolysis." J Lipid Res 43(10): 1585-1594.

Lein, E. S., M. J. Hawrylycz, et al. (2007). "Genome-wide atlas of gene expression in the adult mouse brain." Nature 445(7124): 168-176.

Li, Y. F., Y. F. Cheng, et al. (2011). "Phosphodiesterase-4D Knock-Out and RNA Interference-Mediated Knock-Down Enhance Memory and Increase Hippocampal Neurogenesis via Increased cAMP Signaling." J Neurosci 31(1): 172-183.

Li, Y. F., Y. Huang, et al. (2009). "Antidepressant- and anxiolytic-like effects of the phosphodiesterase-4 inhibitor rolipram on behavior depend on cyclic AMP response element binding protein-mediated neurogenesis in the hippocampus." Neuropsychopharmacology 34(11): 2404-2419.

Lister, R. G. (1987). "The use of a plus-maze to measure anxiety in the mouse." Psychopharmacology (Berl) 92(2): 180-185.

Liu, S., A. Veilleux, et al. (2005). "Dynamic activation of cystic fibrosis transmembrane conductance regulator by type 3 and type 4D phosphodiesterase inhibitors." J Pharmacol Exp Ther 314(2): 846-854.

MacFarland, R. T., B. D. Zelus, et al. (1991). "High concentrations of a cGMP-stimulated phosphodiesterase mediate ANP-induced decreases in cAMP and steroidogenesis in adrenal glomerulosa cells." J Biol Chem 266(1): 136-142.

Macfarlane, D. P., S. Forbes, et al. (2008). "Glucocorticoids and fatty acid metabolism in humans: fuelling fat redistribution in the metabolic syndrome." J Endocrinol 197(2): 189-204.

MacKenzie, S. J. and M. D. Houslay (2000). "Action of rolipram on specific PDE4 cAMP phosphodiesterase isoforms and on the phosphorylation of cAMP-response-element-binding protein (CREB) and p38 mitogen-activated protein (MAP) kinase in U937 monocytic cells." Biochem J 347(Pt 2): 571-578.

Manna, P. R., M. T. Dyson, et al. (2009). "Regulation of the steroidogenic acute regulatory protein gene expression: present and future perspectives." Mol Hum Reprod 15(6): 321-333.

McCann, S. M., J. Antunes-Rodrigues, et al. (2000). "Role of the hypothalamic pituitary adrenal axis in the control of the response to stress and infection." Braz J Med Biol Res 33(10): 1121-1131.

Monti, B., C. Berteotti, et al. (2006). "Subchronic rolipram delivery activates hippocampal CREB and arc, enhances retention and slows down extinction of conditioned fear." Neuropsychopharmacology 31(2): 278-286.

Mountjoy, K. G., I. M. Bird, et al. (1994). "ACTH induces up-regulation of ACTH receptor mRNA in mouse and human adrenocortical cell lines." Mol Cell Endocrinol 99(1): R17-20.

Nibuya, M., E. J. Nestler, et al. (1996). "Chronic antidepressant administration increases the expression of cAMP response element binding protein (CREB) in rat hippocampus." J Neurosci 16(7): 2365-2372.

Otawa, M., H. Arai, et al. (2007). "Molecular aspects of adrenal regulation for circadian glucocorticoid synthesis by chronic voluntary exercise." Life Sci 80(8): 725-731.

Patrucco, E., M. S. Albergine, et al. (2010). "Phosphodiesterase 8A (PDE8A) Regulates Excitation-Contraction Coupling in Ventricular Myocytes." J Mol Cell Cardiol.

Paulucci-Holthauzen, A. A., L. A. Vergara, et al. (2009). "Spatial distribution of protein kinase A activity during cell migration is\ mediated by A-kinase anchoring protein AKAP Lbc." J Biol Chem\ 284\(9\): 5956-5967\.

Phillips, R. G. and J. E. LeDoux (1992). "Differential contribution of amygdala and hippocampus to cued and contextual fear conditioning." Behav Neurosci 106(2): 274-285.

Pineda, V. V., J. I. Athos, et al. (2004). "Removal of G(ialpha1) constraints on adenylyl cyclase in the hippocampus enhances LTP and impairs memory formation." Neuron 41(1): 153-163.

Rall, T. W., E. W. Sutherland, et al. (1956). "The relationship of epinephrine and glucagon to liver phosphorylase. III.\ Reactivation of liver phosphorylase in slices and in extracts." J Biol Chem\ 218\(1\): 483-495\.

Robinson, V. L., D. R. Buckler, et al. (2000). "A tale of two components: a novel kinase and a regulatory switch." Nat Struct Biol 7(8): 626-633.

Rutten, K., J. Prickaerts, et al. (2007). "Time-dependent involvement of cAMP and cGMP in consolidation of object memory: studies using selective phosphodiesterase type 2, 4 and 5 inhibitors." Eur J Pharmacol 558(1-3): 107-112.

Sandi, C. and M. T. Pinelo-Nava (2007). "Stress and memory: behavioral effects and neurobiological mechanisms." Neural Plast 2007: 78970.

Schindler, A. G., S. Li, et al. (2010). "Behavioral stress may increase the rewarding valence of cocaine-associated cues through a dynorphin/kappa-opioid receptor-mediated mechanism without affecting associative learning or memory retrieval mechanisms." Neuropsychopharmacology 35(9): 1932-1942.

Sewer, M. B. and M. R. Waterman (2003). "ACTH modulation of transcription factors responsible for steroid hydroxylase gene expression in the adrenal cortex." Microsc Res Tech 61(3): 300-307.

Silvestre, J. S., A. G. Fernandez, et al. (1999). "Effects of rolipram on the elevated plus-maze test in rats: a preliminary study." J Psychopharmacol 13(3): 274-277.

Simpson, E. R. and M. R. Waterman (1988). "Regulation of the synthesis of steroidogenic enzymes in adrenal cortical cells by ACTH." Annu Rev Physiol 50: 427-440.

Smith, F. D. and J. D. Scott (2006). "Anchored cAMP signaling: onward and upward - a short history of compartmentalized cAMP signal transduction." Eur J Cell Biol 85(7): 585-592.

Soderling, S. H., S. J. Bayuga, et al. (1998). "Cloning and characterization of a cAMP-specific cyclic nucleotide phosphodiesterase." Proc Natl Acad Sci U S A 95(15): 8991-8996.

Soderling, S. H., S. J. Bayuga, et al. (1998). "Identification and characterization of a novel family of cyclic nucleotide phosphodiesterases." J Biol Chem 273(25): 15553-15558.

Stocco, D. M. (2001). "Tracking the role of a star in the sky of the new millennium." Mol Endocrinol 15(8): 1245-1254.

Stocco, D. M., X. Wang, et al. (2005). "Multiple signaling pathways regulating steroidogenesis and steroidogenic acute regulatory protein expression: more complicated than we thought." Mol Endocrinol 19(11): 2647-2659.

Stock, A. M., V. L. Robinson, et al. (2000). "Two-component signal transduction." Annu Rev Biochem 69: 183-215.

Supornsilchai, V., K. Svechnikov, et al. (2005). "Phytoestrogen resveratrol suppresses steroidogenesis by rat adrenocortical cells by inhibiting cytochrome P450 c21-hydroxylase." Horm Res 64(6): 280-286.

Sutherland, E. W. and T. W. Rall (1958). "Fractionation and characterization of a cyclic adenine ribonucleotide formed by\ tissue particles." J Biol Chem\ 232\(2\): 1077-1091\.

Taylor, B. L. and I. B. Zhulin (1999). "PAS domains: internal sensors of oxygen, redox potential, and light." Microbiol Mol Biol Rev 63(2): 479-506.

Thome, J., N. Sakai, et al. (2000). "cAMP response element-mediated gene transcription is upregulated by chronic antidepressant treatment." J Neurosci 20(11): 4030-4036.

Tiraboschi, E., D. Tardito, et al. (2004). "Selective phosphorylation of nuclear CREB by fluoxetine is linked to activation of CaM kinase IV and MAP kinase cascades." Neuropsychopharmacology 29(10): 1831-1840.

van der Staay, F. J., K. Rutten, et al. (2008). "The novel selective PDE9 inhibitor BAY 73-6691 improves learning and memory in rodents." Neuropharmacology 55(5): 908-918.

Vang, A. G., S. Z. Ben-Sasson, et al. (2010). "PDE8 regulates rapid Teff cell adhesion and proliferation independent of ICER." PLoS One 5(8): e12011.

Vasta, V. (2007). cAMP-Phosphodiesterase 8 Family. Cyclic Nucleotide Phosphodiesterases in Health and Disease. J. A. Beavo, Francis, Sharron H., Houslay, Miles D. Boca Raton, FL 33487-2742, CRC Press: 205-220.

Vasta, V., M. Shimizu-Albergine, et al. (2006). "Modulation of Leydig cell function by cyclic nucleotide phosphodiesterase 8A." Proc Natl Acad Sci U S A 103(52): 19925-19930.

Vinson, G. P. (2003). "Adrenocortical zonation and ACTH." Microsc Res Tech 61(3): 227-239.

Vinson, G. P. (2009). "The adrenal cortex and life." Mol Cell Endocrinol 300(1-2): 2-6.

Violle, N., F. Balandras, et al. (2009). "Variations in illumination, closed wall transparency and/or extramaze space influence both baseline anxiety and response to diazepam in the rat elevated plus-maze." Behav Brain Res 203(1): 35-42.

Wang, H., Z. Yan, et al. (2008). "Kinetic and structural studies of phosphodiesterase-8A and implication on the inhibitor selectivity." Biochemistry 47(48): 12760-12768.

Wang, P., P. Wu, et al. (2001). "Human phosphodiesterase 8A splice variants: cloning, gene organization, and tissue distribution." Gene 280(1-2): 183-194.

Wong, S. T., J. Athos, et al. (1999). "Calcium-stimulated adenylyl cyclase activity is critical for hippocampus-dependent long-term memory and late phase LTP." Neuron 23(4): 787-798.

Yin, J. C., J. S. Wallach, et al. (1994). "Induction of a dominant negative CREB transgene specifically blocks long-term memory in Drosophila." Cell 79(1): 49-58.




Appendix A: Enzyme Kinetic Properties and Selective Inhibitors of PDEs
	Isoform
	Substrate Specificity
	Km (mM)
	Vmax (mmol/min/mg)
	Selective Inhibitor

(IC50 in nM)

	
	
	cGMP
	cAMP
	cGMP
	cAMP
	

	PDE1A
	cAMP<cGMP
	2.6-3.5
	72.7-124
	50-300
	70-450
	IC224 (80)

SCH51866 (13-100nM)

Vinpocetine (14mM)

	PDE1B
	cAMP<cGMP
	1.2-5.9
	10-24
	30
	10
	

	PDE1C
	cAMP=cGMP
	0.6-2.2
	0.3-1.1
	---
	---
	

	PDE2A
	cAMP=cGMP
	10
	30
	123
	120
	EHNA (1000)

PDP (0.6)

IC933 (4)

Bay 60-7550 (4.7)

	PDE3A
	cAMP>cGMP
	0.02-0.15
	0.18
	0.34
	3-0.6
	Trequinsin (0.3)

OPC-33540 (~1)

Cilstamide (20)

Milrinone (150)

Cilastazol (200)

	PDE3B
	cAMP>cGMP
	0.28
	0.38
	2.0
	8.5
	

	PDE4A
	cAMP>cGMP
	---
	2.9-10
	---
	0.58
	Roflumilast (0.8)

AWD12-281 (10)

SCH351591 (60)

Cilomilast (120)

Rolipram (1000)

Ro 20-1724 (2000)

	PDE4B
	cAMP>cGMP
	---
	1.5-4.7
	---
	0.13
	

	PDE4C
	cAMP>cGMP
	---
	1.7
	---
	0.31
	

	PDE4D
	cAMP>cGMP
	---
	1.2-5.9
	---
	0.03-1.56
	

	PDE5A
	cAMP>cGMP
	2.9-6.2
	290
	1.3
	1.0
	Vardenafil (0.1)

Udenafil (6)

Sidenafil (4)

Tadalafil (2)

	PDE6A/B
	cAMP>cGMP
	15
	700
	2300
	---
	No selective inhibitors available

	PDE6C
	cAMP>cGMP
	17
	610
	1400
	---
	

	PDE7A
	cAMP>cGMP
	---
	0.1-0.2
	---
	---
	BRL 50481 (260)

IC242 (370)

	PDE7B
	cAMP>cGMP
	---
	0.03-0.07
	---
	---
	

	PDE8A
	cAMP>cGMP
	---
	0.06
	---
	---
	PF-04957325 (~1)

	PDE8B
	cAMP>cGMP
	---
	0.10
	---
	---
	

	PDE9A
	cAMP>cGMP
	0.7-0.17
	230
	---
	---
	BAY 73-6691 (55)

	PDE10A
	cAMP<cGMP
	13-14
	0.22-1.1
	---
	---
	TP-10 (0.2)

	PDE11A
	cAMP=cGMP
	0.95-2.1
	2.0-3.2
	---
	---
	No selective inhibitors available


---, not available


 ADDIN EN.CITE 
(Bender and Beavo 2006; Beavo 2007)
.
Appendix B:  Trilostane Control
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Trilostane, a 3bHSD inhibitor, effectively increased pregnenolone concentration in Y-1 cells.  Pregnenolone was produced upon ACTH-stimulation in a dose-dependent manner.  The data are reported as means ± SEM (N =3).



Appendix C: shRNA Plasmids Transfection Efficiency in Y-1 cells. 

[image: image26.png]Supplementary Figure 3
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Figure S3. Transfection efficiency of shRNA plasmids. Since the shRNA
construct used in these studies also containing an GFP expression cassette we
were able to detect transfection efficiency. Shown in the upper pannels are
brightfield images of Y-1 cells transfected with (A) negative control plasmids
and (B) shRNA plasmids. The lower pannels are the fluoresent images of the
same fields of Y-1 cells showing uptake of the negative control plasmids (C)
and the shRNA plasmids (D). We detected at least three types of cells: highly
transfected cells showing in the saturated greenish white color, the modestly
transfected green colored cells, and the non-transfected or barely transfected
cells are not showing in the fluorescent images (some examples of
non-transfected cells are circled in A and B). In both cases, we counted
~70% of the cells were transfected. Suggesting that this shRNA is highly
efficient in knocking down PDESB.




Transfection efficiency of shRNA plasmids. Since the shRNA construct used in these studies also containing an GFP expression cassette we were able to detect transfection efficiency.  Shown in the upper pannels are brightfield images of Y-1 cells transfected with (A) negative control plasmids and (B) shRNA plasmids.  The lower pannels are the fluoresent images of the same fields of Y-1 cells showing uptake of the negative control plasmids (C) and the shRNA plasmids (D).  We detected at least three types of cells: highly transfected cells showing in the saturated greenish white color, the modestly transfected green colored cells, and the  non-transfected or barely transfected cells are not showing in the fluorescent images (some examples of non-transfected cells are circled in A and B).  In both cases, ~70% of the cells were transfected suggesting that our transfection protocol was effective in transfecting Y-1cells.

Appendix D: PDE8-selective Inhibitor (PF-04957325) Selectivity Data on PDE Isoforms. 

	PDE isoforms



	IC50 Values



	% total Inhibition




	PDE1B
	---
	4%

	PDE2
	---
	0.2%

	PDE3A
	>30 mM
	---

	PDE3B
	---
	0%

	PDE4A
	13.4 mM
	---

	PDE4B
	9.03 mM
	---

	PDE4C
	6.10 mM
	---

	PDE4D
	3.1 mM
	---

	PDE5A
	>30 mM
	---

	PDE6A
	---
	1.9%

	PDE7B
	---
	0%

	PDE8A
	0.7 nM
	---

	PDE8B
	0.2 nM
	---

	PDE9A
	---
	---

	PDE10
	---
	5%

	PDE11
	---
	0%


Appendix E: The Novel Object Recognition Paradigm.

The novel object recognition paradigm was adopted from an established protocol 


(Schindler, Li et al. 2010) ADDIN EN.CITE .  The animals were handled twice everyday for one week before training.  The experiment was performed in a standard rat cage (40x20x20 cm2) with open top and sides surrounded by opaque sheets in order to minimize external cues, and the room was dimly lit with 20 lux of ambient lighting.  The two identical objects (A1 and A2) used for training were 50 mL glass Erlenmeyer flasks with an upside-down test tube inside.  The novel object (B) used for testing was a steel benchtop gas nozzle fitted into a 3/4” nut for stability.  The center of the each object were placed 26 cm away from the shorter walls towards the center of the rat cage.  After each training trial the cage and objects were thoroughly cleaned first with 1% acetic acid then with 70% ethanol to eliminate any odors.  The experiment was performed with the following timeline:
Habituation (Day 1 and 2): each animal was individually habituated to an empty rat cage for 30 min per day.  
Training (Day 3): each animal was trained individually with three 5 min trials with a 16 min inter-trial interval with objects A1 and A2.
Testing (Day 4): each animal was exposed to objects A1 and novel object B for one 6 min period.  

During testing, the behavior of these animals was video recorded from above and the video footage was analyzed manually.  An approach of the nose towards the objects within 1 cm was counted as exploration.  The amount of time the animal’s nose stayed within the 1 cm diameter counted as exploration time.  To ensure each animal had comparable exposure and time to recognize the objects (A1 and A2) during training, we set a minimum of 20 sec exploration per object as a criterion for successful training.

[image: image27.png]Object preference Novel object recognition

A. B.
0.7+ 0.7+ n.s.
0.6- 0.6- :
> >
g 05- — g 05-
§ 04+ § 041
£ 03 E 0.3-
> 2
S 0.2+ o 0.2+
: g
X 014 0.1-
0.0 0.0

||
WT (IN=6) PDE8B KO (N=6) WT (N=6) PDE8B KO (N=6)




Recognition index (RI) was determined by dividing time exploring the novel object (B) by total exploration time: (time B/(time A1+time B)).  In panel A, we first demonstrated that there is no significant preference toward the novel object (B) by calculating the RI with untrained animals.  We found that mice slightly preferred Erlenmeyer flask object (A1 or A2).  This finding supports that any RI values over 0.5 during testing would indicate recognition of a novel object.  As shown in panel B, PDE8B KO mice recognized object B as a novel object (a RI of 0.6) but did not spend more time exploring object B compared to the WT control.  These findings suggest that PDE8B KO mice do not have enhanced learning as measured by the novel object recognition test. The data were analyzed by Student’s t-test (unpaired, two-tailed): n.s., no significance.
Appendix F: PDE8B KO Mice had Same Mobility as WT Controls in Contextual Fear Conditioning.

[image: image28.wmf]
During the 2 min habituation period, the mobility of the animals was monitored by a photobeam sensor grid in the conditioning chamber (Truscan Mouse Chamber manufactured by Coulbourn Instruments, Allentown, PA).  PDE8B KO mice did not appear to have any mobility defects, because they explored the conditioning chamber as much as the WT control did.  These data suggest that the increase in freezing behavior in both contextual fear and cued fear conditioning paradigms was not due to a decrease in mobility of PDE8B KO mice. The data are reported as means ± SEM.  The data were analyzed by Student’s t-test (unpaired, two-tailed): n.s., no significance.

Appendix G: PDE8B KO Mice Showed Normal Swimming Distance in the Morris Water Maze.

[image: image29.wmf]
The escape latency can be used as an indication of the strength of memory only when PDE8B KO mice have the same swimming speed as the WT controls.  We measured the total distance traveled during the 60 sec probe test.  The result showed that PDE8B KO swam the same distance as the WT mice during that 60 sec.  This suggests that the PDE8B KO and WT mice have the same swim speed.  Therefore, the escape latency is a true measure of time required for each animal to navigate and find the platform. The data are reported as means ± SEM.  The data were analyzed by Student’s t-test (unpaired, two-tailed): n.s., no significance.

Appendix H: Training Significantly Decreased the Amount of Restraint-induced Corticosterone Release
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We showed that performing an intraperitoneal injection procedure (with or without the needle insertion) induces a rise in corticosterone levels (~ 8 fold) in C57BL/6 mice.  We wanted to see if performing the same procedure repeatedly could attenuate this increase.  As expected, we detected significantly less corticosterone in the urine samples after 4 or 5 days of training compared to the urine samples collected in earlier days (day 1 and 2).  This finding suggests that pre-handling mice prior to experiments is crucial to minimize a corticosterone surge. 

The data are reported as means ± SEM.  The data were analyzed by Student’s t-test (unpaired, two-tailed): *, p<0.05, ***, p<0.001.
Appendix I: Preliminary Results from the Adjusted Morris Water Maze
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Although PDE8B KO mice did not show an improvement in the probe test of the previous Morris water maze test (shown in figure 4.7), PDE8B KO mice appeared to learn to swim to the escape platform at a faster rate during training.  We question if all mice had been over-trained and reached a maximum learning capacity with the previous training protocol of three times per day for four consecutive days.  We adjusted the Morris water maze protocol to avoid saturating their ability to learn by reducing the number of training sessions (a total of 9 sessions) and increasing the pool size to 111 cm in diameter.  The preliminary data show that (A) PDE8B KO mice consistently acquired the task at faster rate compared to WT as we observed previously (figure 4.7).  (B) PDE8B KO mice showed a preference toward the northeast quadrant where the escape platform was located during training in the probe test.  Furthermore, PDE8B KO mice also showed (C) an increase in number of platform crossings and (D) a decrease in escape latency compared to the WT controls.  All these results suggest that PDE8B KO mice might have enhanced spatial learning abilities.  The data are reported as means ± SEM.  The data were analyzed by Student’s t-test (unpaired, two-tailed): n.s., no significance.
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