
©Copyright 2013 
Stephen Michael Kraynik 



 
 
 
 
 

The Regulation of Brown Adipose Tissue Activation by Multiple 
Phosphodiesterases 

 
 
 
 

Stephen Michael Kraynik 
 
 
 
 

A dissertation 
submitted in partial fulfillment of the 

requirements for the degree of 
 
 
 
 

Doctor of Philosophy 
 
 
 
 

University of Washington 
 
 
 
 

2013 
 
 
 
 

Program Authorized to Offer Degree: Pharmacology



University of Washington 
 

Abstract 
 

The Regulation of Brown Adipose Tissue Activation by Multiple Phosphodiesterases 
 

Stephen Michael Kraynik 
 

Chair of the Supervisory Committee: 
Professor Joseph A. Beavo 

Department of Pharmacology 
 

 

Brown adipose tissue is a highly thermogenic, energy “wasting” organ that 

converts glucose and lipids into heat.  Many of the critical metabolic and gene 

transcriptional processes, such as uncoupling protein-1 (UCP1) mRNA expression, 

lipolysis and glucose uptake are regulated by the β-adrenergic receptor-dependent 

signaling cascade through the second messenger, adenosine-3’,5’-cyclic 

monophosphate (cAMP).  Cyclic nucleotide phosphodiesterases (PDEs) are 

enzymes that catalyze the breakdown of cAMP, and thereby regulate the duration 

and magnitude of this signal.  Yet, neither the types of PDEs that are expressed in 

BAT nor how they regulate the major processes that lead to thermogenesis have 

been well characterized.  

 

In this dissertation, I present evidence that BAT activity is largely regulated by 

several different PDEs working in concert.  In the basal state, it required a 

combination of PDE3 and PDE4 inhibitors to fully induce UCP1 mRNA expression 

and activate lipolysis in brown adipocytes, whereas neither inhibitor had any 

substantial effect when administered alone.  Furthermore, when injected into mice, 

the combination of PDE3 and PDE4 inhibitors stimulated glucose uptake in BAT 

under thermoneutral and fasted conditions.  This response was further potentiated 

by the global ablation of PDE8A.  On the other hand, when brown adipocytes were 

co-stimulated with a β-adrenergic agonist, a PDE3 inhibitor could potentiate UCP1 

mRNA expression, but not lipolysis; whereas a PDE4 inhibitor could not potentiate 

UCP1 mRNA expression, but did potentiate lipolysis and cAMP accumulation.  This 



suggests a differential role for these PDEs when β-adrenergic receptors are 

activated.   

 

Due to its high metabolic inefficiency, BAT has been implicated as a potential 

therapeutic target for the treatment of obesity and its various comorbidities.  It is 

thought that increasing the amount and/or the activity of brown fat could lead to 

increased energy expenditure and a decrease in body weight, a phenomenon that 

has been demonstrated in rodent models.  However, selective pharmacological 

activation of brown adipose tissue in humans has remained elusive due to a lack of 

adipocyte-specific adrenergic receptors expressed on its surface.  In light of this, 

new alternative approaches are required to translate this hypothesis to the clinic.  

Taken together, the results presented here provide a new conceptual basis for the 

development of therapeutics that activate BAT by selectively targeting a combination 

of PDEs.  
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Chapter 1: 
Introduction and Statement of Problem 

 
 
Cyclic-AMP Signaling 

Since the first discovery of the second messenger molecule cAMP by Earl 

Sutherland in the 1950’s, it has been widely recognized that this second messenger 

regulates a host of physiological processes in virtually every cell type studied. 

Cyclic-AMP is generated from ATP by adenylyl cyclases, some of which are 

activated at the cellular membrane through G-protein coupled receptors after they 

are bound with agonist, and at least one of which is regulated by bicarbonate and 

calcium in the cytosol.  3’,5’-cyclic nucleotide phosphodiesterases (PDEs) are 

ubiquitously expressed enzymes that catalyze the breakdown of intracellular cyclic 

nucleotide second messengers.  These enzymes are critical for the regulation of 

both the duration of action and the intensity of a given pulse of cyclic nucleotides, 

thereby controlling one, or often a variety, of molecular signaling events that occur 

downstream.  These signaling events are mediated through direct binding of cAMP 

to one or more of several effector molecules: protein kinase-A (PKA), cyclic-

nucleotide gated ion channels (CNG), and the exchange protein activated by cAMP 

(Epac) (Fig. 1.1).  The resulting effects on the cell include, but are not limited to, 

changes in gene expression patterns, metabolic processes, and cell growth and 

differentiation. 

 Due to the fact that signaling effector molecules can cluster together in 

different combinations within a given signaling compartment, there is a large degree 

of complexity to the regulation of cAMP signaling.  Further complicating matters, for 
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a given class of effector molecule, such as a cyclase, kinase, or phosphodiesterase, 

there can be multiple forms of that effector molecule expressed in a given cell type.  

More specifically, in mammals there are ten different adenylyl cyclases (nine 

membrane, one soluble), eleven different PDE families (Fig. 1.2), and several 

different variants of PKA and Epac.  Often, specific combinations of these proteins, 

PKA, cyclases, and sometimes PDEs, are anchored together via A-kinase-

anchoring-proteins (AKAPs), allowing for very tight, spatial control of the cAMP 

second messenger signal. 

PDEs are a class of enzymes whose biochemical properties and physiological 

function have been thoroughly explored and characterized over the last four 

decades (Beavo et al., 1982).  After their first description in the late 1950s 

(Sutherland and Rall, 1958), improved radiolabeled nucleotide-based biochemical 

PDE assays led to the notion that there were likely multiple isotypes of these 

enzymes.  It wasn’t until the development of improved protein purification 

techniques, specific immunoreactive antibodies, and molecular cloning that the size 

of this enzyme family was fully appreciated.  It is widely accepted that there are 11 

families of PDEs in mammals, spanning 21 different gene products (Fig. 1.2).  Within 

each gene product, there can be multiple variants expressed due to alternative 

splicing of the mRNA message or alternative start sites for transcription.  Altogether 

there are estimated to be >100 different PDE enzymes.   

The various PDE subtypes within each class often differ in their substrate 

specificity, mechanism of activation or inhibition, as well as their kinetic properties.  

For example, the PDE1 family is the only PDE family we know of that is activated by 
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calcium-calmodulin.  The PDE2 and PDE3 families hydrolyze both cAMP and cGMP.  

Interestingly, PDE2 activity towards cAMP is enhanced by low levels of cGMP, 

whereas the PDE3 family is inhibited by cGMP.  It is thought that this variety allows 

for diversified regulation of cyclic nucleotide signals in a context specific manner. 

Splice variant products of the same PDE transcript often vary in their N-

terminal protein-protein interaction domains, which can affect their subcellular 

localization or binding partners.  For instance, the PDE4 family contains 4 different 

genes (labeled A, B, C, and D), and over 20 different variants each with distinct N-

terminal regions (numbered numerically after the letter).  In rat cardiomyocytes, 

PDE4D3 interacts with PKA/AKAP signaling complexes, an interaction that does not 

seem to occur in vascular smooth muscle cells where it is also expressed.  Instead, 

it is PDE4D8 that seems to interact with PKA/AKAP complexes in that context 

(Raymond et al., 2009).  Furthermore, in cardiomyocytes, it has been shown that 

different PDE4D splice variants can differentially interact with beta adrenoceptors 

depending on the activation state of the receptor, and these different interactions 

can have dramatic consequences for cellular function (De Arcangelis et al., 2009).  

However, PDE4A has been shown to interact with mitochondria via AKAP149 on the 

outer membrane of mitochondria in T-lymphocytes (Asirvatham et al., 2004), which 

may be important for apoptosis (Moon and Lerner, 2003).  These types of examples 

illustrate just how complex PDE regulation of cellular physiology can be under 

different conditions, even when a given process involves only one PDE gene. 
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Brown Adipose Tissue 

Brown adipose tissue (BAT) is classically understood to be a highly 

thermogenic organ that turns the energy contained in triglycerides and sugars into 

heat instead of ATP.  In fact, the heat generated by BAT has been calculated to be 

300 W/kg of body weight when it is fully activated in mice, which is approximately 

two orders of magnitude higher than the metabolic rate of most other mammalian 

tissues (Cannon and Nedergaard, 2004; Rothwell and Stock, 1983).  The “wasted” 

heat energy is then circulated around the body keeping an animal warm in times of 

cold ambient temperature stress, a process known as non-shivering thermogenesis 

(NST).  This function stands in contrast to white adipose tissue, which stores 

triglyceride as an energy “reserve” for when an animal may undergo dietary scarcity.  

Though human newborns contain a prototypical BAT pad in the interscapular region 

on their backs, humans lose this well-defined pad over the course of their childhood.  

Therefore, it was long thought that adult humans lacked appreciable amounts of 

brown adipose outside of patients suffering from adrenal tumors, such as 

pheochromocytoma, where the increased levels of catecholamines stimulate the 

generation of brown adipocytes in the fat surrounding the adrenal gland (Iyer et al., 

2009).  However, it was more recently confirmed that healthy adult humans have 

brown adipose tissue that can be activated by cold temperatures, though the 

functional characterization of this newly found BAT is still in its infancy.  Is this tissue 

metabolically significant, wherein it converts circulating nutrients such as glucose 

and fatty acids (FAs) into heat, and could this ultimately prove beneficial as a weight-

loss strategy?  Though these questions remain unanswered, the discovery of 
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metabolically active brown fat in healthy adult humans has renewed a long-dormant 

interest into answering whether activation of BAT has any future in human 

therapeutics. 

 BAT is an organ that has a relatively short scientific history compared with 

other organs found in mammals.  The discovery that the brown adipose tissue organ 

is thermogenic was only first described 52 years ago in rats (Smith and Hock, 1963).  

BAT’s relation to energy expenditure and its role in metabolic inefficiency was not 

described until the late 1970s and into the 1980s by the seminal experiments 

conducted by Rothwell and Stock.  Their results indicated that despite an 80% 

increase in energy intake on a high-fat, high-sucrose diet, rats on this cafeteria diet 

gained only 27% more than their chow-fed counterparts.  These same rats also 

demonstrated an increased thermogenic capacity when exposed to cold 

temperatures, as well as increased BAT and sympathetic nervous activities 

(Rothwell and Stock, 1979), reviewed in (Tam et al., 2012).  The effect of high 

caloric diets on BAT activity, known as “diet-induced thermogenesis,” was later 

attributed to the resultant increase in the expression of the uncoupling protein-1 

(UCP1), the mediator of proton conductance in brown fat mitochondria referred to at 

the time as “thermogenin” (Brooks et al., 1980; Nedergaard et al., 1983; Sundin and 

Nechad, 1983). 

Though the increased circulating FAs can stimulate UCP1 induction 

(Sadurskis et al., 1995), they also cause an increase in the degree of sympathetic 

nerve-mediated activation of BAT (Young and Walgren, 1994) and an increase in 

blood flow to the tissue (Glick et al., 1984).  Feeding also stimulates the release of 
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leptin from white adipocytes, which reduces food intake and stimulates the 

sympathetic nervous system via central mediation (Commins et al., 2000; Rouru et 

al., 1999).  Mice that have targeted disruption of their BAT exhibit an exacerbated 

increase in weight gain and leptin resistance (Frederich et al., 1995).  It has more 

recently been shown that either increasing the amount of BAT via transplantation or 

increasing BAT activity by cold exposure can prevent weight gain and improve 

insulin resistance on a high fat diet (Stanford et al., 2013), as well as serve as a 

major mediator of triglyceride clearance from the bloodstream (Bartelt et al., 2011).  

Though the molecular mechanism of the direct effects of FAs on UCP1 transcription 

is still unknown, the bigger question is why mammals would have evolved to waste 

the energy that that they have just consumed?  This latter point is the central 

argument over the importance of brown fat as a regulator of diet-induced 

thermogenesis and whether or not it is a valid therapeutic target (Kozak, 2010). 

 Only in the past decade has the existence of active brown fat in adult humans 

become widely appreciated after cancer screening radiologists first noticed a 

substantial amount of 18Fluoro-deoxyglucose (18FDG) uptake in the supraclavicular 

neck region of cancer patients undergoing PET/CT scanning for active tumors (for a 

more detailed history, refer to (Tam et al., 2012)).  The prevalence of 18FDG uptake 

appeared to negatively correlated with ambient outdoor temperature (Cohade et al., 

2003) and could be blocked if the patient was either kept warm (Garcia et al., 2006) 

or administered a β-adrenergic antagonist, such as propranolol (Tatsumi et al., 

2004).  Such observations would indeed resemble what has been observed in 

rodent BAT.  Biopsied tissue from the necks of thyroid disease patients stained 
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positively for UCP1 and displayed a multilocular appearance in 57% of patients 

(Zingaretti et al., 2009).  While Cypess, et al. observed the prevalence of BAT to be 

around 7.5% after retrospectively analyzing ~2000 PET/CT-scanned patients 

(Cypess et al., 2009), another study indicated that BAT activity could be stimulated 

by cold exposure in 23 of 24 male subjects that were otherwise negative for BAT 

under thermoneutral conditions (van Marken Lichtenbelt et al., 2009).  Still, another 

study reported that of 162 healthy subjects aged 20-73, 41% were BAT positive after 

2 h of cold exposure (Yoneshiro et al., 2011a).  Though these results seem to vary 

widely in the overall prevalence of BAT in the adult population, these studies often 

rely on PET/CT scanning for active brown fat, a technique which has been reported 

as having anywhere from a 13-16% reproducibility rate regarding multiple scans 

from the same patient (Cohade et al., 2003; Lee et al., 2010; Rousseau et al., 2006).  

Recently, it was shown that patients who are not positive for BAT activity in PET 

scans still have brown fat tissue in the supraclavicular region that is positive for all 

classical BAT markers, such as UCP1, PGC-1α, PRDM16 and others, both at the 

mRNA and protein levels (Jespersen et al., 2013).  Taken together, these results 

suggest that detecting the presence of BAT in adult humans largely depends on the 

context in which it is measured as well as the limitations of the methods used. 

 
Body Weight Regulation and Brown Fat 

Despite the wide variability in the reported prevalence of human BAT, there 

are some very important correlations between BAT activity and body composition 

parameters.  First, observable BAT activity and body mass index (BMI) share an 

inverse correlation that has been documented by several different PET/CT-based 
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investigations (Cypess et al., 2009; Saito et al., 2009; van Marken Lichtenbelt et al., 

2009).  Several studies also reveal that age negatively correlates with the 

prevalence of BAT, where cold-induced BAT activity is observable in >50% of 

subjects in their 20s, but <10% in subjects over the age of 50 (Cypess et al., 2009; 

Tam et al., 2012; Yoneshiro et al., 2011a).  It has been shown that increased fat 

content in older age groups positively correlates only with BAT-negative subjects 

compared with BAT-positive subjects (Yoneshiro et al., 2011b).  Naturally, BMI tends 

to increase with age, therefore complicating whether the loss of BAT is causal for the 

development of obesity, or if it is merely coincidental.  

Furthermore, a polymorphism, A-3826 A/G, in the UCP1 gene has been 

shown to correlate with a higher incidence of fat gain and obesity, as well as a 

decreased ability to lose weight on a low calorie diet (Fumeron et al., 1996; 

Heilbronn et al., 2000; Oppert et al., 1994).  However, these findings are 

controversial and could be population-specific (Gagnon et al., 1998; Hamann et al., 

1998; Urhammer et al., 2000).  Nevertheless, if generally true, such studies would 

corroborate the recent finding that mice lacking UCP1 are more prone to obesity 

than their wild type counterparts when kept at thermoneutrality (Feldmann et al., 

2009).  Finally, the same investigations into human BAT prevalence noted that 

women have a higher prevalence of BAT than men.  This has also been seen in 

rodents, where female rat BAT has higher UCP1 expression, higher thermogenic 

capacity and increased sensitivity to norepinephrine.  Treatment of differentiated 

brown adipocyte precursors with 17-β-estradiol stimulated the same general 

phenotypes, whereas testosterone inhibited them (Rodriguez et al., 2002). 
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 The contribution of BAT to whole body energy expenditure in humans is still 

somewhat controversial for several reasons.  First, it was originally hypothesized 

that 40-50 g of BAT could account for 20% of daily energy expenditure in people 

(Rothwell and Stock, 1979).  This number has been since recalculated given that an 

animal’s metabolic rate per unit of body mass negatively correlates to body size.  

According to Kleiber’s law, the metabolic rate for all organisms is roughly a ¾ power 

of the animal’s mass (Kleiber, 1932).  In other words, the larger the animal or tissue, 

the lower the metabolic rate per unit of body mass.  Since the amount of brown 

adipose tissue in people has been estimated to be approximately 50 g based on 

18FDG PET/CT imaging (van Marken Lichtenbelt et al., 2009), activated BAT could 

account for approximately 5% of basal metabolic rate (BMR) (van Marken 

Lichtenbelt and Schrauwen, 2011).  This number could still represent a large enough 

proportion to impact body weight, though it is substantially less than previous 

estimates.   

Taken together, the notion that decreasing metabolic efficiency by increasing 

BAT amount and/or activity may provide a protective role against fat deposition and 

obesity has gained significant momentum in the last 10 years as a potential 

therapeutic.  This hypothesis still remains to be experimentally verified in humans, 

as currently there are no pharmacological tools to selectively activate human BAT. 

 
cAMP signaling in Brown Adipose Tissue 

 The cAMP second messenger signaling cascade regulates most of the major 

biological hallmarks of activation in BAT, both during the chronic “recruitment” phase 

of brown adipocyte formation and during the acute “activation” phase of heat 
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generation in a mature cell.  Much of the current research on brown adipose tissue 

as a therapeutic target has centered on the former, “recruitment,” phase of BAT, 

whereby transcription factors, such as PRDM16 and PGC-1α, and new hormones, 

such as irisin, have been recently discovered to be major molecular control switches 

that lead to the transition of brown adipocyte precursors into a mature brown fat cell 

(Bostrom et al., 2012).  However, cAMP remains as a major regulator of the 

expression of PPARγ-cofactivator-1α (PGC-1α) and UCP1.  This activation by cAMP 

is not merely transcriptional, but also acutely through the breakdown of triglycerides, 

whose fatty acid components feed into the activation of UCP1 to generate heat.  In 

this section, I will briefly review the body of knowledge on how cAMP regulates 

brown adipocyte formation and function, and provide a molecular basis for the 

importance of uncovering which phosphodiesterases control the pools of cAMP that 

govern these processes. 

 
Adrenergic receptors in brown adipose tissue 

The first hints that cAMP was playing a role in brown adipose tissue function 

were the observations by Dawkins and Hull in 1964 (Dawkins and Hull, 1964) that 

norepinephrine (NE) could stimulate heat production in the brown adipose tissue of 

newborn rabbits, as well as increase oxygen consumption, plasma glycerol and free 

fatty acid production.  They later showed that these effects could be blocked by the 

injection of propranolol prior to injection of NE, isoproterenol, or exposure to cold 

(Heim and Hull, 1966), therein strongly suggesting that β-adrenergic receptors are 

primarily mediating the physiological response to cold in BAT.  Later, it was shown 

that NE stimulated cAMP production in brown adipose tissue, and direct 
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administration of cAMP or its cell-permeable analog dibutyryl-cAMP stimulated 

glycerol and fatty acid release and oxygen consumption (Beviz et al., 1968).  

Interestingly, from the same study came the first report that a nonselective 

phosphodiesterase inhibitor, theophylline, could similarly stimulate lipolysis and 

oxygen consumption in BAT as NE. 

 NE is the physiological agonist for a family of seven transmembrane G-

protein coupled receptors called the adrenergic receptors (ARs).  This family is 

comprised of α and β classes, of which there are several different subtypes within 

each family.  In rodents, the β-AR that predominantly mediates the thermogenic 

effects of norepinephrine is the adipocyte-enriched β3-adrenergic receptor (β3-AR) 

(Arch et al., 1984; Zhao et al., 1997).  The β3-AR primarily couples through the 

stimulatory small GTP binding protein, Gs, (Granneman and MacKenzie, 1988) to 

activate adenylyl cyclase, though it has been suggested by some to also couple to 

Gi (Chaudhry et al., 1994) leading to an inhibition of cAMP production and an 

activation of the mitogen activated protein kinase pathway (Soeder et al., 1999).  

These two processes would be diametrically opposed to one another, and the 

stimulation of cAMP signaling would be naturally tempered.  Indeed, brown 

adipocytes obtained from hamsters that had been treated with pertussis toxin, which 

inhibits Gi-dependent signaling, exhibited a 250-fold shift to the left in oxygen 

consumption in response to NE (Svoboda et al., 1996).  In addition to β3-ARs, β1-

ARs are also expressed in mature brown adipocytes, while β2-ARs are not 

appreciably expressed in BAT (D'Allaire et al., 1995).  The α1A-AR, which couples to 

Gq and leads to an increase in intracellular calcium (Bronnikov et al., 1999b), is also 
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expressed in BAT and has been shown to potentiate β3-AR-mediated thermogenesis 

in brown adipocytes from Syrian hamsters (Zhao et al., 1997).  However, possible 

α1-AR-mediated effects on brown adipose tissue in other species have not been well 

explored. 

It is somewhat controversial as to whether β1-ARs contribute significantly to 

the overall thermogenic response to cold in mature brown adipocytes, as they are 

approximately 10-fold less abundant compared with β3-ARs (D'Allaire et al., 1995).  

Since β1-ARs have a higher affinity for NE, some have concluded that these 

receptors mediate the thermogenic response when NE is low during a mild cold 

stress (Atgie et al., 1997).  An important difference between the two receptors is that 

β1-ARs have a susceptibility to desensitization via internalization when NE 

concentrations are high (Bukowiecki et al., 1978), but β3-ARs do not (Granneman, 

1992).  This has led to the hypothesis that at the high concentrations (100nM) of NE 

estimated to be in the synaptic cleft (Depocas and Behrens, 1978) during maximal 

stimulation of sympathetic outflow, only the β3-AR will mediate the thermogenic 

response.  While some have contended that β1-selective agonists do not appreciably 

stimulate thermogenesis, others have indeed seen this to be apparent.  In fact, the 

β1-AR can fully compensate for the loss of β3-AR in a genetically disrupted mouse 

(Susulic et al., 1995), whereas the complete loss of all β-ARs led to substantial cold-

induced and diet-induced thermogenic dysfunction (Bachman et al., 2002).  Still 

another study claims that as brown adipocyte precursors are stimulated to 

differentiate by NE, there is a switch in the coupling to Gs from β1 to β3 (Bronnikov et 
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al., 1999a).  Regardless, it is clear that β-ARs are the receptors responsible for 

mediating much of the effects of NE in BAT. 

 
cAMP regulates brown adipocyte “recruitment” 

Cyclic-AMP-dependent signaling has been shown to stimulate most known 

processes leading toward brown adipocyte recruitment.  In the simplest of 

descriptions, brown adipocyte “recruitment” refers to the process of increasing the 

number of brown adipocytes in the BAT organ after repeated exposure to cold 

temperatures, thereby increasing the overall thermogenic potential of the tissue in 

response to sympathetic nervous system stimulation, i.e. the more brown fat tissue, 

the more heat that can be produced.  This allows the animal to adequately keep 

warm in the cold without shivering.  This process includes both the 

expansion/proliferation of brown adipocyte precursors and the differentiation of these 

precursors into the brown adipocyte phenotype.  In primary cell culture, it has been 

shown that brown adipocyte precursor proliferation is primarily mediated through NE 

stimulation of β1-ARs (Bronnikov et al., 1992; Fredriksson and Nedergaard, 2002; 

Thonberg et al., 2001).  However, even though it is widely accepted that PKA is the 

predominant regulator of all known cAMP-dependent responses in BAT, since 

virtually all known processes are sensitive to the PKA-selective antagonist H89 

(Cannon and Nedergaard, 2004), there is at least one report that implicates a role 

for Epac as a driver of differentiation in white adipocyte precursors (Petersen et al., 

2008).  A role for Epac has yet to be identified in brown adipocytes.  Since PKA 

antagonists were not tested against the effects of cAMP on BAT precursor 
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proliferation in these early studies, the cAMP-dependent pathway that mediates 

proliferation has yet to be fully defined. 

In culture, once brown adipocyte precursors reach confluence, the cells can 

then differentiate.  PRD1-BF-1-RIZ1 Homologous Domain Containing Protein-16 

(PRDM16) was recently identified as the major molecular driver regulating brown 

adipocyte cell fate, and PRDM16 is essential for cAMP-mediated activation (Seale et 

al., 2007).  The process by which cAMP and PRDM16 together mediate 

differentiation is rather complex.  It has long been known that cAMP stimulates the 

expression of PGC-1α the transcription factor primarily responsible for the activation 

of UCP1 gene expression (Puigserver et al., 1998) and mitochondrial biogenesis 

(Kajimura et al., 2010).  PKA activation indirectly stimulates the phosphorylation and 

activation of p38-mitogen activated protein kinase (p38-MAPK), which then 

phosphorylates activating transcription factor 2 (ATF-2) that binds to the PGC-1α 

and UCP1 promoters to increase expression (Cao et al., 2004).  It has more recently 

been shown that increased cAMP leads to the increased expression of another 

important transcription factor, CCAAT/enhancer-binding protein-β (C/EBP-β) 

(Rehnmark et al., 1993), which forms a complex with PRDM16 (Karamitri et al., 

2009).  This complex was shown to increase expression of PGC-1α, and PRDM16 

was shown to directly interact with PGC-1α to increase its transcriptional activity at 

the UCP1 promoter (Seale et al., 2007).  Importantly, the loss of either PRDM16 or 

C/EBP-β results in a near complete loss of brown fat characteristics (Kajimura et al., 

2009; Seale et al., 2008).  C/EBP-β is also important for the expression of 

peroxisome proliferator-activated receptor-γ (PPARγ), which then drives 
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adipogenesis and the accumulation of triglyceride droplets through association with 

PRDM16 (Kajimura et al., 2010).  PKA also directly stimulates the phosphorylation of 

cAMP response element binding protein (CREB), which then binds to the promoter 

of UCP1 to enhance its expression (Cao et al., 2004).  Altogether, cAMP has both 

direct and indirect impact on the differentiation of brown adipocytes through the 

expression and activation of critical transcription factors, leading to cells with 

multilocular triglyceride droplets, increased mitochondria content and enhanced 

thermogenic capacity through increased UCP1. 

 
cAMP regulates brown adipose tissue thermogenesis 

 As a brown adipocyte precursor becomes a fully formed, mature brown 

adipocyte, it can then carry out its physiological function of generating heat during 

times of cold or dietary stress.  This process, as with brown adipocyte recruitment, is 

also predominantly regulated by increases in cAMP.  Brown adipose tissue is 

densely innervated by sympathetic nerve endings that are regulated by neurons 

within the preoptic chiasma/anterior hypothalamic nuclei (POAH) and ventromedial 

hypothalamus in the brain (for a more detailed review, see (Cannon and 

Nedergaard, 2004)).  Norepinephrine is released from these nerve endings, which 

then can bind to β-ARs and rapidly stimulate the production of cAMP.  Cyclic-AMP 

then binds to the regulatory subunit on PKA, thereby dissociating the catalytic 

subunit from the regulatory subunit and activating the kinase to phosphorylate 

several important downstream targets (Fig. 1.3). 

 Several of these PKA targets are involved in lipolysis, or the breakdown of 

triglycerides (triacylglycerol or TGs) into their fatty acid and glycerol components.  
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Perilipin belongs to a family of proteins called PAT proteins, or “perilipin,” adipocyte 

differentiation-related protein (ADRP), and tail-interacting protein of 47kDa (TIP47).”  

These proteins coat the spherical lipid droplets within the fat cell, and protect the 

triglyceride stores from cytosolic lipases.  For example, perilipin associates with a 

constitutively active adipose triglyceride lipase (ATGL) in the basal state, but this 

lipase cannot access the triglyceride substrate until perilipin is phosphorylated.  PKA 

phosphorylates perilipin at Ser-492, which induces a conformational change that 

turns perilipin into a scaffold around which lipolytic machinery assembles to access 

the lipid stores (Bickel et al., 2009).  ATGL can then remove the first fatty acid, 

yielding diacylglycerol as a product (Ducharme and Bickel, 2008).  Additionally, PKA 

phosphorylates hormone sensitive lipase (HSL), which facilitates the translocation of 

the lipase to the lipid droplet from the cytosol (Brasaemle et al., 2000).    

Phosphorylated HSL has a higher lipolytic activity towards diacylglycerol and 

monoacylglycerol than triacylglycerol, and therefore removes the second and third 

FAs from the original TG molecule (Fig. 1.3). 

 The released FAs have a two-fold impact on thermogenesis in BAT, whereby 

they are both metabolized in the mitochondria by β-oxidation and act as an allosteric 

catalyst for UCP1 activity.  Β-oxidation leads to an increase in the electron transport 

chain by which NADH+ and FADH2 generated by fatty acid oxidation are oxidized to 

NAD+ and FAD, and the resulting electrons are passed along a series of protein 

complexes (complex I-IV) in the inner mitochondrial membrane in order to finally 

reduce oxygen and hydrogen into water.  Along the way, the transfer of electrons 

stimulates these protein complexes to pump hydrogen ions (protons) from the 
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mitochondrial matrix into the intermembrane space (IMS).  This generates a proton 

gradient.  This gradient is normally dissipated by ATP synthase, which uses the 

energy contained in the gradient to convert adenosine diphosphate (ADP) and free 

inorganic phosphate into adenosine triphosphate (ATP) (Fig. 1.4).  Interestingly, 

brown adipose tissue exhibits very low ATP synthase activity, due to the lack of 

expression of subunit c (Houstek et al., 1995).  The proton gradient is instead 

dissipated through UCP1, which is also situated on the inner mitochondrial 

membrane.  This electromotive energy is subsequently lost as heat instead of being 

utilized to phosphorylate ADP into ATP (Fig. 1.4). 

 UCP1, formerly known as thermogenin, is a member of the mitochondrial 

carrier protein transport family.  Despite extensive study, the mechanism by which 

UCP1 dissipates the proton gradient remained controversial for decades.  Recently, 

however, it was shown that UCP1 acts as a symporter for the FA charged carboxyl 

group and the positively charged proton, where the FA bound in the pore of UCP1 

physically shuttles the proton from the IMS to the matrix.  However, the FA does not 

dissociate and remains bound to the pore (Fedorenko et al., 2012) (Fig. 1.4).  

Therefore, cAMP is critically important for the generation of heat in brown fat through 

the liberation of fatty acids. 

 
cAMP-dependent glucose uptake 

During cold exposure, brown adipose tissue exhibits a substantial increase in 

glucose uptake that is mediated via the sympathetic nervous system (Shimizu et al., 

1993; Shimizu et al., 1998) (Fig. 1.3).  Although insulin also stimulates glucose 

uptake in BAT, this sympathetically stimulated phenomenon has been shown even 
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in fasted rats and mice, in which blood insulin levels are low (Fueger et al., 2006; 

Shibata et al., 1989).  In fact, BAT is only one of two tissues in mice that can be 

stimulated by NE to acutely take up glucose (the other being the heart), whereas NE 

either has no effect or even inhibits glucose uptake in most other tissues (Cooney et 

al., 1985).  This effect could be mimicked by the injection of a β3-AR agonist in rats 

(Liu et al., 1998), and it has been shown by numerous groups that NE or β-

adrenergic agonists can stimulate glucose uptake in isolated brown adipocytes ex 

vivo (Ebner et al., 1987; Marette and Bukowiecki, 1989).  Additionally, this effect 

could also be mimicked by cAMP analogues and blocked by either adenylyl cyclase 

or PKA inhibition in cultured brown adipocytes (Chernogubova et al., 2004). 

 However, the mechanistic details of how adrenergic agonists stimulate 

glucose uptake remain unclear and perhaps somewhat controversial.  While it is well 

established that insulin stimulates the translocation of glucose transporter-4 (GLUT-

4) to the cell surface in all tissues in which it is expressed, including BAT, 

norepinephrine fails to stimulate GLUT-4 translocation (Dallner et al., 2006), even 

though GLUT-4 is much more highly expressed in BAT than GLUT-1.  Additionally, 

there are conflicting reports as to how adrenergic signals regulate GLUT-1.  It has 

been shown that NE can increase both GLUT-1 mRNA and cell surface expression 

in differentiated brown adipocytes from mice by recruitment of PI3K and PKC 

(Chernogubova et al., 2004; Dallner et al., 2006).  However, others have indicated 

that cAMP does not stimulate expression or translocation of GLUT-1 at all (Shimizu 

et al., 1998), but rather increases GLUT-1’s affinity for glucose in rat brown 

adipocytes (Shimizu et al., 1994).  It should be emphasized that these discrepancies 
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could simply be due to interspecies variance.  Nevertheless, cAMP has a 

pronounced effect on glucose uptake in brown adipocytes regardless of the species, 

and this effect is consistently different than that of insulin signaling and GLUT-4 

translocation. 

 It has also been demonstrated that norepinephrine-dependent glucose uptake 

can partially be attenuated by inhibiting fatty acid oxidation in the mitochondria, 

suggesting that this uptake is not directly dependent on PKA but rather an indirect 

result of uncoupling (Marette and Bukowiecki, 1991).  This seems logical given the 

low expression of ATP synthase and the high expression of UCP1, leading to an 

overall depletion of ATP and the need for alternative ATP generation.  Indeed a 

similar phenomenon has been observed in a rat liver cell line, where fatty acid 

oxidation inhibition led to an activation of GLUT-1 activity, but not translocation to the 

cell surface (Shetty et al., 1993).  This change in transport activity has been 

correlated to the activation of AMPK (Barnes et al., 2002).  The increased glucose 

could then provide an additional source of ATP in the cytosol through glycolysis, or 

could be converted into fatty acids, as fatty acid synthesizing enzymes are also 

increased during cold exposure (Cannon and Nedergaard, 2004).  However, it is 

unclear as the extent that this is needed, since fatty acids do not dissociate from 

UCP-1 once they are bound (Fedorenko et al., 2012), and fatty acids in circulation 

could more than satisfy this need (Cannon and Nedergaard, 2004).  Moreover, it is 

not entirely intuitive why the cell would synthesize fatty acids from glucose only to 

break them back down again in what would seem an energetically wasteful process.  
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It may be that the glucose simply provides alternate energy source via production of 

acetyl CoA. 

 Clinically, the notion of a major insulin-independent glucose uptake pathway 

is certainly provocative.  The hallmarks of type 2 diabetes are insensitivity to 

circulating insulin and a resulting lack of control over blood glucose levels.  The 

ability to bypass an insulin-mediated pathway could therefore have a major 

therapeutic potential, particularly if the energy sources are then converted to heat 

and not fed into the further storage of triglycerides.  A better understanding of the 

molecular mechanism for cAMP-dependent glucose uptake is required for the future 

development of therapeutics targeting this process. 

 
Phosphodiesterases in Adipose Tissue 
 
PDEs in white adipose tissue 

As described above, cyclic-nucleotide PDEs are enzymes that catalyze the 

conversion of cyclic nucleotide second messengers into inactive nucleotide 

monophosphate products (i.e. cAMP -> 5’-AMP, cGMP -> 5’-GMP).  These enzymes 

regulate both the duration of action and the spatial confinement of the cyclic 

nucleotide signal that has been generated by the activation of a cyclase.  Since 

cAMP is probably the most important second messenger in adipocyte physiology, 

understanding the regulation of these adipocyte processes by PDEs has been an 

important topic of study ever since PDEs were first discovered.  In fact, one of the 

first studies on the physiological relevance of PDEs utilized adipocytes as a model 

system to test the efficacy of what are now known to be nonselective PDE inhibitors, 

including the most widely used isobutyl-n-methylxanthine (IBMX) (Beavo et al., 
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1970b).  This study showed that inhibiting PDEs stimulated lipolysis in white 

adipocytes isolated from rats.  Since then, the different PDE subtypes that are 

expressed in white adipocytes have been thoroughly characterized and explored, 

particularly PDE3B but also PDE4. 

 By 1970 it had been shown by several groups that there may be multiple 

types of PDEs that can be found within a given tissue (Beavo et al., 1970a; Brooker 

et al., 1968), and it was in that year that white adipocytes were also shown to have 

two distinct PDE subtypes (Loten and Sneyd, 1970).  These two activities were then 

often referred to in later adipose tissue studies as the “low-Km” and “high-Km” PDE 

enzymes, with the Vmax of the low-Km enzyme being substantially increased by 

pretreating the cells with insulin.  We now know that this “low-Km” PDE is PDE3, 

more specifically PDE3B, and the “high-Km” is likely one or more PDE4 subtypes, 

which do not appreciably vary from one another in their kinetic properties. 

 Insulin has long been known to physiologically inhibit lipolysis in adipocytes 

and other tissues, and PDE3B was identified as the major effector molecule that 

regulates this phenomenon.  Briefly, insulin stimulates the activation of protein 

kinase-B (PKB) via phosphatidylinositol-3-phosphate kinase (PI3K), which then 

phosphorylates PDE3B (Wijkander et al., 1998).  This phosphorylation increases the 

rate of hydrolysis (Vmax) of cAMP by PDE3B, thereby lowering cAMP levels and PKA 

activity and subsequently decreasing the rate of lipolysis.  PDE3B can also be 

phosphorylated and similarly activated by PKA, thereby providing a negative 

feedback loop in the regulation of cAMP signaling in PDE3B-containing 

microdomains (Degerman et al., 1990).  The global loss of PDE3B in mice results in 
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a complex phenotype, where overall white fat pad size is decreased, and adipocytes 

are more responsive to isoproterenol with regards to lipolysis (Choi et al., 2006).  

However, lipogenesis and fat cell size are increased, and these mice show a 

diabetic phenotype (Choi et al., 2006), possibly due to the chronic stimulation of 

lipogenic enzymes such as acetyl co-A carboxylase (ACC) (Omar et al., 2009). 

PDE4 has also been implicated in the regulation of lipolysis in white 

adipocytes under a mild stimulation by isoproterenol or other agents, as a PDE4 

inhibitor will also potentiate the lipolytic effects of isoproterenol.  However, this effect 

will all but disappear when insulin is co-administered, after which PDE3B becomes 

the major regulator of lipolysis (Van Harmelen et al., 1999; Zmuda-Trzebiatowska et 

al., 2006).  A similar finding was observed in the regulation of adenosine 

monophosphate kinase (AMPK) stimulation by cAMP.  In this particular case, it was 

shown that a PDE3 inhibitor could reverse the antagonistic effects of insulin on 

isoproterenol-stimulated AMPK phosphorylation, whereas a PDE4 inhibitor could 

not.  Conversely, a PDE4 inhibitor alone could stimulate AMPK phosphorylation in 

the absence of hormone, but it could not reverse the negative effects of insulin on 

that process (Omar et al., 2009). 

PDE3B has two membrane targeting domains in its N-terminal region that 

mediate its association with the endoplasmic reticulum and the plasma membrane 

(Shakur et al., 2000), and it has also been shown to directly interact with caveolin-1 

in primary white adipocytes (Nilsson et al., 2006).  This targeting to cell membranes 

may partially explain why PDE3 and PDE4 differentially regulate certain processes 

depending upon which hormones are present (i.e. insulin).  These findings highlight 
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the complexity with which hormones can regulate adipocyte metabolic activation 

through PDEs.   

As previously mentioned, some of the first studies on PDE inhibitors 

demonstrated that nonselective PDE inhibitors were sufficient to generate a large 

increase in lipolysis without co-administration of the various hormones (Beavo et al., 

1970b).  Therefore, PDE activity is essential in the basal state to keep lipolysis in 

check, though it remained unclear as to which specific PDE subtypes were 

mediating this process.  It was recently shown that neither a PDE3 nor a PDE4 

inhibitor significantly augmented lipolysis in several mouse white adipocyte models 

when either drug was administered alone in the absence of insulin or adrenergic 

agonists (Snyder et al., 2005).  However, these inhibitors cause a very large 

increase in lipolysis when they are combined, and the magnitude of this effect was 

shown to be similar to the effect of IBMX or a maximal dose of isoproterenol (Snyder 

et al., 2005).  This demonstrated that the full IBMX effect on basal lipolysis is 

accounted for by PDE3 and PDE4, suggesting either that both seem to share the 

same basal pool of cAMP or that there are parallel pathways that each PDE 

regulates.  It is likely that this basal pool of cAMP is generated due to the relatively 

high basal activity of β-ARs (Rasmussen et al., 2007), which seem to spontaneously 

flip back and forth from inactivated to activated conformations even in the absence 

of agonist (Yao et al., 2009).  While many of these structure-function studies were 

conducted on the β2-AR,  selective inverse agonists to each of the three different β-

ARs have been shown to inhibit basal production of cAMP (Hoffmann et al., 2004).  
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It would seem that both PDE3 and PDE4 activity in white adipocytes act to suppress 

the basal production of cAMP thereby preventing the stimulation of lipolysis. 

 
PDEs in brown adipose tissue 

 The physiological regulation of brown adipose tissue by PDEs is a virtually 

unexplored area of research.  The first characterization of PDEs in BAT described 

the same low-Km and high-Km activities that were observed in white adipocytes 

(Bertin and Portet, 1975), which we now know are PDE3 (Reinhardt et al., 1995) and 

PDE4, respectively.  It was later shown that PDE3B, and not PDE3A, was the 

particular PDE3 subtype that was expressed in BAT (Nagaoka et al., 1998).  The 

specific activities for these two PDEs were decreased in brown adipocytes from rats 

that were acclimatized to cold (Bertin and Portet, 1975), indicating some sort of a 

feedback inhibition in the amount or activity of the enzymes.  Yet, neither the 

significance nor the mechanism of this decrease has been explored.  Later, it was 

shown that PDE2, in addition to PDE3 and PDE4, was expressed in rat BAT and 

was increased in a genetic model for obesity (Coudray et al., 1999).  However, the 

physiological role of PDE2 in BAT also has not been determined.   

Evidence for the physiological effects of PDEs in BAT is equally scarce, since 

most studies were conducted with non-selective inhibitors as controls to illustrate 

that a process was cAMP-dependent.  For example, it was shown that theophylline, 

a non-selective PDE inhibitor that pharmacologically resembles caffeine, could 

stimulate sodium flux in isolated hamster brown adipocytes, a process that could 

also be stimulated by norepinephrine and the adenylyl cyclase activator, forskolin 

(Connolly et al., 1986).  It was also shown that IBMX could stimulate glucose uptake 
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in freshly isolated rat brown adipocytes (Marette and Bukowiecki, 1989; Omatsu-

Kanbe and Kitasato, 1992).  Furthermore, there were several studies conducted by 

Wang and Lee in the 1980s demonstrated that theophylline and aminophylline, a 

theophylline derivative, enhance cold tolerance by increasing non-shivering 

thermogenesis in rodents and man (Lee et al., 1987; Wang and Anholt, 1982).  It 

remains somewhat unclear whether these effects may have more to do with 

inhibiting A1 adenosine receptors, which are Gi-coupled, both peripherally and 

centrally (Dulloo et al., 1991; Wang et al., 1989) or by PDE inhibition (Dulloo et al., 

1992). 

Probably the most comprehensive study into PDE regulation of brown 

adipocytes came in 1999, when it was showed that increases in intracellular calcium 

in response to norepinephrine was linked to a decrease in the maximal cAMP levels 

and UCP-1 mRNA expression in differentiated brown adipocytes in vitro due to the 

activation of PDE activity (Bronnikov et al., 1999b).  This negative feedback 

response was shown to be dependent on the α-adrenergic receptor, and coupled to 

intracellular calcium increases via Gq and phosphatidyl inositol-3-phosphate (IP3).  

This study also showed that this decrease in maximal cAMP could be inhibited by 1 

mM 8-methoxymethyl-IBMX (8-MM-IBMX), one of the few inhibitors at the time 

known to inhibit the PDE1 family, but not by OPC-3911 nor by Ro-20-1724, which 

are selective inhibitors to PDE3 and PDE4, respectively.  However, PDE3 and PDE4 

inhibitors enhanced the efficacy of norepinephrine on cAMP accumulation.  This shift 

in baseline indicated that both PDEs are important for at least the initial surge of 

cAMP generated by β-ARs.  The authors did not combine PDE3 and PDE4 inhibitors 
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together to see if the combined inhibition of these two major PDEs were important 

for the biphasic regulation of cAMP.  This is of particular importance, as they might 

not have realized at the time this study was done that a concentration of 1 mM 8-

MM-IBMX inhibits all PDEs with the same efficacy as IBMX, which they showed 

inhibits the calcium-dependent inhibition of forskolin-stimulated cAMP in these cells.  

Regardless, the study was one of the first to characterize the effects of selective 

PDE inhibition on cAMP accumulation, and the first and only to suggest a role for 

PDE1 in the tissue (Bronnikov et al., 1999b). 

Later it was shown that increases in intracellular calcium in brown 

preadipocytes were β-AR/cAMP/PKA dependent, as opposed to α-AR dependent in 

mature brown adipocytes, and this effect was similarly biphasic at higher 

concentrations of cAMP (Dolgacheva et al., 2003).  In this study, it was shown that 

both PDE3 and PDE4 inhibitors could potentiate the effect of NE alone on Ca2+, with 

the PDE3 inhibitor resulting in the larger increase of the two.  At first glance, this 

would seem like PDE3 regulates this process while PDE4 is relatively minor.  

However, when the two inhibitors are combined the calcium response was no 

greater than the PDE4 inhibitor.  It is highly likely, given their biphasic response to 

cAMP, that the synergistic combination of PDE3 and PDE4 inhibitors may be 

increasing cAMP such that it inhibits Ca2+ accumulation, and is therefore on the 

downside of the biphasic curve.  In light of this possibility, and the nature of biphasic 

kinetics, it could also be that PDE4 inhibition mediates a much larger increase in 

cAMP than fully realized.  In fact, it was previously shown that PDE4 inhibition has a 
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much larger effect on NE-induced cAMP accumulation in mature brown adipocytes 

than a PDE3 inhibitor (Bronnikov et al., 1999b).  

 
Obesity, diabetes, and the roles BAT PDEs may play in future therapeutics 

Over the last 30-40 years, obesity has become one of the fastest growing and 

most prevalent medical problems in the United States.  Currently, over one-third of 

adult Americans are obese (35.7%, CDC), representing a number that has doubled 

in that span of time (Guyenet and Schwartz, 2012).  An additional one-third of adults 

are considered “overweight.”  Approximately 15-17% of children are also obese, a 

number that has tripled since 1980 (Flegal et al., 2010).  As a result, obesity has 

become a leading cause of several other co-morbidities, such as type 2 diabetes, 

cardiovascular diseases and cancer, leading to a decreased lifespan and a lower 

quality of life (Baker et al., 2007; Calle et al., 2003; Flegal et al., 2007; Jensen et al., 

2012).  According to the Center for Disease Control, the estimated medical cost of 

obesity and obesity-related diseases in 2008 was $147 billion, nearly double than 

that of the costs just 10 years before (Finkelstein et al., 2009).  Obese patients were 

estimated to have spent over $1,400 per year more than their non-obese 

counterparts, and the main driver of these costs was attributed to pharmaceuticals. 

 Despite almost six decades of research into the causal relationship between 

central/abdominal obesity and these other co-morbidities and adipocyte biology 

(Vague, 1956), very few non-invasive therapeutic options for the treatment of obesity 

itself have been developed.  So far, the leading strategies have been targeted 

towards decreasing caloric intake, either physically with bariatric surgery or centrally 

with drugs whose side effects are notably decreased appetite, or towards increasing 
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exercise.  In addition, there is a substantial challenge faced by clinicians as to 

patient compliance, and a growing understanding that mammals tend to 

homeostatically defend a new metabolic set point (Brownell, 2010).  A classic 

demonstration of this is shown by studies in which a subject on a high caloric diet 

will become resistant to the hormone leptin (Frederich et al., 1995; Williams, 2012), 

which acts as a satiety signal that is released into circulation by adipose tissue after 

the ingestion of a meal. In light of these realities, new therapeutic approaches will be 

required to combat obesity, potentially by directly targeting adipocytes. 

 As described above, BAT has gained a renewed interest with regards to the 

development of future therapeutics designed to combat obesity and its co-

morbidities.  The ability for activated BAT to convert excess energy into heat 

separates it from virtually all other tissues in the body, particularly WAT, liver and 

muscle. In which excessive accumulation of triglycerides is thought to be toxic and 

lead to insulin resistance.  However, the pathophysiology of obesity and the other 

diseases it causes remains inordinately complex and virtually impossible to define in 

a unified model (for a detailed review, ref. to (Tchernof and Despres, 2013)).  

It is the opinion of this author and others that increasing the amount, or more 

importantly the activity, of BAT could prove therapeutically beneficial.  What is most 

interesting from a therapeutic standpoint is not that BAT converts excess calories 

into heat, but that it does so in an insulin independent fashion.  BAT activation is 

dependent on a cAMP/PKA-dependent pathway.  Given that PDEs bind to and 

inactivate cAMP, these enzymes represent a very attractive family of 

pharmacological candidates for the development of future pharmaceuticals that 
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activate BAT.  One can imagine that inhibiting the process by which cAMP is 

degraded could lead to enhanced UCP1 expression, lipolysis, glucose uptake, fatty 

acid clearance, and an increase in thermogenesis.  Therefore, identifying the major 

PDE candidates that mediate all of these given processes in BAT is a necessary first 

step that so far has yet to be determined by the scientific community. 
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Statement of Problem 

The last 50 years of research into brown adipocyte physiology has yielded 

very little information regarding the roles of PDEs on BAT function.  In particular, the 

subtypes that regulate a given intracellular process, either basally or under 

adrenergic stimulation, have not been identified or fully characterized.  There is 

evidence that PDE inhibitors in the absence of adrenergic stimulus can stimulate 

BAT metabolic processes, such as lipolysis and glucose uptake and even 

differentiation.  However, there are significant gaps in knowledge remaining that this 

dissertation is intended to investigate. 

 

The specific questions addressed were:   

 

1) What PDE or PDEs regulate the major cAMP-dependent molecular 

and metabolic processes that encompass brown adipocyte 

activation? 

2) Are these processes differentially regulated by PDEs or are they 

regulated synergistically by multiple PDEs? 

3) Does PDE8A interact with mitochondria in BAT?  If so, to what 

mitochondrial compartment does it localize? 

 

Chapter 2 describes the effects of pharmacological inhibition of PDEs on 

many of the important cAMP-dependent process that are critical for BAT activation, 

namely UCP1 mRNA expression, cAMP levels, protein phosphorylation, and glucose 
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uptake.  Additionally, chapter 2 highlights the necessity of inhibiting multiple PDEs at 

the same time in order to observe maximal responses.  Chapter 3 discusses 

preliminary investigations into the nature of PDE8A interactions with the 

mitochondria, and suggests that PDE8A interacts with the mitochondria exterior.  

Finally, Chapter 4 discusses the conclusions from these findings as they relate to the 

future of pharmacological therapies that target BAT. 
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Figure 1.1. Cyclic Nucleotide Signaling.   
Agonists either bind to a receptor that is coupled to a cyclase enzyme, or directly 
bind to the cyclase itself.  Activated cyclases convert ATP or GTP into the second 
messengers cAMP or cGMP, respectively.  Cyclic nucleotides can then bind to a 
number of effector molecules downstream, namely cyclic-nucleotide gated ion 
channels (cN-gated Channels), exchange protein directly activated by cAMP 
(EPAC), and protein kinases A or G.  Phosphodiesterases convert cyclic nucleotides 
into inactive 5’-AMP or 5’-GMP. 
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Figure 1.2. Phosphodiesterase Superfamily.   
There are 11 PDE subtypes comprised of 22 different genes.  PDEs have a C-
terminal catalytic domain and an N-terminal domain that is involved in enzyme 
regulation or localization within the cell. 
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Figure 1.3.  Cyclic-AMP Mediates BAT Thermogenesis. 
When an animal senses cold, the hypothalamus releases norepinephrine (NE) onto 
brown adipocytes via the sympathetic nervous system (SNS).  NE binds to and 
activates β3-adrenergic receptors, which are coupled to the small g-protein Gαs, 
which activates adenylyl cyclase (AC).  AC generates cAMP, which then stimulates 
protein kinase A (PKA).  PKA then phosphorylates lipolytic enzymes perilipin and 
hormone sensitive lipase (HSL), which allow for triglycerides (TG) to be broken down 
into fatty acids and glycerol.  Adipose triglyceride lipase (ATGL) is constitutively 
active and gains access to the TG droplet after perilipin phosphorylation.  PKA also 
stimulates UCP1 expression via the phosphorylation of transcription factors ATF2 
and CREB.  FAs then bind to and activate UCP1 to dissipate the proton gradient 
generated by the metabolism of FAs and glucose in the mitochondria.  This 
generates heat to be circulated throughout the body.  The resultant drop in ATP 
production due to uncoupling may also stimulate glucose uptake through GLUT-1. 
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Figure 1.4.  The Molecular Basis of Thermogenesis in BAT. 
The electron transport chain pumps hydrogen ions (protons) from the mitochondrial 
matrix to the intermembrane space.  This gradient is dissipated either through ATP 
synthase to generate ATP from ADP and inorganic phosphate (Pi) or through 
uncoupling protein-1 (UCP1) to generate heat.  Fatty acids (FAs) are directly bound 
inside the pore in UCP1, and these act as a symporters to facilitate the movement of 
hydrogen ions from the intermembrane space into the matrix. 
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Chapter 2: 
PDE3 and PDE4 isozyme selective inhibitors are both required for synergistic 

activation of brown adipose tissue 
 
 
Summary 
 

Brown adipose tissue (BAT) is a highly thermogenic organ that converts lipids 

and glucose into heat.  Many of the metabolic and gene transcriptional hallmarks of 

BAT activation, namely increased lipolysis, uncoupling protein-1 (UCP1) mRNA, and 

glucose uptake are regulated by the adrenergic second messenger, adenosine-3’,5’-

cyclic monophosphate (cAMP).  Cyclic nucleotide phosphodiesterases (PDEs) 

catalyze the breakdown of cAMP, thereby regulating the magnitude and duration of 

this signaling molecule.  In the absence of adrenergic stimulus, we found that it 

required a combination of a PDE3 and a PDE4 inhibitor to fully induce UCP1 mRNA 

and lipolysis in brown adipocytes, whereas neither PDE inhibitor alone had any 

substantial effect under basal conditions.  Under submaximal β-adrenoceptor 

stimulation of brown adipocytes, a PDE3 inhibitor alone could potentiate induction of 

UCP1 mRNA, while a PDE4 inhibitor alone could augment lipolysis, indicating 

differential roles for each of these two PDEs.  Neither induction of UCP1 nor lipolysis 

was altered by inhibition of PDE1, PDE2 or PDE8A.  Finally, when injected into 

mice, the combination of PDE3 and PDE4 inhibitors stimulated glucose uptake in 

BAT under thermoneutral and fasted conditions, a response that was further 

potentiated by the global ablation of PDE8A.  Taken together, these data illustrate 

that multiple PDEs work in concert to regulate three of the important pathways 

leading to BAT activation, a finding that may provide an improved conceptual basis 

for the development of therapies for obesity-related diseases. 
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Introduction 
 
 

Brown fat function and its relation to obesity and obesity-related diseases was 

widely studied in rodents throughout the 1980s and 1990s.  However, as described 

in detail in Chapter 1, a revival of interest in BAT has taken place due to the 

discovery that adult humans possess functionally active depots of brown adipose 

tissue (Cypess et al., 2009; van Marken Lichtenbelt et al., 2009; Virtanen et al., 

2009).  Previously, it was shown that animals on a high fat diet have increased 

expression of UCP1 protein and increased thermogenesis due to higher sympathetic 

tone (Rothwell and Stock, 1979).  It also is known that animals lacking functional 

brown adipose tissue, due to ablation of UCP1, gain more weight than their wild type 

counterparts under thermo-neutral condtions (Feldmann et al., 2009).  In rodent 

models of obesity, administration of β3-adrenoceptor agonists not only leads to 

enhanced lipolysis in white adipocytes (Murphy et al., 1993), but also enhanced 

insulin sensitivity, glucose utilization, and triglyceride (TG) clearance (Bartelt et al., 

2011; Liu et al., 1998; Yoshida et al., 1994).  These latter effects are partially 

mediated by an increase in thermogenesis, whereby circulating fatty acids mobilized 

from white fat stores are converted into heat by activated brown fat (Weyer et al., 

1999).  Recently, increased fatty acid oxidation by brown fat has been shown in 

adult human males exposed to cold (Ouellet et al., 2012).  It is this glucose- and fatty 

acid-“clearing” characteristic of brown fat that makes it such an attractive potential 

target for drug development to treat obesity-related diseases like diabetes. 

Differentiated brown adipocytes are activated by norepinephrine, which 

increases cAMP production and stimulates cAMP-dependent protein kinase (PKA) 
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(Janssens et al.).  Activation of PKA in turn leads to breakdown of TG stores and 

increased expression and activation of uncoupling protein-1 (UCP1) to generate 

heat (Fedorenko et al., 2012).  Increased cAMP also results in increased glucose 

uptake and metabolism in several tissue types, including brown adipocytes but not in 

white adipocytes (Jensen, 2007; Marette and Bukowiecki, 1989; Taylor et al., 1976). 

However, to date an effective pharmacological strategy for combating obesity 

that selectively targets the cAMP-signaling system, particularly via the β3-

adrenoceptor, in human brown adipose tissue has not been developed due to low 

expression of this receptor in humans (Barbe et al., 1996; Deng et al., 1996; Larsen 

et al., 2002; Ursino et al., 2009).  Moreover, pharmacological strategies that avoid β-

receptor activation will likely be required to avoid cardiovascular and other β-

receptor-mediated side effects.  This is of particular importance, as it has been 

speculated by several groups that any therapy aimed at increasing the amount of 

brown fat tissue by differentiation of adipocyte precursors into mature brown 

adipocytes may not be effective without also providing a means of increasing the 

activity of the new brown fat tissue (Cannon and Nedergaard, 2009; Gesta et al., 

2007; Sell et al., 2004). It is therefore imperative to better understand the 

mechanisms that regulate the acute activation phases of heat production in vivo.   

Although the cAMP-dependency of brown fat metabolism has been 

extensively described, the field has only begun to address the roles played by the 

negative regulators of cyclic nucleotide signaling, the cyclic nucleotide 

phosphodiesterases (PDEs), that suppress or modulate each of the thermogenic 

processes described above.  Previous studies have identified the expression of 
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PDE2, PDE3, and PDE4 in rat brown adipose tissue (Coudray et al., 1999), and at 

least one study suggested the presence of a PDE1 activity in differentiated brown 

adipocytes from NMRI mice (Bronnikov et al., 1999b). However, which distinct PDE 

subtype regulates each of the various cAMP-dependent processes of brown fat 

activation has yet to be determined.  Selective inhibitors to most of the PDE families 

have been developed and inhibition of PDEs often leads to activation of cAMP-

dependent physiological processes, thereby making PDEs attractive 

pharmacological targets (Bender and Beavo, 2006). 

In this study, we have determined which PDE subtypes are important 

regulators of three major cAMP-dependent pathways of BAT activation, namely 

UCP1 gene expression, lipolysis, and glucose uptake.  We have found that the 

activity of PDE3 and PDE4 both can regulate basal UCP1 expression, lipolysis and 

glucose uptake, and that combining inhibitors to these PDEs synergistically 

stimulates each of these processes in BAT.  We also have identified PDE8A as a 

potential regulator of BAT glucose uptake in vivo in conjunction with PDE3 and 

PDE4.  Most importantly, these findings indicate that a single selective PDE inhibitor 

alone is not sufficient to substantially activate basal BAT function, but rather a 

combinatorial inhibitor approach may prove more effective. 
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Materials and Methods 
 

Animals.   

Wild type C57/Bl6 mice were purchased from Taconic (Hudson, NY) or the Jackson 

Laboratory (Bar Harbor, MA).  For a description on the generation of the PDE8A 

knock-out (PDE8A-/-) mouse line refer to (Vasta et al., 2006).  For the experiments 

involving mice reported here, PDE8A-/-  and wild type littermate mice between the 

ages of 10 and 16 weeks were used as controls.  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, 

approved all procedures. 

 

Real-Time PCR 

Mouse interscapular brown adipose tissue was excised, weighed, and disrupted 

using a rotor-stator tissue homogenizer.  RNA was isolated using the RNeasy Lipid 

Tissue Mini kit (QIAgen, Valencia, CA).  RNA was isolated from cells in culture by 

using either the QIAshredder system and RNeasy Mini kit (QIAgen, Valencia, CA) or 

the NucleoSpin RNA II kit (Macherey-Nagel).  Complementary-DNA (cDNA) was 

then generated from 0.125-0.5 µg RNA using SuperScript III reverse transcriptase 

(Invitrogen, Grand Island, NY) and oligo-dT primers modified with a 5’-phosphate.  

Relative gene expression was determined by performing real-time PCR on a 

MX3000P QPCR system (Stratagene, La Jolla, CA) and analyzed with Mx-Pro 

software.  Real-time PCR reactions were run with iTaq SYBR Supermix (Bio-Rad 

Laboratories, Hercules, CA) with the following thermoprofile: 95°C for 15 s, followed 
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by 60°C for 45 s for 40 cycles.  Primer (IDT, Coralville, IA) sequences for the 

different PDE isoforms are found in Table 2.1.  All primer sets were determined to 

anneal on different exons. 

 

Culturing and Differentiation of Immortalized Brown Adipocyte Precursors 

The immortalized brown adipocyte precursor cell line was a generous gift from Dr. 

Bruce Spiegelman’s laboratory (Dana Farber Cancer Institute, Boston, MA).  The 

precursor isolation, immortalization procedure, and growth conditions have been 

described previously (Uldry et al., 2006).  In brief, cells were routinely seeded at 

25,000 cells/cm2 (day 0) in culture medium, comprised of high glucose Dulbecco’s 

Modified Eagle’s Medium (HyClone, Thermo Scientific, Waltham, MA) supplemented 

with 10% fetal bovine serum (FBS)(HyClone, Thermo Scientific, Waltham, MA) and 

50 U / 50 µg penicillin/streptomycin in 500 mL (Gibco, Life Technologies, Grand 

Island, NY).  The following day (day 1), the medium was changed to induction 

medium, which was culture medium supplemented with 20 nM insulin, 1 nM triiodo-

thyronine (T3)(Sigma, St. Louis, MO), 0.5 µM dexamethasone (Sigma, St. Louis, 

MO), 0.5 mM isobutyl-1-methylxanthine (IBMX)(Sigma, St. Louis, MO), and 0.125 

mM indomethacin (Sigma, St. Louis, MO).  On day 3, the media were changed to 

culture medium supplemented with 20 nM insulin and 1 nM T3, and subsequently 

changed every day thereafter.  By day 6, 95% of cells exhibited a fully differentiated 

phenotype with a large accumulation of multilocular fat droplets.  All experiments 

were conducted on day 6 unless otherwise stated. 
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PDE Activity Assay 

Differentiated brown adipocytes were washed 3 times with PBS, then lysed by briefly 

sonicating in ice cold 50 mM Tris, pH 7.4, 2 mM EDTA, 1 mM DTT, 1 mM sodium 

orthovanadate, 200 nM phenylmethylsulfonyl fluoride, and 1X protease inhibitor 

cocktail III (Calbiochem, EMD Millipore, Darmstadt, Germany). PDE activity was 

measured as described previously (Hansen and Beavo, 1982; Soderling et al., 

1998).  In brief, the activity assay was carried out in 40 mM MOPS, pH 7.5, 15 mM 

magnesium acetate, 2 mM EGTA, and 0.2 mg/ml bovine serum albumin 

(BSA)(Sigma, St. Louis, MO) supplemented with ~100,000 cpm 3H-cAMP or 3H-

cGMP (Perkin-Elmer, Waltham, MA) in a final volume of 0.25 ml.  The total substrate 

and inhibitor concentrations are indicated in the figure legends.  The reaction time 

and amount of lysate were maintained so that less than 30% of the substrate was 

hydrolyzed.   

 

Preparation of Freshly Isolated Primary Brown Adipocytes 

Primary brown adipocytes were isolated using a modified Rodbell method (Matthias 

et al., 2000; Rodbell, 1964).  Routinely, the interscapular fat pads from 3-5 C57/Bl6 

mice were pooled, and initially placed in a 20 ml plastic scintillation vial (Research 

Products International, Mount Prospect, IL) containing filter-sterilized Krebs-Ringer 

HEPES Isolation Buffer (20 mM HEPES, 118.5 mM NaCl, 25.3 mM NaHCO3, 1.2 

mM NaH2PO4, 1.2 mM MgSO4, 10 mM D-glucose, 10 mM D-fructose, 4% bovine 

serum albumin, pH 7.4) warmed to 37°C and equilibrated with 95% O2-5% CO2 

bubbling through a diffuser.  Whole tissue was pre-incubated in 3 ml Isolation Buffer 
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supplemented with 2.0 mg/ml Collagenase (Sigma C6885, St. Louis, MO) shaking in 

a Dubnoff shaking water bath (Thermo Scientific, Waltham, MA) for 7 min shaking at 

90 cycles/min.  Every 2 min, the tissue was removed and gently vortexed for 10 s.  

At the end of the 7 min, the tissue was removed and rinsed with Isolation Buffer.  

The tissue was then finely minced with surgical blades (Bard Parker, no. 371110) in 

a scissor fashion and placed back into a plastic scintillation vial containing 4 ml fresh 

Isolation Buffer containing collagenase.  The mixture was gassed with 95%/5% 

O2/CO2 for 2 min bubbling through a 25 gauge syringe needle.  The vial was then 

placed in a Dubnoff incubator shaker for 40 min shaking at 120 cycles/min, and 

gently vortexed every 5 min for 10 s.  The tissue fragments were then homogenized 

further by triturating gently with a plastic pasture pipette.  The mixture was then 

filtered through a 70 µm nylon filter (BD Falcon 352350, San Jose, CA), and the 

filtrate was diluted with Isolation Buffer to 12 ml.  Usually it was necessary to gently 

press the remaining tiny tissue fragments through the filter with a gloved finger.  The 

collected cells were centrifuged at 70 x g, and the infranatant below the floating 

brown adipocytes was removed through a tube with a peristaltic pump.  The cells 

were then washed twice more by flotation with 6 ml of 37°C Isolation Buffer that 

contained 4% Fatty Acid-Free BSA (Sigma, St. Louis, MO) and gassed with 95%/5% 

O2/CO2, centrifuging after each wash at 70 x g.  Finally, the cells were resuspended 

in 1ml FA-Free Isolation Buffer and counted on a hemacytometer.  Cells containing 

multilocular fat droplets were identified as brown adipocytes.  The yield usually 

ranged from 0.5x106 to 2x106 adipocytes per 3-5 fat pads. 
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Glycerol Release Assay 

Freshly isolated brown adipocytes were diluted to a final concentration of 75,000 

cells/ml into 200uL FA-Free Isolation Buffer containing pharmacological agents in 

1.5 mL centrifuge tubes.  The tubes were placed in heating blocks in a Dubnoff 

shaking water bath at 37°C, and shaken at 90 cycles/min.  The reaction was 

terminated by freezing the tubes in liquid nitrogen.  Tubes were thawed in ice water 

and centrifuged at 16,000 x g at 4°C for 5 min.  The infranatant was removed and 

the glycerol content was measured using the reagents listed in the Free Glycerol 

Determination Kit (Sigma, St. Louis, MO).  The contents of the Free Glycerol 

Reagent are as follows: 20 mM Tris, pH 7.0, 3.75 mM MgCl2, 0.188 mM 4-

aminoantipyrine (4-AAP), 2.11 mM N-ethyl-N-(3-sulfopropyl)-anisidine sodium salt 

(sodium ESPA), 1.25 U/mL glycerol kinase (GK), 2.5 U/mL glycerol phosphate 

oxidase (GPO), 2.5 U/mL horseradish peroxidase type IV (HPO), 0.75 mM ATP, and 

0.05% sodium azide.  The GK, GPO, and HPO were reconstituted in 20mM Tris, pH 

7.4, and stored in aliquots at -20°C.  ATP was dissolved in water (100 mM) and 

stored in aliquots at -80°C.  4-AAP was dissolved in water at 1000X and stored at -

20°C.  Sodium ESPA was added to the reagent mixture immediately before use, and 

the reagent mixture was made freshly the day of the experiment.  Leftover reagent 

was stored at 4°C and protected from light with aluminum foil.  Background lipolysis 

in a given experiment was defined as glycerol released in the presence of 1 µM 

propranolol (Sigma, St. Louis, MO), and was subtracted from the total. 
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Determination of cAMP concentration by EIA 

Brown adipocyte precursors were grown and differentiated in 12-well plates, 

preincubated with PDE inhibitors in DMEM for 30 min, then isoproterenol in DMEM 

for 5 min.  The medium was removed, and the reaction stopped with ice cold 99% 

ethanol-1% hydrochloric acid.  The ethanol acid containing the cAMP was pipetted 

into Eppendorf tubes and dried down in a speed vac (Savant, Thermo Scientific, 

Waltham, MA).  The samples were then resuspended to 200 µL and cAMP was 

measured according to the manual for the cAMP EIA Kit (American Qualex 

Molecular, San Clemente, CA).  The cell monolayer was then resuspended in water 

and protein content was assessed by BCA assay (Pierce, Rockford, IL).  

 

Western Blotting 

Differentiated brown adipocytes were lysed in 50 mM Tris pH 8.0, 0.5% Triton-X100, 

150 mM NaCl, 1 mM EDTA, 1 mM DTT, 1 mM sodium orthovanadate, 1 mM sodium 

fluoride, 200 nM phenylmethylsulfonyl fluoride (PMSF), and 1X protease inhibitor 

cocktail III (Calbiochem, EMD Millipore, Darmstadt, Germany), and denatured in 

sample buffer (125 mM Tris, 20% glycerol, 2% sodium-dodecyl sulfate (SDS), 2% 2-

mercaptoethanol) by boiling for 5 min.  The samples were then separated by 10% 

SDS-PAGE at 0.75 mm thickness, and transferred to PVDF membranes for 1h at 

60V.  Membranes were blocked overnight shaking on an orbital shaker at 4°C in 5% 

BSA in Tris-buffered saline containing 0.05% Tween-20 (TBST).  Membranes were 

probed for phospho-CREB Ser-133 [1:1000 (vol/vol)] (Cell Signaling 9198S, 

Danvers, MA) or GAPDH [1:20,000 (vol/vol)] (Fitzgerald Industries, Acton, MA) 
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overnight shaking on an orbital shaker at 4°C in 5% BSA in TBST.  Membranes were 

then washed three times for 10 min with TBST at room temperature, rinsing with 

TBST between washes, then probed with secondary antibody conjugated to 

horseradish peroxidase (goat anti-rabbit 1:5000 (vol/vol), goat anti-mouse 

1:20,000(vol/vol)) (Bio-Rad Laboratories, Hercules, CA) in 5% BSA in TBST at room 

temperature for 1h.  The washing steps were repeated as before, and membranes 

were developed with SuperSignal West Pico Chemiluminescent Substrate (Thermo 

Scientific, Waltham, MA).  Immunoreactivity was imaged using a Bio-Rad Molecular 

Imager ChemiDoc XRS+ with Image Lab Software, and band intensity was 

quantified using ImageJ.  For the detection of PDE8A in whole mouse BAT, tissue 

was harvested from wild type and PDE8A-/- mice and homogenized as described in 

(Nolan et al., 2004).  The homogenates were centrifuged at 10,000 g for 15 min, and 

the protein content of the infranatant was determined.  Samples were denatured as 

described above.  30µg protein were separated by SDS-PAGE, transferred to PVDF 

for 3 h at 60V, and membranes were blocked in 5% milk in TBST for 1 h at room 

temperature.  Membranes were probed for PDE8A [1:1200 (vol/vol)] (PDE8-121AP, 

FabGennix International, Frisco, TX) or UCP1 [1:1000 (vol/vol)] (C-17, Santa Cruz 

Biotechnology, Santa Cruz, CA) in 5% milk in TBST overnight at 4°C.  Membranes 

were washed 3 times for 10 min with TBST, and then probed with secondary 

antibody conjugated to horseradish peroxidase (goat anti-rabbit 1:3000 (vol/vol) 

(Bio-Rad Laboratories, Hercules, CA), or rabbit anti-goat 1:3000 (Jackson 

Immunoresearch Laboratories, West Grove, PA)) for 1 h at room temperature.  The 

membranes were washed and developed as described above.  Immunoreactivity 
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was imaged using autoradiography film (Genesee Scientific, San Diego, CA). 

 

18F-flurodeoxyglucose (FDG) and PET scanning.   

The mice were fasted overnight prior to the day of imaging.  On the day of imaging, 

the mice were housed in portable containers that were warmed by placing them on 

heating pads between 30°-35°C(Deltaphase Isothermal Pad, Braintree Scientific, 

Braintree MA).  Thirty min prior to administration of FDG mice received an 

intraperitoneal injection of a single PDE inhibitor, a combination of PDE inhibitors or 

vehicle control.  The injected mouse was then placed in a heated chamber.  The 

chamber was warmed using heating pads and maintained at a temperature between 

30-35°C.  The mouse was awake in the chamber and allowed to move freely.  After 

30 min the mouse was anesthetized with isoflurane and administered 200-300 µCi of 

FDG via retro-orbital injection.  The amount of FDG administered (in µCi) was 

approximately 10 times the weight of the mouse in grams.  The mouse was placed in 

a warmed induction chamber and kept lightly sedated using 1-2% isoflurane 

anesthesia.  After a 40 min uptake period the mouse was placed on the small animal 

PET scanner, Inveon Dedicated PET system (Siemens, Munich, Germany) and 

imaged for 20 min.  During the PET imaging, the mouse was kept warm by a small 

heating pad on the table and maintained while anaesthetized with 2-3% isoflurane.  

A transmission scan was also collected for attenuation correction.  Following 

imaging, the mouse was euthanized and tissue harvested.  The data were 

reconstructed using software provided by the vendor.  The three-dimensional 

ordered subsets expectation maximization - maximum a posterior (3D OSEM-MAP) 
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method was used to reconstruct the images.  A smoothing parameter to achieve 1.5 

mm image resolution was used.  The images were analyzed using Siemens’s 

ASIPRO analysis software (Siemens, Munich, Germany).  The system was 

calibrated to report image voxel values in radioactivity concentration (i.e., nCi/g).  

Regions of interest were drawn encompassing the two brown adipose tissue lobes in 

a coronal plane of the mouse as shown in Figure 2.14.  The maximum pixel values 

from the two regions of interest were averaged and used to determine the 

standardized uptake value (SUV) for FDG.  The SUV is a semi-quantitative metric 

used to express glucose uptake in tissue.  It is calculated using the following 

formula: 

        

c(t) was defined as the maximum activity concentration.  Injected activity (nCi) was 

corrected to the start of scanning.  Body weight of the mouse was measured in 

grams.  When using comparative SUV as an uptake metric it was important that all 

imaging be done at the same time after injection, in this case 40 min (Mankoff, Muzi 

et al. 2003). 

 

Drugs 

SCH51866 (Schering-Plough/Merck, Whitehouse Station, NJ) is a selective PDE1 

inhibitor that does not distinguish between PDE1 isoforms and was a gift from the 

manufacturer (structure published in (Vemulapalli et al., 1996)).  BAY 60-7550 

(Cayman Chemicals, Ann Arbor, MI) is a PDE2 selective inhibitor.  Cilostamide 

(Tocris, Bristol, UK) is a selective PDE3 inhibitor that does not distinguish between 

SUV = c(t)
injected _ activity / body_weight
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PDE3A and PDE3B.  Rolipram (Enzo Life Sciences, New York, NY) is a selective 

PDE4 inhibitor that does not distinguish between PDE4 isoforms.  PF-04957325 

(Pfizer, New York, NY) is a selective PDE8 inhibitor that will inhibit PDE8A and 

PDE8B with similar affinities and was a gift from the manufacturer (structure 

published in (Vang et al., 2010)).  IBMX (Sigma, St. Louis, MO) is a non-selective 

PDE inhibitor that will inhibit most PDEs except PDE8s.  H-89 (Tocris, Bristol, UK) is 

a protein kinase inhibitor with substantial selectivity for PKA.  PDE and PKA 

inhibitors were dissolved in dimethyl-sulfoxide (DMSO)(Sigma, St. Louis, MO) and 

stored at -20°C.  Rp-8-Bromoadenosine-3’,5'-cyclic monophosphorothioate (Rp-8-Br-

cAMPS) (BioLog, Bremen, Germany) is a competitive inhibitor to the cAMP binding 

site on the regulatory subunit of PKA and was dissolved in water.  8-(4-

Chlorophenylthio)-2'-O-methyladenosine-3',5'-cyclic monophosphate (8-pCPT-2-O-

Me-cAMP) (BioLog, Bremen, Germany) is an Epac agonist and was dissolved in 

water.  8-Bromoguanosine 3′,5′-cyclic monophosphate (8-Br-cGMP) is a protein 

kinase-G (PKG) agonist and was dissolved in water.  Isoproterenol (Sigma, St. 

Louis, MO) was dissolved at 10 mM in 1 M ascorbic acid immediately before use in 

gene induction experiments.  For lipolysis experiments, isoproterenol was dissolved 

in water immediately before use.  For glucose uptake experiments, isoproterenol 

was dissolved in phosphate-buffered saline immediately before injection into mice. 
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Results 
 

Phosphodiesterase expression in mouse brown adipocyte models 

We first assessed the PDE mRNA expression profile in mouse interscapular 

brown fat tissue, freshly isolated primary brown adipocytes, and brown adipocytes 

differentiated from a brown adipocyte precursor cell line in vitro.  Quantitative qRT-

PCR analysis revealed that the mRNAs for PDE1A, 2A, 3B, 4B, 4D and 8A were the 

predominant ones expressed in whole brown fat tissue (Fig. 2.1A), primary brown 

adipocytes isolated from BAT tissue via collagenase digestion (Fig. 2.1B), and 

immortalized brown adipocyte precursors on day 6 after differentiation (Fig. 2.1C).  

Since it was thought that PDE8A expression is limited to a small number of tissues 

(Soderling et al., 1998), expression of PDE8A in mouse BAT was unexpected.  We 

further verified the presence of PDE8A protein by Western blot analysis (Fig. 2.2), 

and also found that both PDE8A RNA and protein was absent in the BAT of PDE8A-

/- mice. (Fig. 2.1A, Fig.2.2).  Additionally, we did not detect any major compensatory 

changes in the expression of other PDEs in the BAT from PDE8A-/- mice compared 

to wild type littermates (Fig. 2.1A).  These data indicate that the pattern of PDE 

expression from whole BAT tissue is largely representative of that found in isolated 

brown adipocytes, and that these patterns are similar amongst all models of BAT 

utilized.   

Enzyme activity assays confirmed the functional presence of the major PDEs 

identified by the mRNA profile in immortalized brown adipocytes.  The PDE1 family 

is stimulated by calcium-calmodulin, and PDE1A has an ~70-fold higher selectivity 

for cGMP versus cAMP at low substrate levels.  We therefore confirmed the 
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presence of PDE1 activity by measuring cGMP hydrolysis in the presence and 

absence of calcium and calmodulin in the whole BAT extract.  This hydrolytic activity 

was increased 2.7-fold by calcium and was fully inhibited by 100 nM SCH51866, a 

relatively selective PDE1 inhibitor (IC50 for PDE1A = 10 nM (Dunkern and 

Hatzelmann, 2007)) (Fig. 2.3A). 

PDE2 is a dual-substrate PDE, as it hydrolyzes cAMP and cGMP with 

approximately equal specificity.  However, its cAMP-hydrolyzing activity is stimulated 

by cGMP.  Therefore, in order to assay for PDE2 activity, we measured the 

hydrolysis of cAMP in the presence and absence of 1 µM cGMP.   We included 10 

µM cilostamide and 10 µM rolipram to these reactions to eliminate background 

PDE3 and PDE4 activity and to eliminate potential complications in the interpretation 

of the data since PDE3s can be inhibited by cGMP.  Under these conditions the 

addition of 1 µM cGMP, increased hydrolytic activity towards cAMP 2.8-fold.  This 

increased activity was completely inhibited by the addition of 50 nM of the PDE2 

inhibitor, BAY 60-5770, a 10-fold excess over the reported IC50 for PDE2 (Bender 

and Beavo, 2006) (Fig. 2.3B).   

PDE3 and PDE4 activities were detected by measuring the hydrolysis of 1 µM 

cAMP in the presence and absence of 200 nM cilostamide (PDE3 inhibitor) or 10 µM 

rolipram (PDE4 inhibitor), respectively.  These inhibitor concentrations are 10-fold 

higher than their reported IC50 values for PDE3 and PDE4 (Bender and Beavo, 

2006).  Cilostamide inhibited total cAMP-hydrolyzing activity approximately 60%, 

while rolipram inhibited total activity approximately 40%.  When combined together, 

approximately 88% of the total cAMP PDE activity was inhibited  (Fig. 2.3C). 
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Finally, since the PDE8 family is insensitive to IBMX and has a Km for cAMP 

below 100 nM, PDE8 activity was detected by assay of cAMP hydrolytic activity at 

0.012 µM substrate in the presence of 100 µM IBMX and the presence or absence 

of 10 nM PF-04957235.  PF-04957235 decreased the IBMX-insensitive activity by 

46% (*p<0.05) illustrating the presence of PDE8 activity in these extracts (Fig. 2.3D). 

 

PDE3 and PDE4 regulate basal UCP1 and PGC-1α  mRNA expression 

Since it is widely accepted that cAMP stimulates expression of UCP1 mRNA 

(Cannon and Nedergaard, 2004), we next tested which cAMP-dependent PDE or 

PDEs regulate the pool(s) of cAMP that control induction of UCP1 gene transcription 

in differentiated brown adipocytes.  For these studies, an immortalized brown 

adipocyte precursor cell line was differentiated into mature brown fat cells in vitro.  

The differentiated adipocytes were then pre-treated with selective inhibitors to PDE1 

(SCH51866), PDE2 (BAY 60-7550), PDE3 (cilostamide), PDE4 (rolipram), or PDE8 

(PF-04957235), either individually or in combination.  Somewhat unexpectedly, 

when administered individually, none of the PDE inhibitors increased the basal 

expression of UCP1 mRNA.  However, when administered together, 10 µM 

cilostamide and 10 µM rolipram resulted in an approximately 40-fold increase in 

basal UCP1 mRNA expression, similar to that seen with a high dose of isoproterenol 

(10 µM) (Figure 2.4A) or IBMX (200 µM) (Fig. 2.5A).   This latter observation strongly 

suggests that inhibition of PDE3 and PDE4 together is sufficient to explain the 

stimulatory effect of the non-selective PDE inhibitor, IBMX, on induction of UCP1.  

The same magnitude of potentiation was observed when the concentration of 



53  

cilostamide was reduced to 300 nM (Fig. 2.5B).   Additionally, we detected a 2.7-fold 

increase of UCP1 mRNA in the interscapular brown fat of fasted, warmed mice that 

were injected with the combination of cilostamide and rolipram (*p<0.05), where an 

injection of either drug alone had no significant effect compared to an injection of 

vehicle (Fig. 2.5D).  A similar pattern of stimulation was also observed in 

immortalized brown adipocytes for basal expression of PGC-1α mRNA (Fig. 2.6), a 

transcription factor also regulated by cAMP that is important for UCP1 gene 

induction during BAT activation.  The PDE8-selective inhibitor, PF-04957325 (200 

nM), did not stimulate UCP1 mRNA expression when administered either alone or in 

combination with IBMX, cilostamide or rolipram (Fig. 2.5C, Fig. 2.4B).  Similarly, 

PDE1 or PDE2 inhibitors administered either alone or in combination with PDE3 and 

PDE4 inhibitors did not stimulate expression of UCP1 mRNA, nor did they augment 

the effect of combined PDE3 and PDE4 inhibition (Fig. 2.4C).  Finally, PDE3 and 

PDE4 inhibitors administered individually did not stimulate basal cAMP 

accumulation, but when administered together they increased cAMP 9.6-fold (Fig. 

2.7).  Together, these results suggest that the combined inhibition of PDE3 and 

PDE4 removes an important physiological suppressive effect of these two PDEs on 

basal cAMP signaling and BAT activation in the absence of β-adrenoceptor agonists. 

 

PDE3B controls β-adrenoceptor stimulation of UCP1 mRNA expression 

Our finding that both PDE3 and PDE4 together control basal UCP1 

expression prompted us to determine whether or not inhibition of the same 

combination of PDEs regulates the increase in induction of UCP1 mRNA caused by 
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β-adrenoceptor agonists.  Typically, inhibition of the PDE or PDEs that regulate a 

given process will shift the dose-response curve of agonists for that process to the 

left or up and to the left.  Since β-adrenoceptor activation is known to stimulate 

expression of UCP1 mRNA, we hypothesized that a PDE inhibitor or combination of 

inhibitors would potentiate a low dose of isoproterenol based on the dose-response 

relationship shown in Supplemental Figure 2A.  For these experiments, cells were 

pretreated with individual inhibitors to PDE1, PDE2, PDE3, PDE4 and PDE8, 

followed by 1 nM isoproterenol.  We found that only pretreatment with the PDE3 

inhibitor, cilostamide, dose-dependently potentiated the expression of UCP1 mRNA 

in response to this low dose of isoproterenol (***p<0.001 at 10 µM cilostamide).  In 

contrast, a PDE4 inhibitor, rolipram, had no effect on isoproterenol-induced UCP1 

expression  (Fig. 2.5A).  Interestingly, cAMP accumulation did not follow the same 

pattern of potentiation (Fig. 2.7).  At 1 nM isoproterenol, neither cilostamide nor 

rolipram potentiated global cAMP accumulation, even though UCP1 mRNA was 

substantially increased under these conditions.  PDE1, PDE2, and PDE8 inhibitors 

also did not potentiate induction of UCP1 by isoproterenol (Fig. 2.8, Fig. 2.5C). 

 

Effects of PDE3 and PDE4 inhibition are PKA-dependent 

Two major pathways for cAMP-mediated mechanisms for control of 

transcription have been described: the exchange protein activated by cAMP (Epac) 

pathway and the cAMP-dependent protein kinase (PKA) pathway.  We therefore 

wanted to test by which of these molecular pathway(s) PDE inhibition caused 

stimulation of UCP1 mRNA expression.  We pretreated differentiated brown 
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adipocytes with PDE3 and PDE4 inhibitors along with increasing doses of H-89, a 

known PKA inhibitor.  Cilostamide and rolipram alone had minor effects on PKA-

substrate phosphorylation and CREB phosphorylation (1.8- and 2.5-fold, 

respectively).  However, when combined, they produced a 9.6-fold stimulation of 

CREB phosphorylation compared to the control.  H-89 was able to fully reduce 

expression of UCP1 mRNA and CREB-phosphorylation at a dose of 25µM (Fig. 

2.9A-C).  Similarly, while 1 nM isoproterenol alone increased CREB-phosphorylation 

3.6 fold (**p<0.01), combining isoproterenol with cilostamide further increased 

CREB-phosphorylation to 5.9-fold (***p<0.001).  The difference between 

isoproterenol alone and isoproterenol with cilostamide was statistically significant 

(#p<0.05).  Furthermore, H-89 (10 µM) was sufficient to inhibit the stimulatory effect 

of cilostamide on isoproterenol-stimulated UCP1 induction and on CREB-

phosphorylation (Fig. 2.9D-E).  We also saw a significant inhibition of UCP1 

induction when cells were pretreated with a more selective PKA inhibitor (1mM Rp-

8-Br-cAMPS) that binds to a different site on PKA than H-89 (Figure 2.10).  A 

selective agonist for Epac, 8-pCPT-2-O-Me-cAMP, did not stimulate UCP1 mRNA 

(data not shown).  Since it has been shown that H-89 can inhibit protein kinase-G 

(PKG) (Ki=0.5 µM) with a Ki that is only 10-fold higher than the Ki for PKA 

(Ki=0.05µM) in vitro (Hidaka and Kobayashi, 1992), we also tested whether 8-Br-

cGMP, an agonist to cGMP-dependent protein kinase (PKG), could stimulate 

accumulation of UCP1 mRNA; we observed no appreciable change upon application 

of this PKG agonist (data not shown).  Together these data strongly suggest that the 
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stimulatory effect of combined PDE3 and PDE4 inhibition on UCP1 mRNA 

accumulation is largely through the canonical PKA-dependent signaling pathway. 

 

PDE3 and PDE4 in combination regulate lipolysis in primary brown adipocytes 

Noradrenergic regulation of BAT function also requires stimulation of lipolysis 

to provide both the energy for establishing the mitochondrial proton gradient and 

also the allosteric activation of UCP1 by free fatty acids.  Therefore, we were 

interested in determining which PDEs were important for cAMP-dependent 

regulation of lipolysis in brown fat.  Freshly isolated primary brown adipocytes were 

pretreated with 10 µM cilostamide, 10 µM rolipram, or both, and then treated with 

vehicle or isoproterenol for 1 h.  Lipolysis was measured as glycerol released into 

the media.  We found that cilostamide alone did not significantly alter basal lipolysis 

or lipolysis stimulated by 10 nM isoproterenol.  Conversely, rolipram alone did 

significantly potentiate both basal and isoproterenol-stimulated glycerol release by 

7.8-fold and 2.8-fold, respectively, over the vehicle control (Fig. 2.11A).  This 

suggested that PDE4, but not PDE3, was a primary regulator of the pool of cAMP 

that regulates lipolysis in primary brown adipocytes.  However, when both inhibitors 

were combined there was an even larger 30 to 40-fold increase in lipolysis that is of 

the same magnitude as that seen with the non-selective PDE inhibitor isobutyl-n-

methylxanthine (IBMX) (Fig. 2.11A).  Interestingly, despite substantial expression of 

PDE8A in brown fat, the PDE8 inhibitor did not augment lipolysis in primary brown 

adipocytes, either alone or in combination with IBMX, cilostamide and/or rolipram 
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(Fig. 2.11B, Fig. 2.12).  Taken together these data indicate synergistic roles for 

PDE3 and PDE4, but not for PDE8A, as regulators of lipolysis in brown adipocytes. 

   

Inhibition of PDE3 and PDE4 stimulate in vivo glucose uptake in BAT. 

 Glucose uptake in brown adipocytes can be regulated by cAMP-dependent 

signaling (Marette and Bukowiecki, 1989).  We therefore hypothesized that selective 

inhibition of the appropriate PDE(s) would potentiate glucose uptake in BAT.  To test 

this we treated fasted, warmed, wild type and PDE8A-/- littermates with 3mg/kg 

cilostamide, 3mg/kg rolipram, a combination of both, or the vehicle control, followed 

by an injection of 18F-fluorodeoxyglucose (FDG).  FDG can be taken up via glucose 

transporters and phosphorylated by hexokinase.  However, it cannot be further 

metabolized, thus it is trapped in any cells that take it up.  The mice were then 

imaged using a positron emission tomography scanner (PET).  Basal glucose 

accumulation by brown adipose tissue from wild type and PDE8A-/- mice was very 

low (Fig. 2.13A,B).  Moreover, neither PDE inhibitor alone induced a significant 

increase in BAT glucose uptake activity compared with the vehicle control in the wild 

type mice.  On the other hand, cilostamide treatment alone produced a small, but 

significant, increase in glucose uptake compared with the vehicle control in the 

PDE8A-/- mice (2.7-fold, *p<0.05), although the maximum glucose uptake in 

response to cilostamide was not significantly different between the two genotypes 

(Fig. 2.13C).  We then tested the effect of a combination of PDE3 and PDE4 

inhibitors on glucose uptake in BAT.  Treatment with a combination of both 

cilostamide and rolipram resulted in a large increase in BAT FDG uptake in both the 
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wild type and PDE8A-/- mice.  Surprisingly, the maximum response to both PDE 

inhibitors in the PDE8A-/- mice was consistently 1.8-fold higher than what was 

observed in the wild type littermate controls (**p<0.01).  Conversely, when injected 

with isoproterenol, there was no difference in BAT FDG uptake between wild type 

and PDE8A-/- mice.  Taken together, these data suggest that each these three 

PDEs can suppress basal cAMP-dependent glucose uptake in BAT and that all three 

PDEs need to be inhibited to allow full stimulation in the absence of agonist.  

However, under conditions of β-adrenoceptor stimulation, this attenuation of glucose 

uptake by the PDEs can be overridden, presumably by the high adenylyl cyclase 

activity resulting from adrenergic stimulation. 
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Discussion 
 
 

While many brown fat directed studies have focused on brown adipocyte 

differentiation or the recruitment of adipocyte precursors into more brown-like 

adipocytes, it also has been shown that simply having more brown fat is insufficient 

to influence whole animal metabolism if the tissue remains in a non-activated state 

(Sell et al., 2004).   Therefore selective pharmacological stimulation of this non-

stimulated state of brown adipose tissue could provide an effective new treatment 

paradigm for obesity and obesity-related diseases in humans.  In early studies, non-

selective PDE inhibitors were shown to potentiate the thermogenic response of cold-

exposed rats (Wang and Anholt, 1982).  However, non-selective inhibitors of PDEs, 

such as theophylline, have a very narrow therapeutic index and substantial toxicity 

(Beavo et al., 2007).  Studies with non-selective PDE inhibitors also cannot identify 

which specific PDEs are most important to BAT thermogenesis.  The experiments 

described in this manuscript were designed to test the hypothesis that inhibition of 

the specific PDEs that regulate BAT activation might provide a conceptual basis for 

the design of new PDE related therapies for the treatment of obesity-related 

diseases. 

In this study we addressed the question of which subtype(s) of PDE regulate 

lipolysis, glucose uptake, and mRNA expression of UCP1.  We identified PDE3 and 

PDE4 (likely PDE3B and PDE4B/D) as the major regulators of these three BAT 

processes both in vitro and in vivo (Figs. 2.3, 2.5, 2.11, and 2.13).  Under basal 

conditions the effects of the individual PDE3 and PDE4 inhibitors were synergistic in 

nature, in that individual inhibitors to PDE3 or PDE4 had little or no effect on their 
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own, but when combined would produce a large, synergistic response.  In fact, the 

same magnitude of potentiation on UCP1 expression was observed over a wide 

range of cilostamide doses, suggesting a truly synergistic relationship between 

rolipram and cilostamide (Fig. 2.5B).  The only conditions where a single selective 

PDE3 or PDE4 inhibitor was sufficient to potentiate UCP1 induction or lipolysis, 

respectively, were those in which an adrenoceptor agonist was also present (Figs. 

2.5, 2.11).  Finally, we also observed that PDE8A may play a role in the regulation of 

basal BAT glucose uptake, but this global knockout effect was only observed when 

PDE3 and PDE4 were also inhibited (Fig. 2.13). 

We also found that PDE1, PDE2, or PDE8 inhibitors had virtually no effect on 

UCP1 mRNA either alone or in any combination with either PDE3 or PDE4 inhibitors 

(Fig. 2.4B, Fig. 2.5C), despite the fact that we can detect PDE1, PDE2, and PDE8 

mRNAs as well as enzyme activities (Fig 2.1, 2.3A, 2.3B) in extracts from these 

differentiated brown adipocytes.  Therefore, inhibition of both PDE3 and PDE4 

together is necessary to fully activate basal UCP1 induction and lipolysis, and is 

sufficient to fully account for the IBMX response.  We did observe what appears to 

be a greater, though not statistically significant, effect of IBMX on cAMP levels 

compared to the cilostamide-rolipram combination at 10 nM isoproterenol.  This may 

suggest that PDE1 and PDE2 may have some role under high cAMP levels, which is 

consistent with what has been shown previously in several other tissue types 

(Bronnikov et al., 1999b) (Beavo et al., 2007).  Therefore, different PDEs can 

regulate different processes in BAT, but not all PDEs regulate all processes. 
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We next investigated which phosphodiesterase subtypes regulate 

adrenoceptor-mediated lipolysis and induction of UCP1 mRNA transcription.  We 

found that PDE3 inhibition potentiated induction of UCP1 mRNA in response to 1 nM 

isoproterenol, whereas PDE1, PDE2, PDE4, and PDE8 inhibition did not (Figure 

2.5A, right panel, Fig. 2.4C).  This observation suggests that PDE3, but not PDE4, 

regulates a local pool of cAMP that is generated by the stimulation of β-

adrenoceptors and leads to full induction of UCP1 mRNA.  As we did not observe 

changes in global cAMP accumulation at any of the various concentrations of 

isoproterenol and PDE inhibitors (Fig. 2.7) it is likely that the cAMP EIA method is 

not sensitive enough to detect small, local changes in cAMP concentration.  

However, under similar conditions we were able to observe a potentiating effect on 

the PKA phosphorylation of CREB (Figure 2.9B,C) when isoproterenol and 

cilostamide were combined.  This supports the model set forth by many investigators 

of compartmentalized cAMP signaling being critically regulated by specific PDEs, in 

this case PDE3.  In accordance with this finding, we observed PDE4 inhibition 

potentiated lipolysis in primary brown adipocytes in response to 10 nM isoproterenol, 

whereas PDE3B and PDE8A inhibition did not (Fig. 2.11).  Therefore, in contrast to a 

major role for PDE3 regulation of UCP1 induction in differentiated brown adipocytes, 

PDE4 seems to be the major regulator of lipolysis in brown adipocytes under 

adrenergic stimulation.  These results suggest that PDE3 and PDE4 are, at least 

partially, in distinct compartments that are important for receptor-mediated signals, 

but not necessarily for basal adenylyl cyclase tone.   
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The similarities that we observed across two different brown adipocyte 

models with respect to PDE3 and PDE4 dual inhibition resulting in a stimulation of 

multiple BAT processes prompted us to test the significance of the paradigm in vivo.  

It has been shown that glucose uptake in brown adipocytes is a cAMP-dependent 

phenomenon, and that IBMX can stimulate glucose uptake in isolated brown 

adipocytes (Marette and Bukowiecki, 1989).   However, no study to date has 

determined which PDE subtype(s) regulate(s) this effect.  If the PDE inhibitors 

stimulated basal BAT glucose uptake in the same pattern as they did for UCP1 and 

lipolysis, then we expected that injections of PDE3 or PDE4 inhibitors alone to have 

little, if any, effect on glucose uptake, but to have a substantial synergistic effect on 

glucose uptake when co-injected.  Indeed, this is exactly what we observed (Fig. 

2.13A,B), indicating that PDE3 and PDE4, possibly working together, 

regulate/suppress basal glucose uptake into the BAT of wild type mice in vivo. 

The pathway(s) and mechanism(s) by which cAMP stimulates glucose uptake 

in BAT are controversial.  It has been suggested that there may be an indirect 

response of the cell to the increased ATP demand due to the uncoupling process 

stimulated by lipolysis in rat brown adipocytes (Marette and Bukowiecki 1991).  

Since PDE3 and PDE4 inhibition stimulates lipolysis to the same order of magnitude 

as IBMX in freshly isolated primary adipocytes, our data suggest that the injection of 

these isozyme selective inhibitors into mice might synergistically stimulate glucose 

uptake possibly via free fatty acid stimulation of UCP1.  Furthermore, one study 

indicated that there was an increase in glucose transporters to the surface of primary 

isolated mouse brown adipocytes stimulated by cAMP-elevating agents (including 
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IBMX) (Omatsu-Kanbe and Kitasato, 1992) while another study indicated that the 

cAMP effect was largely on the affinity of GLUT-1 receptors, and not on 

translocation, in differentiated adipocyte precursors isolated from the stromal fraction 

of mouse BAT (Shimizu et al., 1998).  Despite the lack of a potentiating effect of the 

PDE8-selective inhibitor on either UCP1 mRNA expression or lipolysis (Fig. 2.5, 

2.11), we found that glucose uptake in response to PDE3-PDE4 dual inhibition was 

1.8-fold higher in BAT from PDE8A-/- mice than BAT from their wild type littermates 

(Fig. 2.13A,B), whereas isoproterenol had no differential effect between the two 

genotypes (Fig. 2.13C).  These results suggests that there may be at least two 

cAMP-dependent pathways that converge on glucose uptake, one mediated by 

lipolysis and uncoupling via PDE3 and PDE4, and a second mediated more 

chronically by the global ablation of PDE8A.  Further studies are needed to elucidate 

this mechanism, as the global knockout of PDE8A potentially could indirectly affect 

brown fat activation via some other cell type. 

cAMP-dependent glucose uptake is a major point of distinction between BAT 

and WAT, and therapeutically targeting BAT’s insulin-independent glucose uptake 

might prove beneficial in an insulin resistant condition.  This is further suggested by 

the observation that activated human BAT can take up and metabolize circulating 

fatty acids and glucose (Ouellet et al., 2012), and that obese humans can exhibit 

reduced thermogenesis and low responsiveness to noradrenaline (Jung et al., 

1979).  Additionally, given that human fat tissues of any type express a negligible 

number β3-adrenoceptors, selective activation of the tissue with β3-adrenoceptor 
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agonist approaches have failed in clinical trials.  Therefore, alternative approaches 

that bypass receptor-mediated activation may be useful in the future.   

A synergistic relationship between PDE3 and PDE4 has been described 

previously in other tissues, such as rat vascular smooth muscle cells (Palmer et al., 

1998) and even in the regulation of lipolysis in white adipocyte models from mice 

(Snyder et al., 2005).  Additionally, dual PDE3/PDE4 inhibitors have been tested 

clinically for the treatment of chronic obstructive pulmonary disease with limited 

success.  However, these drugs were fairly well tolerated in early phase clinical trials 

with low incidence of side effects that are traditionally associated with effective 

doses of PDE4 inhibitors alone (Banner and Press, 2009).  To our knowledge, the 

effects of these dual inhibitors on brown adipose tissue function have not been 

determined. 

In summary, understanding the regulation of the basal state of cAMP/PKA in 

BAT may prove critically important in the design of future therapies for disease 

states.  In this case, it appears that there are multiple BAT PDEs that suppress 

tissue activation in the absence of agonists that drive cAMP production.  Removing 

this inhibition with the correct combination of PDE inhibitors is sufficient to fully 

activate these processes.  It is now well known that identifying small molecules that 

target only subsets of PDEs is possible from a medicinal chemistry point of view, 

and examples of single molecules that selectively inhibit both PDE3 and PDE4 have 

been described (reviewed in (Bender and Beavo, 2006)).  However, it remains to be 

seen if such an approach, perhaps involving a single molecule that inhibits multiple 

PDEs, might be efficacious in a clinical setting.  
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Figure 2.1. PDE mRNA expression profile in multiple models of BAT is similar. 
[A] RNA was extracted from whole mouse interscapular brown adipose tissue from 
wild type and PDE8A-/- littermates, then analyzed by RT-PCR as described in 
materials and methods.  Mean values ± S.E.M. are expressed relative to GAPDH 
mRNA (n=3).  The PDE gene name is abbreviated as a number and letter.  [B] 
Isolated primary mouse brown adipocytes were pooled from 3-5 mice and analyzed 
by RT-PCR as described in materials and methods.  Mean values ± S.E.M. are 
expressed normalized to PDE3B mRNA (n=3).  [C] RNA from immortalized brown 
adipocyte precursor cells on day 6 of differentiation was isolated and analyzed by 
RT-PCR as described in materials and methods.  Mean values ± S.E.M. are 
expressed relative to 18S mRNA (n=5-6). 
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Figure 2.2. PDE8A protein is present in mouse brown adipose tissue. 
Mouse brown adipose tissue was excised and homogenized as described in 
Materials and Methods.  30 µg of protein were loaded onto SDS-PAGE, transferred 
onto PVDF and blotted for PDE8A and UCP1.  An immunoreactive band towards a 
PDE8A antibody at 95 kDa is present in the wild type but absent in the PDE8A-/- 
(n=5). 
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Figure 2.3.  PDE enzymatic activities were confirmed in differentiated 
immortalized brown adipocytes. 
[A] PDE1 activity was detected by the addition of calcium/calmodulin to whole 
extract using 1µM cGMP as substrate.  The increase in activity was inhibited with 
100 nM SCH51866 (n=3-8).  [B] PDE2 activity was detected by stimulating cAMP-
hydrolyzing activity with cGMP.  PDE3 and PDE4 were first inhibited with cilostamide 
and rolipram.  cAMP-hydrolysis using 1 µM substrate was then stimulated by 1 µM 
cGMP.  The increased activity was inhibited by the addition of 50 nM BAY 60-7550. 
(n=3-4).  [C] PDE3 activity was detected by the addition of 10 µM cilostamide using 
1 µM cAMP as substrate.  PDE4 activity was detected by the addition of 10 µM 
rolipram using 1 µM cAMP as substrate (n=3-4).  [D] PDE8 activity was defined as 
PDE activity that is insensitive to 100 µM IBMX and is inhibited by 10 nM PF-
04957325 with 12 nM cAMP substrate (n=3-6).  Data are presented as mean % of 
total cyclic-nucleotide hydrolysis ± S.E.M., and statistical analysis in [D] was 
performed by paired Students t-test: *p<0.05 between IBMX alone and IBMX+PF. 

0

100

200

300

400

EGTA
Ca/CaM

SCH51866
-
--
+ +
+

+ - -

1u
M

 c
G

M
P 

Ac
tiv

ity
 

(%
 B

as
al

 A
ct

iv
ity

)
0

20

40

60

80

100

Cilostamide
Rolipram

cGMP
BAY 60-7550

+
-
-

-
-

++

-
+

-

++
+ +
- +

 

1u
M

 c
AM

P 
Ac

tiv
ity

 
(%

 o
f T

ot
al

 )

0

20

40

60

80

100

Cilostamide
Rolipram -

- ++ -
+- +
 

1u
M

 c
AM

P 
Ac

tiv
ity

 
(%

 o
f T

ot
al

)

B.A.

C. D.

Figure 2

 

0

2

4

6

8

80

100

PF-04957325
IBMX -

- ++ -
+- +

*

 

12
nM

 c
AM

P 
Ac

tiv
ity

 
(%

 o
f T

ot
al

) 

Figure 2 



68  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4.  The effects of isoproterenol and PDE inhibitor combinations on 
UCP1 mRNA expression in differentiated brown adipocytes. 
[A] Differentiated brown adipocyte precursors were stimulated with increasing doses 
of isoproterenol for 4 hours (n=5).  [B] Differentiated brown adipocyte precursors 
were treated with 10 µM cilostamide, 10 µM and/or 200 nM PF-04957325 as 
described in materials and methods (n=3). [C] Differentiated brown adipocyte 
precursors were treated with SCH51866, BAY 60-7550, cilostamide, and/or rolipram 
at the indicated doses as described in materials and methods (n=3-8).  RNA was 
isolated and UCP1 mRNA was quantified relative to 18S mRNA using RT-PCR as 
described in Materials and Methods.  Data are presented as mean fold over vehicle 
control ± S.E.M., and statistical analyses were performed by One-way ANOVA with 
Dunnet post hoc test: ***, p<0.001 versus vehicle control in each group. 
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Figure 2.5.  PDE3 and PDE4 inhibitors increase Ucp1 mRNA expression in 
differentiated brown adipocytes. 
UCP1 mRNA expression was measured in differentiated brown adipocytes that 
were: [A] pre-treated with 10 µM cilostamide, 10 µM rolipram, both, or 200µM IBMX 
for 30 min, then stimulated by vehicle or 1 nM Isoproterenol for 4 h (n=3-13),  [B] 
treated with 300 nM cilostamide or 10 µM cilostamide with or without 10 µM rolipram 
(n=3-8), and [C] pre-treated with either 200 nM PF-04957325, 200 µM IBMX, or both 
for 30 min, then stimulated by vehicle or 1 nM isoproterenol for 4 h (n=3).  UCP1 
mRNA was quantified relative to 18S mRNA using RT-PCR as described in 
Materials and Methods.  [D] UCP1 mRNA expression was measured from the RNA 
extracted out of the interscapular BAT pads harvested from mice undergoing PET 
scanning after the procedure was terminated (see Materials and Methods).  UCP1 
mRNA was quantified relative to GAPDH mRNA using RT-PCR as described in 
Materials and Methods.  Data are presented as mean fold over vehicle control ± 
S.E.M., and statistical analyses were performed by One-way ANOVA with Dunnet 
post hoc test: ***p<0.001; *p<0.05 versus vehicle in each group. 
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Figure 2.6.  PDE3 and PDE4 inhibitors increase PGC-1α mRNA expression in 
differentiated brown adipocytes. 
PGC-1α mRNA expression was measured in differentiated brown adipocytes that 
were pretreated with PDE inhibitors for 30 min, then stimulated by vehicle or 1 nM 
isoproterenol for 2 h.  RNA was isolated and UCP1 mRNA was quantified relative to 
18S mRNA using RT-PCR as described in Materials and Methods. Data are 
presented as mean fold over vehicle control ± S.E.M. (n=3), and statistical analyses 
were performed by One-way ANOVA with Dunnet post hoc test: *p<0.05 versus 
vehicle in each group. 
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Figure 2.7.  PDE3 and PDE4 inhibitors stimulate cAMP accumulation in 
differentiated brown adipocytes. 
Differentiated brown adipocytes were pre-treated with PDE inhibitors for 30 min, and 
then stimulated with vehicle, 1 nM or 10 nM isoproterenol for 5 min.  cAMP was 
measured as described in Methods.  Data are presented as mean ± S.E.M. (n=3-5), 
and statistical analyses were performed by One-way ANOVA with Dunnett post hoc:  
***p<0.001 versus vehicle control in each group, and by Two-way ANOVA with 
Bonferonni post hoc: #p<0.05 versus vehicle control. 
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Figure 2.8.  PDE1 or PDE2 inhibitors did not potentiate isoproterenol-
stimulated UCP1 mRNA induction. 
Differentiated brown adipocyte precursors were pretreated with 10 µM SCH51866 or 
0.5 µM BAY 60-7550 for 30 min, then stimulated with 1 nM Isoproterenol for 4 h.  
RNA was isolated and UCP1 mRNA was quantified relative to 18S mRNA as a 
reference using RT-PCR as described in materials and methods.  Data are 
presented as mean fold over vehicle control ± S.E.M (n=3). 
  

 

Veh
icl

e

10
µM

 SCH

0.5
µM

 B
AY

Veh
icl

e

10
µM

 SCH

0.5
µM

 B
AY

0
1
2
3
4
5 Control

1nM Isoproterenol

 

U
cp
1 

m
R

N
A

 
(F

ol
d 

ov
er

 V
eh

)



73  

 
 
 
 
 
Figure 2.9.  Potentiating effect of PDE inhibitors on Ucp1 mRNA and CREB-
phosphorylation is PKA-dependent. 
[A] UCP1 mRNA expression was measured in differentiated brown adipocytes that 
were pretreated with H-89 for 1 h, then 10 µM cilostamide + 10 µM rolipram for 4.5 
h.  RNA was isolated and UCP1 mRNA was quantified relative to 18S mRNA using 
RT-PCR as described in Materials and Methods.  Values were then normalized to 
the cilostamide + rolipram treatment in the absence of H-89 control.  [B] CREB-
phosphorylation after 40 min of stimulation by 10 µM cilostamide + 10 µM rolipram in 
differentiated brown adipocytes.  [C] Quantification of Western blot in [B].  [D] UCP1 
mRNA expression in differentiated brown adipocytes that were pre-treated with H-89 
at the indicated doses for 1 h, followed by 10 µM cilostamide added 30 min prior to 
addition of 1 nM isoproterenol.  RNA was isolated and UCP1 mRNA was quantified 
relative to 18S mRNA using RT-PCR as described in Materials and Methods.  
Values were then normalized to the cilostamide + isoproterenol treatment in the 
absence of H-89 control.  [E] CREB-phosphorylation after 10 min of isoproterenol 
stimulation after a 30 min preincubation with 10 µM cilostamide in differentiated 
brown adipocytes.  [F] Quantification of Western blot in [E].  Data are presented as 
mean ± S.E.M. (n=3-7), and statistical analyses were performed by One-way 
ANOVA with Dunnett post hoc: ***p<0.001; **p<0.01 versus vehicle control in each 
group; #p<0.05; ###p<0.001 versus 1 nM isoproterenol plus 10 µM cilostamide 
without H-89. 



74  

  

 

A.

B.

C.

E.

F.

Ctrl 
10+M 

Cil 
10+M 
Rol +M H89 

pCREB 

GAPDH 

Cil + Rol 

10 25 0 Ctrl 
10+M 

Cil 
1nM 
Iso 

Cil + Iso 

+M H89 1 10 0 

pCREB 

GAPDH 

Contro
l

10
+M

 C
il

10
+M

 R
ol

No H89

10
+M

 H
89

25
+M

 H
89

0.0

0.5

1.0

1.5

2.0

***

Cil + Rol

p-
C

R
EB

 (r
el

. G
A

PD
H

)

Contro
l

10
+M

 C
il

1n
M Is

o

No H89

1+
M H

89

10
+M

 H
89

0.00

0.25

0.50

0.75

1.00

1.25

Cil + Iso

***
****

# ###

p-
C

R
EB

 (r
el

. G
A

PD
H

)

Control 1 10 250.0
0.2
0.4
0.6
0.8
1.0
1.2

***
***

[H-89] (+M)

U
cp
1 

m
R

N
A

(N
or

m
. t

o 
C

on
tr

ol
) 

Control 10 250.00
0.25
0.50
0.75
1.00
1.25

***

[H-89] (+M)

U
cp
1 

m
R

N
A

 
(N

or
m

. t
o 

C
on

tr
ol

)
D.

Figure 5 



75  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10.  The selective PKA antagonist, Rp-8-Br-cAMPS inhibited Ucp1 
mRNA induction by PDE inhibitors. 
Differentiated brown adipocyte precursors were pretreated with vehicle or 1 mM Rp-
8-Br-cAMPS for 60 min, followed by [A] 10 µM cilostamide and 10 µM rolipram or [B] 
10 µM cilostamide alone for 30 minutes, and finally stimulated with vehicle or 1 nM 
Isoproterenol for 4 h (n=4).  RNA was isolated and UCP1 mRNA was quantified 
relative to 18S mRNA as a reference using RT-PCR as described in materials and 
methods.  Data are presented as mean fold over vehicle control ± S.E.M., and 
statistical analyses were performed by paired Student’s t-test: **p<0.01, *p<0.05 
versus control. 
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Figure 2.11.  PDE3 and PDE4 inhibitors, but not the PDE8 inhibitor, increased 
glycerol production from isolated primary mouse brown adipocytes. 
Primary brown adipocytes were isolated from mouse interscapular brown fat pads as 
described in materials and methods.  [A] Primary brown adipocytes were pre-treated 
with 10 µM cilostamide, 10 µM rolipram, both or 50 µM IBMX for 20 min, and then 
stimulated with vehicle or 10 nM isoproterenol for 1 h.  [B] Primary brown adipocytes 
were pre-treated with 1 µM PF-04957325 and/or 50 µM IBMX for 20 min, and then 
stimulated with vehicle or 10 nM isoproterenol for 1 h.  Glycerol was measured as 
described in Materials and Methods.  Data are expressed as mean mg glycerol/105 
cells ± S.E.M. (n=3-5), and statistical analyses were performed by One-way ANOVA; 
***p<0.001 for Cil+Rol and IBMX versus vehicle control in each group, *p<0.05 for 
Cil or Rol versus vehicle, and a two-tailed t-test #p<0.05 for PDE inhibitors versus 
vehicle in the presence of 10 nM isoproterenol. 
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Figure 2.12.  PF-04957325 did not potentiate glycerol release when combined 
with cilostamide, rolipram or both in primary mouse brown adipocytes. 
Primary mouse brown adipocytes were treated for 80 minutes with: [A] 10 µM 
cilostamide +/- 200nM PF, [B] 10 µM rolipram +/- 200nM PF, or [C] both 10 µM 
cilostamide and 10µM rolipram +/- 200nM PF while shaking for 90 cycles/min at 
37°C (n=3).  Glycerol was measured as described in Materials and Methods.  Data 
are normalized to the amount of glycerol released by PDE inhibitors in the absence 
of PF, and presented as mean ± S.E.M.  
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Figure 2.13.  PDE3 and PDE4 inhibitors stimulate 18F-Fluorodeoxyglucose 
(FDG) uptake in the interscapular BAT in vivo. 
[A] Wild type and PDE8A-/- littermate mice were injected with 3mg/kg of cilostamide, 
rolipram, or both.  FDG was injected retro-orbitally and mice were imaged using 
positron emission tomography as described in Materials and Methods.  [B] 
Quantification of BAT region of interest (ROI) expressed as Standard Uptake Value 
(SUV)=Max count in ROI/Injected Dose/Weight.  [C] Wild type and PDE8A-/- 
littermates were injected with 0.5 mg/kg isoproterenol or vehicle, and FDG uptake 
was quantified similarly.  Data are presented as mean SUV ± S.E.M (n=3-4), and 
statistical analyses were performed by One-way ANOVA with Dunnett post hoc: 
**p<0.01 versus vehicle control in each group, and by Two-way ANOVA with 
Bonferonni post hoc: ###p<0.001 wild type versus PDE8A-/- treated with cilostamide 
and rolipram. 
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Figure 2.14.  FDG uptake was quantified using Siemen’s ASPIRO analysis 
software. 
Shown is a screen capture image of a typical ASPIRO analysis of a mouse injected 
with FDG.  A region of interest was drawn around the left (red trace) and right halves 
of the interscapular brown adipose tissue in a coronal plane that represented the 
center of BAT glucose uptake.  The maximum activity concentrations [Max (nCi/cc)] 
between the two regions were averaged and used to calculate the SUV for each 
animal as described in Materials and Methods. 
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Table 2.1.  Primer Sequences for RT-PCR 
 
Primer Name Sequence 5' -> 3' 
PDE1A forward: GGGCATTTTCAGCAAATTAAA 
PDE1A reverse: CAGCTGCATGGAGTATCAGG 
PDE1B forward: CCAGCAAGTGAAGACTATGAAGA 
PDE1B reverse: CTGATGTCAGCAGCATGAAG 
PDE1C forward: TTGAGATGGTAATGGCCACA 
PDE1C reverse: ATAAGGCTTTCGGCTTCTCA 
PDE2A forward: GGCTGCAATATCTTTGACCA 
PDE2A reverse: GTGGTGTGCCAGGTCTGTAG 
PDE3A forward: CGACTCCGATTCTGACAGTG 
PDE3A reverse: ATATTCCCAGACAGGCATCC 
PDE3B forward: ACGGAAACCAAAGCAGATTC 
PDE3B reverse: GCAGCCATAACTCATATCTGGA 
PDE4A forward: CAAGCGCCAGAAGCAGAG 
PDE4A reverse: CATAGTCTTCAGGTCAGCCAGA 
PDE4B forward: AATGTGGCTGGGTACTCACA 
PDE4B reverse: AAGGTGTCAGATGAGATTTTAAACG 
PDE4C forward: ATGGGGACTTGATGTGTTCA 
PDE4C reverse: TCTTGAGGAGGTCTCGTTCC 
PDE4D forward: CGTTTTCCGAATAGCAGAGC 
PDE4D reverse: TTTTAAACGTTTTTAACAAATCTCG 
PDE5A forward: AAATCAATTCAGTTTTGAAGATCC 
PDE5A reverse: TGTTGAATAGGCCAGGGTTT 
PDE6A forward: CCAGGAGTGGACCCAGTACA 
PDE6A reverse: GGTTTGGTGATGGCTGAGAG 
PDE6B forward: TGAAGATAAGAAGAGTTGGGTTG 
PDE6B reverse: AGCAGACAGGTCACATGCAG 
PDE6C forward: CGAGCAGATGCAAAGTGAAG 
PDE6C reverse: CAGACAGGTCACAGGCAGTC 
PDE7A forward: AAAGGTGACTTACACCTTGACGA 
PDE7A reverse: CCAGTTCCGACATGGGTTAC 
PDE7B forward: AAAGCTCACCTCCACAATAAAGA 
PDE7B reverse: GGATTGCAAATGTCAGCACA 
PDE8A forward: GACAGAAACACCTGCAGCA 
PDE8A reverse: GTTAGGCAGGTCAACGAAG 
PDE8B forward: GTGACTCCGGGGACAACTCT 
PDE8B reverse:  TGCCCCGAGAAGATATTGAT 
PDE9A forward: AATTTTGACTGCAGCAACGAG 
PDE9A reverse: ACCTCCATGGGACGGACT 
PDE10A forward: TACCAGACAGGGTCGCTGA 
PDE10A reverse: TGGCCATAGTTTGGTCACAG 
PDE11A forward: CGAGCTTGTCAGGAAAGGAG 
PDE11A reverse: ACGGCTCCAAGGTCACAG 
UCP1 forward: CGATGTCCATGTACACCAAGGA 
UCP1 reverse: TCGCAGAAAAGAAGCCACAA 
PGC1α forward: GCTTTGAAGTTTTTGGTGAAA 
PGC1α reverse: ACGGTAGGTGATGAAACCATAGC 
18S forward: GTAACCCGTTGAACCCCATT 
18S reverse: CCATCCAATCGGTAGTAGCG 
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Chapter 3:  
PDE8A Associates with Mitochondria in BAT 

 
Summary 
 
 Cyclic-AMP plays an important role in mitochondrial function.  PKA-

dependent phosphorylation has been shown to be important for the regulation of 

mitochondrial fission, steroidogenesis and oxidative phosphorylation.  Several PDEs 

have also been implicated in modulating the cAMP signal that can stimulate both 

pro- and anti-apoptotic responses as well as the oxidative stress.  Brown adipocytes 

get their colorful name from the dense mitochondria content contained within them, 

which is important for the generation of heat by uncoupling during BAT activation.  

Other studies in the Beavo laboratory have indicated that PDE8A localizes to 

mitochondria in other cell types that contain a lot of mitochondria.  Presented here 

are preliminary results verifying that PDE8A localizes with the mitochondria from 

BAT.  Furthermore, the nature of the interaction was characterized using limited 

proteolysis of isolated mitochondria fractions, and the results indicate that PDE8A 

probably localizes to the mitochondria exterior.  These studies provide the basis for 

further studies characterizing this interaction and the effects it has on mitochondrial 

function. 

  



82  

Introduction 
 
 

Cyclic-AMP signaling complexes both inside and outside the mitochondria 

play important roles in mitochondria dynamics and responsiveness to reactive 

oxygen species.  Outside of the mitochondria, PKA dependent phosphorylation is 

particularly important for the stability of the machinery that mediate mitochondria 

fission and fusion processes, which is vitally important for mitochondria efficiency 

and the mediation of apoptosis.  One of these PKA substrates is dynamin related 

protein 1 (Drp1), which is a GTPase that is required for cellular apoptosis and 

mediates the fragmentation of mitochondria under pro-apoptotic stimuli (Frank et al., 

2001).  PKA phosphorylation of Drp1 inhibits its GTPase activity leading to its 

ubiquitination and degradation, promoting mitochondrial fusion (Chang and 

Blackstone, 2007; Cribbs and Strack, 2007), a process that has been shown to be 

critically important for the efficiency of ATP synthesis during starvation (Gomes et 

al., 2011), as well as cell survival during myocardial infarction (Kim et al., 2011).  

Through anchoring to AKAP1 on the outer mitochondrial membrane (OMM), PKA 

can phosphorylate Bcl-2 family members to inhibit apoptosis, but can also 

phosphorylate inhibitor of apoptosis (IAP) to promote apoptosis (Carlucci et al., 

2008), thus indicating a complex regulation of cell survival.  In steroid-producing 

cells, PKA is very important in regulating the phosphorylation and activation of the 

steroidogenic acute regulatory protein (StAR), which is involved in the transport of 

cholesterol into the mitochondria for steroid synthesis (Stocco, 2001).  Inside of the 

mitochondria, PKA can be stimulated in the mitochondrial matrix by a cAMP pool 

generated by the soluble adenylyl cyclase.  This has been shown to regulate 
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oxidative phosphorylation (Acin-Perez et al., 2009b), possibly by direct 

phosphorylation of a number of electron transport chain proteins (Papa et al., 1999). 

 Since cAMP and PKA are known to play multiple roles in mitochondrial 

function, PDEs may also play an important role in regulating these processes.  It has 

been shown that PDE4A can interact with AKAP1 in human T-lymphocytes 

(Asirvatham et al., 2004), and PDE4 inhibition induced an apoptotic response in 

human chronic lymphocytic leukemia cells (Moon and Lerner, 2003).  Inhibition of 

cardiomyocytes with IBMX seems to be cardioprotective during ischemic insult via a 

PKA/PKG-dependent inhibition of membrane potential collapse through the 

mitochondria permeability transition pore (Chanoit et al., 2011).  Although, the 

specific PDE subtypes that mediate this process have not been identified. 

There have been several published reports suggesting that PDEs may 

regulate mitochondria function.  In an early study, it was shown that the nonselective 

PDE inhibitor, dipyridamole, induced an “uncoupled-like” state in isolated heart 

mitochondria (Sordahl and Schwartz, 1967).  Dipyridamole can inhibit a number of 

PDEs, notably PDE2, PDE3, PDE5, and is one of the few PDE inhibitors that can 

inhibit the PDE8 family with a reasonable affinity (IC50 = 4-23 µM (Fisher et al., 1998; 

Gamanuma et al., 2003; Soderling et al., 1998).  Recently, it was shown that a 

particular splice variant of PDE2A has a mitochondrial localization sequence that 

results in PDE2A being imported into the mitochondrial matrix (Acin-Perez et al., 

2011).  This study also showed that a PDE2A inhibitor could stimulate oxygen 

consumption in isolated mouse brain mitochondria, whereas a PDE4 inhibitor could 

not.  This suggests that PDE2A may play an important role in oxidative 
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phosphorylation and ATP production.  In fact, PDE2A has been shown to regulate 

adrenal aldosterone production in the zona glomerulosa cells of the adrenal gland 

(MacFarland et al., 1991).  However, a direct correlation between mitochondrial 

PDE2A and steroid production has not yet been established.  Still, it is clear that 

different PDEs can regulate mitochondria function in several different tissue types, 

indicating a potentially important regulatory step in cell physiology and energy 

utilization. 

The Beavo laboratory has recently published several studies demonstrating 

that PDE8A regulates testosterone production in mouse Leydig cells (Vasta et al., 

2006) (Shimizu-Albergine et al., 2012), and also that PDE8A co-localizes with 

mitochondria as visualized by immunocytochemistry (Shimizu-Albergine et al., 

2012).  Given the dense mitochondria content in BAT, and given that PDE8A is 

found in tissues that also contain high concentrations of mitochondria (Soderling et 

al., 1998), I hypothesized that PDE8A localizes to mitochondria in BAT.  Using 

isolated BAT mitochondria, I attempted to verify the presence of PDE8A in 

mitochondria fractions and to characterize the nature of the interaction between 

PDE8A and the organelle.  In order to test whether PDE8A localizes to the inside or 

outside of the mitochondria, I subjected the mitochondria to limited proteolysis in the 

absence or presence of detergent, and then analyzed the sample using Western blot 

analysis to probe whether or not the protein was degraded in a given condition.  The 

results clearly indicate that PDE8A is enriched in the crude mitochondria preparation 

of BAT.  Limited proteolysis, though not conclusive, indicated that PDE8A is 

probably localized to the exterior membrane of the mitochondria.  However, it 
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remains to be seen exactly how this interaction occurs, i.e. whether PDE8A is 

localized on the cytosolic face of the OMM, in the intermembrane space (IMS) or 

somehow loosely tethered to protein complexes that associate with the OMM but are 

perhaps protected by other contaminating membranes.  This data could serve as 

preliminary results for a study probing the physiological mechanism of PDE8A 

function in BAT, as our recently published results showed that a global ablation of 

PDE8A results in enhanced glucose uptake in BAT when PDE3 and PDE4 are also 

inhibited (Kraynik et al., 2013). 
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Materials and Methods 
 

Isolation of mouse mitochondria by differential centrifugation 

Adult C57/Bl6 mice were sacrificed via CO2 asphyxiation, and the interscapular BAT 

pads, and/or testes, were excised and trimmed of any remaining white adipose and 

connective tissues.  The tissue was then homogenized in 1 mL ice cold lysis buffer, 

10mM HEPES, pH 7.4, 250 mM sucrose, 5 mM EDTA, 1X Protease Inhibitor 

Cocktail III, (Calbiochem, EMD Millipore, Darmstadt, Germany) in a glass Dounce 

homogenizer with a Teflon pestle on ice with approximately 30-40 strokes.  A small 

amount of the homogenate was saved for Western blot, and the rest was transferred 

to a 1.5 mL centrifuge tube and centrifuged at 500 g for 10 min at 4°C.  The cytosolic 

fraction was removed with a 1mL syringe fitted with a 25-gauge needle and 

transferred to a new 1.5 mL centrifuge tube after first removing the needle from the 

end of the syringe.  The remaining pellet was resuspended in lysis buffer and saved 

for Western blot as P1.  The cytosolic fraction was centrifuged again at 500 g for 10 

min at 4°C, removing the cytosolic fraction once again.  The remaining pellet was 

resuspended in lysis buffer and saved for Western blot as P2.  The cytosolic fraction 

was then centrifuged at 12 200 g for 10 min and then removed after saving a small 

amount for Western blot.  The remaining pellet was then resuspended in lysis buffer 

that contained 3% Ficol and layered over a 6% Ficol lysis solution, and then 

centrifuged at 10 400 g for 30 min.  The resulting pellet was defined as the crude 

mitochondria fraction.  For protease digestion, the mitochondria pellet was washed 

twice with lysis buffer without protease inhibitors and resuspended in 200 µL lysis 

buffer without protease inhibitors. 
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Isolation of BAT mitochondria by gradient centrifugation 

BAT was homogenized in 2 mL ice cold lysis buffer, 10mM HEPES, pH 7.4, 250 mM 

sucrose, 5 mM EDTA, 1X Protease Inhibitor Cocktail III, (Calbiochem, EMD 

Millipore, Darmstadt, Germany) in a glass Dounce homogenizer with a Teflon pestle 

on ice with approximately 30-40 strokes.  The homogenate (Hom.) was diluted to 10 

mL in ice-cold lysis buffer and transferred to a 15 mL glass centrifuge tube, saving 

500 µL for Western blot analysis.  The homogenate was centrifuged at 500 g in 4°C 

for 10 min.  The supernatant was transferred to a 30 mL glass centrifuge tube, and 

the pellet was resuspended in 2 mL ice cold lysis buffer, re-homogenized as 

described above, diluted to 10 mL with ice cold lysis buffer (500 µL saved for 

Western as P1) and centrifuged at 500 g in 4°C for 10 min.  The two supernatants 

were combined and centrifuged at 10 000 g in 4°C for 20 min.  The supernatant was 

discarded.  The pellet was resuspended in 3.6 mL 25% Nycodenz in lysis buffer (300 

µL was split into 2 fractions: [1] saved as is for PDE activity, and [2] 50 µL was 

diluted into 88.88 µL lysis buffer for a volume-controlled analysis on a Western blot 

as crude mitochondria, CM) and layered within a gradient as follows: 1.6 ml of 40%, 

1.6 ml of 34%, 2.3 ml of 30%, 3.3 ml of resuspended mitochondria, 2.3 ml of 23%, 

and 0.7 ml of 20% Nycodenz (Accurate Chemical & Scientific Corporation, 

Westbury, NY).  The tube was then centrifuged at 23 600 g in a Beckman SW Ti40 

rotor at 4°C for 120 min.  Fractions were defined as the band of material at the 

following interfaces: Fraction A was between 20-23%, Fraction B was between 23-

25%, and Fraction C was between 25-30%.  Fractions were collected with a glass 

Pasture pipette and transferred to 15 mL glass centrifuge tubes, diluted to 10 mL 
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with lysis buffer and centrifuged at 10 000 g in 4°C for 20 min.  The supernatant was 

removed and the pellets resuspended in 100 µL lysis buffer.  50 µL of the fraction 

was diluted with sample buffer and boiled for Western blot, and the remaining 

material was assayed for PDE activity. 

 
Western blot analysis of BAT mitochondria isolation fractions 

For a detailed description of the Western blot techniques used, please refer to 

Chapter 2 of this dissertation.  Primary antibody dilutions unique to this particular 

chapter are as follows: PDE8A [1:1200 (vol/vol)] (PDE8-121AP, FabGennix 

International, Frisco, TX), UCP1 [1:1000 (vol/vol)] (C-17, Santa Cruz Biotechnology, 

Santa Cruz, CA), voltage dependent anion channel, VDAC, [1:1000 (vol/vol)] 

(VDAC1/Porin, Abcam, Cambridge, MA), superoxide dismutase, SOD, [1:1000 

(vol/vol)] (SOD-2 FL-222, Santa Cruz Biotechnology, Santa Cruz, CA), cytochrome 

C, Cyt C, [1:1000 (vol/vol)] (BD Biosciences, San Jose, CA), protein disulfide 

isomerase, PDI, (Stressgen, Ann Arbor, MI), β-actin, [1:10 000 (vol/vol)] (A5441, 

Sigma, St. Louis, MO) in 5% milk in TBST.  Secondary antibodies were conjugated 

to horseradish peroxidase and were diluted as follows: goat anti-rabbit [≤1:1000 

(vol/vol)] (Bio-Rad Laboratories, Hercules, CA), rabbit anti-goat [1:3000 (vol/vol)] 

(Jackson Immunoresearch Laboratories, West Grove, PA), or rabbit anti-mouse 

[≤1:5000 (vol/vol)] (Bio-Rad Laboratories, Hercules, CA). 

 
PDE Assay 

For a detailed description of the PDE Assay, please refer to the Materials and 

Methods section in Chapter 2 of this dissertation.  The assay duration, substrate 
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concentration, and inhibitor concentrations are given in the figure legends.  For more 

information on the PDE inhibitors used, refer to the Materials and Methods section, 

subheading “Drugs,” in Chapter 2 of this dissertation. 

 
Proteinase-K activity assay 

A 116 ng/µL solution of bovine hemoglobin (Sigma, St. Louis, MO) was prepared in 

20 mM TES, pH 7.5, 100 mM KCl, 1 mM CaCl2 (reaction buffer).  A 20 mg/mL 

proteinase-K stock (Invitrogen) was prepared in 10 mM Tris, pH 7.4, 20 mM CaCl2, 

50% glycerol (stored at -20°C).  Proteinase-K was then diluted by a factor of 100 to 

generate a 20X working solution.  0.43 mL of hemoglobin was diluted with 45 µL 

reaction buffer, followed by 25 µL 20X proteinase-K working solution or reaction 

buffer as a control.  This was done for a reaction at room temperature and at 37°C. 

Immediately after proteinase-K was added, 2x 50 µL aliquots were removed and 

added to new centrifuge tubes containing 2 µL of 25 mM PMSF in isopropanol on ice 

for 10 min to stop the reaction (time 0) and to incubate for 60 minutes as a negative 

control.  50 µL aliquots were removed and stopped with freshly made PMSF in the 

same fashion at 10 and 60 minutes.  After 10 min on ice, the stopped reactions were 

diluted with sample buffer, boiled for 10 min.  Samples were then separated by 10% 

SDS-PAGE, after which the gels were stained with 0.2% (w/v) Coomassie blue 

(Brilliant Blue G-250, Bio-Rad) (in 7.5% acetic acid (vol/vol) and 40% methanol 

(vol/vol)) and de-stained in 7.5% acetic acid, 5% methanol. 
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Protease digestion of mitochondria 

Isolated BAT mitochondria were resuspended in 250 µL lysis buffer without protease 

inhibitors, except for Fig. 3.8 in which the mitochondria were resuspended in 20mM 

TES, pH 7.5, 100mM KCl, 1mM CaCl2 in order to re-swell the mitochondria.  35 µL 

mitochondria were transferred to a 1.5 mL centrifuge tube, followed by the addition 

of 10 µL Triton X-100 or NP-40 that resulted in a final concentration of 0.2 – 1% 

(vol/vol) as indicated in the figure legend.  Next, 5 µL of trypsin (0.25% w/v final) or 

proteinase-K (0.1 - 10 µg/mL final) were added to the reaction tube and the tubes 

were incubated on ice or at 37°C.  Reactions were stopped with 2 µL 100 mM PMSF 

dissolved in isopropanol.  Samples were diluted in sample buffer, boiled and protein 

digestion was analyzed by Western blot. 
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Results 
 

PDE8A localizes to BAT mitochondria 

In order to test the hypothesis that PDE8A localizes to mitochondria in BAT, I 

first isolated mitochondria and assayed both for the presence of PDE8A protein by 

Western blot and by enzyme activity.  A band corresponding to PDE8A is easily 

visualized in BAT tissue homogenates from wild type mice, which is completely 

absent in BAT tissue homogenates from PDE8A knockout mice (Fig. 3.1).  After 

subjecting the homogenates to low- and high-speed centrifugations, the resulting 

cytosolic fraction, as indicated by the presence of β-actin, had a negligible amount of 

PDE8A remaining.  A substantial portion of the protein content in the high-speed 

pellet appeared to be the voltage dependent anion channel (VDAC), a mitochondria 

outer membrane marker.  This fraction also appeared to be enriched for the band 

corresponding to PDE8A (Fig. 3.1).  In a similar experiment, the high-speed pellet 

was assayed for PDE enzymatic activity.  At the time of this experiment, the PDE8-

selective inhibitor, PF-04957325, was not yet available.  Since PDE8A is relatively 

insensitive to the classical non-selective PDE inhibitor IBMX, and since PDE8A has 

a Km for cAMP below 100 nM, PDE8A activity was defined as PDE activity that 

remains in the presence of IBMX at 12 nM cAMP substrate concentration.  

Approximately half of the total PDE activity measured in BAT mitochondria appeared 

to be insensitive to IBMX.  In contrast, all of the PDE activity measured in 

mitochondria isolated from PDE8A knockout BAT pads was inhibited by IBMX (Fig. 

3.2).  Since PDE8A had recently been shown to be present in mouse Leydig cells 

(Vasta, 2006), I also isolated mitochondria from wild type and PDE8A knockout 
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testes.  Similarly, a large portion of the PDE activity in wild type testes mitochondria 

was insensitive to IBMX, whereas all of the PDE activity in knockout mitochondria 

was inhibited by IBMX.  It was later published that PDE8A co-localized with 

mitochondria markers (Shimizu-Albergine, 2012) (Fig. 3.2).  Together, these data 

indicate that PDE8A is enriched in the crude mitochondria (CM) of BAT. 

 
PDE8A activity is found in a purified fraction of mitochondria 
 
 I attempted to determine the recovery yield of mitochondria during the 

differential centrifugation method by probing the homogenate, cytosolic, and low-

speed pellet fractions for mitochondria markers, VDAC and SOD, and PDE8A.  To 

my surprise, large portions of the mitochondria seem to come down in the low-speed 

pellet P1 fraction when the fractions are normalized to the original homogenization 

volume (Fig. 3.3A).  I also detected a large amount of endoplasmic reticulum in the 

low-speed P1 and CM fractions, as indicated by the presence of protein disulfide 

isomerase (PDI) (Fig. 3.3B).  It has been previously shown that CM preparations can 

contain other cellular membranes, such as the cytoplasmic membrane and 

endoplasmic reticulum (Acin-Perez et al., 2009a). 

Due to these contaminations, it is therefore difficult to determine exactly 

where PDE8A is associated within the CM fraction.  Therefore, I then attempted to 

separate the mitochondria away from other cellular organelles and membranes by 

gradient centrifugation.  There were three visible layers of material, labeled Fractions 

A, B and C.  According to the mitochondrial marker, VDAC, the vast majority of the 

BAT mitochondria were found in Fraction A (Fig. 3.4A).  Since there was limited 

recovery of material in these fractions, it was necessary to assess the presence of 
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PDE8A by measuring PDE enzymatic activity in the presence and absence of IBMX 

and PF-04957325, both alone and in combination, in both wild type and PDE8A 

mitochondria fractionations.  In the wild type CM fraction, approximately 75% of the 

total PDE activity was sensitive to IBMX, and 25% of the total activity was sensitive 

to PF-04957325 (Fig. 3.4B, dark blue).  When combined, total PDE activity was 

almost completely abolished.  In contrast, virtually all of the PDE activity in the CM 

fraction from PDE8A knockout BAT was abolished by IBMX, and there was no 

inhibition by PF-04957325 (Fig. 3.4B, red).  This is similar to our previous 

observations in CM fractions (Fig. 3.2).  In Fraction A, which contained most of the 

VDAC-positive material, we saw a similar pattern of PDE inhibitor sensitivities where 

PF-04957325 inhibited some portion of the total activity in the wild type (Fig. 3.4B, 

light blue) but none in the PDE8A knockout (Fig. 3.4B, pink).  A similar pattern of 

inhibitor sensitivities was observed in fractions B and C, as well, except for what 

appeared to be PF-sensitive activities in the PDE8A knockout.  The amount of PDE 

activity relative to the amount of protein recovered for Fractions A, B and C was 

approximately 100-1000 fold less than the CM fraction (data not shown), which may 

have been the result of the harsh isolation conditions.  Taken together, these results 

indicate the presence of PDE8A in a more enriched fraction of mitochondria. 

 
PDE8A associates with mitochondria exterior 
 
 In order to determine the nature of the PDE8A-mitochondria interaction, I 

subjected mitochondria fractions to limited proteolysis in the presence and absence 

of Triton X-100 detergent.  In an early experiment, I found that PDE8A was sensitive 

to two different sources of trypsin in the absence of any detergent, as shown by a 



94  

decrease in band intensity for PDE8A in the presence of detergent compared with 

the 40 min time point without detergent (Fig. 3.5).  The pattern of digestion between 

the two brands of trypsin was different, with the Worthington trypsin being very 

active in the early time points and the Gibco trypsin staying fairly active over the 

duration of the assay.  In the presence of Triton-X100, PDE8A was rapidly digested 

by the Worthington trypsin, but more slowly digested by the Gibco trypsin (Fig. 3.5).  

It is important to note that the overall signal intensity was lower in the presence of 

trypsin, making a comparison between the two detergent conditions difficult.  

Additionally, the mitochondria markers VDAC and SOD were completely insensitive 

to trypsin digestion. 

 Since VDAC was shown to be completely resistant to trypsin (Salinas et al., 

2006), but sensitive to proteinase-K (Chandra et al., 2004), I next used proteinase-K 

in the digests of CM preparations.  The band corresponding to PDE8A was readily 

digested by proteinase-K (0.1 and 10 µg/mL) even in the absence of Triton X-100 

(Fig. 3.6) at 4°C.  However, the VDAC and SOD still seemed to demonstrate 

insensitivity to proteolysis, which led me to test whether the conditions were 

adequate for full proteolytic activity.  The product information indicates that 

proteinase-K works best in the presence of calcium and at higher temperatures.  In 

order to troubleshoot these conditions, I designed a proteolytic activity assay using 

bovine hemoglobin as a substrate.  I found that even under high calcium conditions, 

it required 60 minutes for proteinase K to fully digest hemoglobin at 37°C, whereas 

hemoglobin was virtually unchanged at room temperature (Fig. 3.7).   
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These results prompted me to modify the mitochondria digestion assay for 

longer time points at a higher temperature, as well as increase the calcium 

concentration.  Furthermore, when mitochondria are isolated, it is often the case that 

the membranes are fully collapsed.  It is therefore often necessary to resuspend 

mitochondria in 100 mM potassium in order to re-swell the mitochondria (Cannon 

and Nedergaard, 2001).  I found that even under these conditions, VDAC is still 

relatively insensitive to digestion by proteinase K, even requiring detergent and at 

least 30 minutes at 37°C (Fig. 3.8).  This was a similar pattern to the ER marker PDI.  

On the other hand, UCP1, which resides in the IMM, was partially proteolyzed by 10 

minutes of proteinase-K exposure, and completely digested by 30 minutes, in the 

absence of any detergent (Fig. 3.8).  In the presence of detergent, however, UCP1 

was completely digested by only 10 minutes of proteinase-K. 

Since VDAC appeared to be a non-ideal candidate for the digestion of OMM 

membrane proteins, I decided to expand the search for a marker that is digested 

under conditions where IMM membranes are untouched.  It has been shown that c-

Raf kinase is associated with the outside of mitochondria through an association 

with VDAC (Le Mellay et al., 2002), and it has been recently shown to interact with 

PDE8A (Brown et al., 2013).  I therefore also probed for c-Raf in this particular assay 

as a second OMM marker.  Indeed, c-Raf is almost immediately digested after the 

addition of proteinase-K to the CM fraction in the absence of detergent at a time 

point when UCP1 had yet to be digested. 

Together, these results indicate that PDE8A is readily digested by protease 

under conditions similar to where the OMM protein c-Raf is also digested, but where 
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IMM proteins, such as UCP1, are not digested.  These results strongly suggest that 

PDE8A is localized to the OMM in some way, however it remains to be seen exactly 

how this interaction occurs. 
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Discussion 
 

 PDE8A is enriched in mitochondria from BAT and it is readily digested by two 

different proteases, trypsin and proteinase K.  However, it is inconclusive whether it 

is inside or outside the mitochondria from these experiments.  Under a given set of 

conditions, PDE8A is rather protected from proteolysis by trypsin or Proteinase K, 

but readily degraded by proteolysis when detergent is present.  However, without a 

well-established control for the degradation of inner or outer mitochondria markers 

due to their relative insensitivity to proteases, making a definitive statement for 

where PDE8A actually resides is difficult.  For example, VDAC is inherently 

insensitive to proteolysis because it serves as a junction between mitochondria and 

endoplasmic reticulum membranes that cannot be removed by washes (Rizzuto et 

al., 2012; Salinas et al., 2006).  Therefore, despite this protein being outside the 

mitochondria, it is not accessible by protease until detergent is present to dissolve 

the membranes.  On the other hand, superoxide dismutase, a matrix mitochondria 

marker, is insensitive to proteolysis by virtually all proteases (Li et al., 2010).  These 

subtle details were not immediately known at the time that these experiments were 

done, but they do retroactively explain the observations that these proteins were 

insensitive to proteolysis.  However, C-Raf kinase, an enzyme that appears to 

interact with mitochondria through VDAC (Le Mellay et al., 2002), was readily 

digested by proteases in a similar fashion to what was observed for PDE8A. 

Additionally, UCP1, which resides in the mitochondria inner membrane, is 

also digested by high concentrations of proteinase K.  This is interpreted to mean 

that proteinase K may disrupt membranes by digesting OMM proteins, thereby 
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allowing the protease access to inner mitochondria proteins under certain conditions.  

These results indicate that these mitochondria are fairly fragile under these particular 

conditions, and that the conditions within which these digestion assays were carried 

out were not fully optimized. 

Importantly, under similar conditions where UCP1 is protected, PDE8A seems 

readily degraded.  This would imply that PDE8A is loosely tethered to the outside of 

mitochondria, but potentially protected in some fashion by contaminating 

membranes as is VDAC.  This is also supported by the finding that the endoplasmic 

reticulum marker, PDI, which is present in these mitochondria preparations, is 

completely insensitive to proteolysis in the absence of detergent.  A second potential 

conclusion is that PDE8A is in the intermembrane space (IMS).  Further digestion 

experiments probing for protein markers such as cytochrome C may serve to 

validate or refute this hypothesis.  However, there are only a handful of reports 

indicating cAMP signaling effectors present in this particular compartment.  For 

example, the optic atropy protein 1 (OPA1) resides in the IMS, but has also been 

implicated as an AKAP in adipocytes that is important for lipolysis (Belenguer and 

Pellegrini, 2013; Pidoux et al., 2011). 

Altogether, these data indicate a body of preliminary evidence characterizing 

how PDE8A may interact with BAT mitochondria, though it does not identify how this 

interaction occurs (e.g. through the N-terminal PAS, Per-Arnt-Sim, domain).  So far, 

BAT is the only tissue by which these limited proteolysis experiments have been 

probed.  Part of this is because BAT is a tissue where PDE8A is abundantly 

expressed and very easily observed on a Western blot.  Additionally, PDE8A is not 
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proteolytically cleaved upon tissue homogenization in BAT as we have found with 

liver, which could potentially disrupt native protein-protein interactions that are 

important in characterizing this loose interaction.  Finally, this study lays the 

groundwork for future experiments in terms of the methods of mitochondria isolation 

and protease assay characteristics that are in need of further refinement, as well as 

establish a signaling domain in which PDE8A function could potentially be explored.  

Such domains include, but are not limited to, the fission and fusion of mitochondria, 

cell survival/death, and the utilization of nutrients, all of which have a strong PKA-

dependent regulation. 
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Figure 3.1.  PDE8A protein is enriched in crude mitochondria isolated from 
mouse BAT. 
Crude mitochondria were isolated via differential centrifugation from homogenized 
wild type (WT) and PDE8A knockout (8AKO) BAT as described in Materials and 
Methods.  35 µg of protein from total homogenate (Hom.), cytosolic (Cyt.) and 
mitochondria fractions (Mito.) was separated by SDS-PAGE, and blotted onto PVDF.  
PDE8A, VDAC and β-actin protein were then analyzed via Western blot.  Shown is a 
representative blot (n=5). 
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Figure 3.2.  IBMX-insensitive PDE activity is present in crude mitochondria 
isolated from mouse BAT and testes. 
Crude mitochondria were isolated via differential centrifugation from homogenized 
BAT [A] and testes [B] as described in Materials and Methods.  The mitochondria 
were then assayed for PDE activity in the presence of 12 nM cAMP substrate with 
and without 100 µM IBMX for 15 min.  The IBMX-insensitive portion of total PDE 
activity observed in mitochondria from wild type mice is completely gone in PDE8A 
knockout mice (8AKO) (n=1).  Data are presented as mean specific PDE activity 
(pmol/min/mg protein) with error bars representing the range of duplicates in a single 
experiment. 
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Figure 3.3.  BAT mitochondria markers are enriched in the low-speed pellet. 
Crude mitochondria were isolated from BAT as described in Materials and Methods.  
Both of the 500 g pellets (P1 and P2) and the mitochondria pellet (Mito) were 
resuspended in the same volume used to homogenize the BAT pad, and an equal 
volume of protein extract from each fraction was separated by SDS-PAGE, 
transferred to PVDF and probed for [A] PDE8A, the OMM protein VDAC, the 
mitochondria matrix protein superoxide dismutase (SOD) (n=2), and [B] the 
endoplasmic reticulum PDI via Western blot (n=1).  
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Figure 3.4. IBMX- and PF-04957325-sensitive PDE activities in gradient 
centrifugation fractions isolated from mouse BAT. 
Membrane sub-fractions were isolated from wild type (WT) and PDE8A knockout 
(8AKO) BAT via gradient centrifugation as described in Materials and Methods.  
Membrane fractions are labeled as crude mitochondria (CM, blue or red), the 
mitochondrial fraction A (Fr. A, light blue or magenta), fraction B (B, cyan or pink), 
fraction C (C, yellow).  [A] Western blot for VDAC as a measure for mitochondrial 
recovery.  The left half of the presented blot represents crude fractions that were 
diluted up to the homogenate volume.  The right half represent the gradient 
fractions.  Fractions A, B and C were approximately 1x106-fold more concentrated 
than the crude mitochondria samples in the right half of the presented blot.  [B] PDE 
activity was measured in each of the gradient fractions and defined as pmol cAMP 
hydrolyzed over 45 min with, 50 µM IBMX, 200 nM PF-04957325 or both.  Due to 
the scarcity of recovered fractional material, the data was normalized to the volume 
of the fraction assayed. 
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Figure 3.5.  Mitochondrial PDE8A is readily degraded by trypsin. 
Crude mitochondria were isolated from mouse BAT, divided into equal aliquots, and 
exposed to 0.25% trypsin from either Worthington or Gibco +/- 0.2% Triton X-100 for 
40 minutes as described in Materials and Methods.  Reactions were stopped with 
soybean trypsin inhibitor, diluted in sample buffer and boiled. Samples were then 
separated by SDS-PAGE and probed for PDE8A, VDAC, SOD, and cytochrome c 
(Cyt C) (n=1).  
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Figure 3.6.  Mitochondrial PDE8A is readily degraded by proteinase-K. 
Crude mitochondria were isolated from mouse BAT, divided into equal aliquots, and 
exposed to 0.1 µg/mL (left) or 10 µg/mL proteinase-K (right) +/- 1% Triton X-100 at 
4°C for 10 minutes as described in Materials and Methods.  Reactions were stopped 
with 0.1 mM PMSF, diluted in sample buffer and boiled.  Samples were then 
separated by SDS-PAGE and probed for PDE8A, VDAC, and SOD (n=1).  
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Figure 3.7.  Proteinase-K activity assay using bovine hemoglobin as a 
substrate marker. 
Bovine hemoglobin was digested by 10 µg proteinase K at either room temperature 
or at 37°C for 0, 10 or 60 min as described in Materials and Methods.  Reactions 
were stopped with 1 mM PMSF, diluted in sample buffer and boiled.  Samples were 
separated by SDS-PAGE and visualized in the gel with Coomassie blue stain (n=2). 
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Figure 3.8.  VDAC and PDI digestion by proteinase-K is dependent on 
detergent, while UCP1 and c-Raf digestion is not. 
Crude mitochondria were isolated from mouse BAT, divided into equal aliquots, and 
exposed to 10 µg/mL proteinase-K (right) +/- 0.1% Triton X-100 or 0.1% NP-40 at 
37°C for 0, 10, or 30 minutes as described in Materials and Methods.  Reactions 
were stopped with 1 mM PMSF, diluted in sample buffer and boiled.  Samples were 
then separated by SDS-PAGE and probed for VDAC, UCP1, c-Raf and PDI.  Data 
are presented as a representative Western blot (n=1-2). 
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Chapter 4:  
Summary and Future Implications 

 
 Brown adipose tissue is a highly metabolic organ that converts the energy 

stored in triglycerides and glucose into heat.  It is this innate “energy wasting” 

function of the tissue that makes it so intriguing as a potential target for the design of 

future therapies in the treatment of obesity and its related diseases.  As the notion 

that adult humans possess an appreciable quantity of brown fat has become more 

widely accepted, brown fat development and metabolism research over the past 

decade has come into a proverbial renaissance.  However, despite significant 

advances into the characterization of brown fat development from its fibroblast-like 

precursors, such as its cell lineage (Wu et al., 2012), hormones like irisin that drive 

its production (Bostrom et al., 2012), and the identification of required transcription 

factor checkpoints (Seale et al., 2007), little has been done by way of finding a 

pharmacological tool to activate brown fat metabolism of existing brown adipose 

tissue.  Even though the activating β3-adrenergic receptor is expressed rather 

exclusively in the fat tissue in rodents, human fat tissue is essentially negative for 

this particular target.  Because of this, agonists to this receptor that lead to weight 

loss in rodents, largely through BAT thermogenesis, are completely ineffective in 

humans.  Therefore, alternative candidates in the pathways that lead to brown fat 

activation are in need of identification and characterization. 

 The goal of the investigations presented in this dissertation was to identify the 

phosphodiesterases that regulate the cAMP-dependent components of brown fat 

activity, both in its basal and stimulated states.  I show in Chapter 2 that mouse BAT 

contains five different PDE subtypes that are capable of hydrolyzing cAMP: PDE1A, 



109  

PDE2A, PDE3B, PDE4B/D, and PDE8A.  The predominant PDE enzyme activities 

found in brown adipocyte protein extracts were PDE3 and PDE4, though the other 

PDEs could also be detected.  Yet, only inhibitors to PDE3 and PDE4 were effective 

in modulating virtually every process that was investigated, including cAMP, UCP1 

mRNA expression, CREB phosphorylation, lipolysis and glucose uptake.  Most 

importantly, it was revealed that BAT has an extremely high basal cAMP tone that is 

capable of facilitating a full activation of all of these important thermogenic 

processes, and that this “basal” production of cAMP is effectively neutralized by both 

PDE3B and at least one of the PDE4s together.  Pharmacologically inhibiting either 

PDE alone had virtually no effect, but combining the inhibitors together resulted in a 

near-maximal, synergistic stimulation of BAT in the absence of any β-adrenergic 

agonists (Fig. 4.1A).  However, when a β-adrenergic agonist, such as isoproterenol, 

is administered, there is a differential shift in the processes that PDE3B and PDE4 

respectively regulate.  More specifically, inhibiting PDE3B potentiated isoproterenol-

stimulated UCP1 mRNA expression, but had no significant effect on lipolysis.  

Conversely, inhibiting PDE4 had no effect on isoproterenol-stimulated UCP1 mRNA 

expression, but did significantly potentiate lipolysis and global cAMP accumulation 

(Fig. 4.1B).  These results indicate that PDE3 and PDE4 can govern the same basal 

compartment of cAMP production, but they govern different, possibly additional 

compartments when cAMP is produced in response to adrenergic stimuli. 

 Since BAT can take up glucose and fatty acids out of the circulation in a 

cAMP-dependent, insulin-independent fashion, I hypothesized that inhibiting one or 

more PDEs could stimulate glucose uptake by removing the PDE blockade of basal 
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cAMP production.  I found that the same overall synergistic effect of combining 

PDE3 and PDE4 inhibitors could also be observed for glucose uptake in mouse BAT 

in vivo.  Furthermore, when these inhibitors were combined in the PDE8A ablated 

mouse, there was an even greater potentiation of BAT glucose uptake than what 

was observed in the wild type (Fig. 4.1A).  Though it is not definitive that the actions 

of these drugs and/or PDE8A ablation are working specifically at the brown fat, given 

what is presented here in the other models of brown fat, it is convincing that PDE 

inhibitors can remove a significant regulatory checkpoint in BAT activation both in 

cells and in the whole animal. 

 It is well understood that PDE3 isoforms localize to membranes and that 

PDE4 isoforms can differentially localize to cytosolic or membrane compartments 

through protein-protein interactions depending on certain signaling events.  

However, it is not well understood to what intracellular compartment PDE8A 

localizes.  Since BAT is highly enriched in mitochondria, and since PDE8A is 

expressed in tissues that express a high amount of mitochondria (Soderling et al., 

1998), I hypothesized that PDE8A localizes to the mitochondria.  I show in Chapter 3 

that PDE8A appears to localize with the crude and refined mitochondria fractions 

isolated from whole mouse BAT pads.  Interestingly, PDE8A was digested when 

mitochondria were exposed to protease in the absence of detergent (Fig. 3.5, 3.6).  

These results were similar to what was observed for another protein that associates 

with the mitochondria exterior, c-Raf kinase, and suggest that PDE8A is somehow 

associated with the mitochondria exterior (Fig. 4.1A, 4.1B).  Whether this interaction 

is through a protein-protein interaction (e.g. via the PAS-domain), or whether it is 
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directly associated with the mitochondria membrane remains to be seen.  However, 

these results suggest a signaling domain in which PDE8A may reside, and they 

provide the basis for future studies into the effects of PDE8A on mitochondria 

function. 

 Despite the results presented here that demonstrate a synergistic effect of 

PDE3 and PDE4 inhibition on brown fat function, it remains unclear exactly how this 

particular relationship occurs.  Notably, how do these PDEs interface with the source 

of the basal cAMP signal?  For example, it is known that β-ARs can spontaneously 

switch into an active conformation in the absence of adrenergic agonists 

(Rasmussen et al., 2011), thereby providing a potential basal production of cAMP at 

the membrane.  It is also known that PDE3B resides in membranes, particularly in 

adipocytes (Nilsson et al., 2006), and that in cardiomyocytes some PDE4D splice 

variants can interact with β2-ARs in the basal state, while other PDE4D splice 

variants will interact with the receptor when agonist is bound (De Arcangelis et al., 

2009).  Even though the data presented in Chapter 2 identifies PDE4D in BAT, it has 

yet to be shown which splice variants of PDE4D are the ones expressed, let alone if 

they behave in a similar manner as in cardiomyocytes.  It is also unclear if there is 

perhaps some other adenylyl cyclase that basally produces cAMP from a separate 

compartment governed by PDE4 that can possibly spill over into the compartment 

that stimulates UCP1, lipolysis, and glucose uptake once both PDE4 and PDE3 are 

inhibited at the same time (Fig. 4.1A). 

It is possible that some, but not all, of the PDE4 subtypes are localized in the 

same relative vicinity to PDE3B, but that others are free to diffuse throughout the 
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cytosol.  Such a differential localization to β-receptors could explain why an inhibitor 

to both PDEs will fully activate the tissue when β-AR agonists are absent, and why 

the inhibitors have differential effects when β-ARs are activated.  For example, since 

PDE4 is important for regulating lipolysis, perhaps its cytosolic localization provides 

spatial control for the control of hormone sensitive lipase (HSL) phosphorylation by 

PKA, an event that stimulates the translocation of HSL from the cytosol to the lipid 

droplet.  This may explain the reason why only a PDE4 inhibitor alone potentiated 

both global cAMP accumulation and lipolysis in response to isoproterenol, while a 

PDE3 inhibitor alone did not (Fig.4.1B).  Future studies will be needed to illustrate 

how PDEs regulate the spatiotemporal relationship of cAMP signals in brown fat. 

Additionally, it has yet to be shown whether PDE inhibitors alone can be used 

as an effective therapy for the treatment of obesity and its comorbidities.  Do PDE 

inhibitors stimulate thermogenesis and weight loss in obese subjects? What is the 

level and duration of BAT activity that is necessary to get a large metabolic effect 

over time?  Does inhibiting BAT PDEs stimulate blood glucose clearance in diabetic 

patients who no longer respond to insulin?  These questions are in need of answers.  

So far, this has been problematic due to the lack of tools to test the basic 

hypothesis.  This dissertation provides the basis for which a targeting strategy could 

be used to activate BAT without having to activate the β-adrenergic receptor.  Most 

notable is the concept of synergy in combining PDE inhibitors.  This is of particular 

importance regarding the avoidance of side effects.  By definition, drug synergy may 

allow for lowering the dose of both drugs but still getting the same desired effect in 

the tissue of interest.  PDE4 inhibitors are known to induce nausea, and PDE3 
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inhibitors are generally only used in situations of acute cardiac failure due to their 

propensity to decrease lifespan in such patients, though they are also approved for 

intermittent claudication.  However, by administering low enough doses, a 

PDE3/PDE4 inhibitor combination, perhaps selective for the particular isoforms in 

BAT, could have a therapeutic result without the unwanted side effects.  This type of 

strategy has immense therapeutic potential, but is often met with regulatory 

obstruction due to the difficult nature of testing multiple drugs.  Still, this does not 

preclude the notion that a single molecule PDE3/PDE4 dual inhibitor could prove 

effective, and easier to pass regulatory standards.  A few such drugs have entered 

clinical trials for the treatments of respiratory illness and have been fairly well 

tolerated (Banner and Press, 2009).  However to our knowledge, their effects on 

glucose levels and BAT activity have not been explored. 

 

In conclusion, selectively inhibiting PDE3, PDE4 and/or PDE8A may provide 

a potentially new clinical strategy for the activation of BAT.  These enzymes play a 

critical role in the regulation of brown adipocyte physiology under a variety of 

contexts, and inhibiting these PDEs together results in the stimulation of the major 

cAMP-dependent processes that are known to be important for heat production. 
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Figure 4.1A.  Proposed Model for PDE Regulation of Basal Activity in BAT. 
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Figure 4.1B.  Proposed Model for PDE Regulation of β-adrenergic Stimulated 
Activity in BAT. 
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Appendix A: 
High Basal Lipolysis in Brown Adipocytes 

 
 Over the course of developing the isolated brown adipocyte model system for 

the study of lipolysis, several technical difficulties arose regarding the ability to 

measure an agonist-induced increase in lipolysis over the basal production of 

glycerol.  I hypothesized that this could have been due to several possibilities.  First, 

β2-ARs are known to shift into an active conformation even in the absence of agonist 

(Rasmussen et al., 2007).  However, little is known about the basal coupling 

properties of the β3-AR.  Furthermore, it is suspected that collagenase-based 

isolations may damage receptors on the surface of cells due to contaminating 

proteases, which could have implications in the degree to which adenosine is 

produced, thereby modulating lipolysis in a relatively unpredictable fashion (Dulloo et 

al., 1992).  Similarly, some commercial collagenase types are specifically marketed 

for the isolation of adipocytes that leave the insulin receptors on the cell surface 

undamaged (C6885, Sigma).  Since insulin is naturally anti-lipolytic, it is conceivable 

that damaging these receptors may result in an increased basal lipolysis.  Finally, it 

is also known that brown adipocytes are densely innervated with sympathetic 

nerves.  It has been shown that adipocytes isolated by collagenase digestion can 

still be covered by a “cob-webb” like mesh of sympathetic nerve endings depending 

on how long the digestion period was and how few washes the cells received after 

dissociation (Sbarbati et al., 1987).  It was likely that several of these possibilities 

were true at the same time. 

 If endogenous norepinephrine (NE) was slowly being released from 

contaminating nerve stores, blocking the β-ARs should inhibit the basal production of 
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glycerol.  In order to test this hypothesis, brown adipocytes were incubated with the 

nonselective β-AR antagonist propranolol (1 µM).  Propranolol substantially inhibited 

the high rate of basal lipolysis in isolated brown adipocytes (Fig. A.A).  Furthermore, 

this effect was mimicked by a selective competitive antagonist to the β3-AR, SR-

59230A (IC50 = 3.3 µM) (Tocris, Bristol, UK) (Fig. A.B, A.C).  These results strongly 

indicated the presence of NE in the brown adipocyte incubations, but did not exclude 

the possibility that these drugs were acting as inverse agonists towards highly active β-

ARs.   

To more directly test whether or not contaminating nerve terminals were the 

source of the high basal lipolysis, brown adipocytes were subjected to a wash of Krebs 

Ringer buffer that contained 100 mM potassium chloride, 10-fold higher than the 

normally used concentration.  This has been shown to depolarize the nerve endings in 

BAT and thereby deplete adrenergic stores, which can then be washed away (Barde et 

al., 1975).  Indeed, a high-potassium wash substantially reduced the high basal rate of 

lipolysis in isolated mouse brown adipocytes and thereby restored the responsiveness 

to isoproterenol compared with cells that were washed normally (Fig. A.D).   

As a result of these findings, I subsequently modified the brown adipocyte 

isolation protocol to include additional washes of the adipocytes, which in itself 

substantially improved the responsiveness of the adipocytes to adrenergic stimuli even 

with low-potassium concentrations (Fig. A.C).  Additionally, propranolol was then used 

as a diagnostic agent in all subsequent lipolysis experiments to test for high amounts of 

adrenergic contamination, and also as a quantification method to assess the true basal 

rate of lipolysis that could be subtracted out from stimulated conditions. 
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Figure A. Effects of adrenergic antagonists on basal lipolysis. 
Freshly isolated brown adipocytes were incubated for 1 h in the presence or 
absence of [A] 1 µM propranolol (Prop), [B] 50 µM propranolol (PRO), a nonselective 
β-adrenergic receptor antagonist, 50 µM SR-59230A (SR), a selective β3-adrenergic 
receptor antagonist, [C] increasing concentrations of SR-59230A in preparations that 
had received either two washes of Krebs Ringer buffer or three washes of Krebs Ringer 
buffer after collagenase digestion, or [D] 1 µM isoproterenol (ISO) after cells had 
received a normal washing with Krebs Ringer buffer containing 10 mM KCl or a Krebs 
Ringer buffer that contained 100 mM KCl (10X K+).  Glycerol was measured and 
quantified as described in materials and methods, and data in [A-C] are presented as 
µg glycerol / sample, or by the absorbance of the free glycerol reagent in [D]. 
  

0 60
0.0

0.1

0.2

0.3
Basal
+1uM Prop

Time (min)

G
ly

ce
ro

l R
el

ea
se

d 
(µ

g/
sa

m
pl

e)

Bas
al

50
µM

 PRO

50
µM

 SR
0.0

0.2

0.4

0.6

0.8

G
ly

ce
ro

l 
(µ

g 
/ s

am
pl

e)

 

-9 -8 -7 -6 -5 -4 -3
0.0

0.5

1.0

1.5

2.0
3 Washes
2 Washes

log [SR 59230A] (M)

G
ly

ce
ro

l 
(µ

g 
/ s

am
pl

e)

0 60
0.0

0.1

0.2

0.3

0.4 Basal
+1uM ISO
10X K+ treated Basal 
10X K+ treated +1uM ISO

Time (min)

A
bs

or
ba

nc
e 

(5
70

 n
M

)

A. C. 

B. D. 



119  

Appendix B: 
PDE8A Knockout Brown Adipocytes Have Higher Maximal Lipolysis 

 
 Brown adipocytes were isolated from wild type (Taconic Farms, Inc., Hudson, 

NY) and PDE8A knockout mice by collagenase digestion in Krebs Ringer buffer 

according to the Materials and Methods section in Chapter 2 of this dissertation.  

The PDE8A KO mice were bred on a C57/Bl6 background from two PDE8A KO 

parents, and therefore were not littermates to the wild type mice used in these 

experiments.  The brown adipocytes were incubated in 200 µL Krebs Ringer buffer 

with 4% fatty acid-free BSA at 37°C for 1 hour in the presence of increasing 

concentrations of isoproterenol or 50 µM propranolol to subtract out as background.  

The samples were frozen, thawed, and centrifuged at 14,000 rpm for 5 minutes.  

The samples were kept on ice, and 50 µL of the infranatant was pipetted into a 96-

well plate in duplicate.  Samples were diluted in the plate with 75 µL of the same 

Krebs Ringer solution with 4% fatty acid-free BSA.  125 µL of the Free Glycerol 

reagent (Sigma) made up at 2X was added to the wells, and incubated at room 

temperature for 20 min.  The plate was then read at 570 nm, and glycerol released 

was expressed as µg per 1x106 cells.  The dose-response curves for wild type and 

PDE8A KO brown adipocytes indicated a 1.6 fold higher maximal level of lipolysis in 

PDE8A KO brown adipocytes than wild type brown adipocytes at 10 µM 

isoproterenol (Vmax, *p<0.05) (Fig. B.A, B.B).  However, the brown adipocytes from 

both genotypes did not differ in their response to isoproterenol potency (EC50, n.s.) 

(Fig.  B.B).   

There are several possible explanations for an effect on Vmax with little or no 

change in EC50.  The first, and probably most obvious, is that the PDE8A KO brown 
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adipocytes may have more β-adrenergic receptors expressed on the cell surface.  

This would provide more receptors and more lipolysis, however there would be no 

effect on agonist-receptor interaction.  The second possibility is that there is more 

substrate available in the PDE8A KO condition.  This would be somewhat 

unexpected, as one would anticipate the loss of a cAMP-selective PDE to result in a 

decrease in available triglyceride substrate if that PDE regulates lipolysis.  A third 

possibility is that the PDE8A KO is affecting glycerol transport.  It has been shown 

that cAMP-elevating agents can enhance aquaporin-7 expression in adipocytes 

(Kishida, JBC 2000).  Aquaporin-7 acts as a channel for glycerol.  It is conceivable 

that an increased amount of this channel, perhaps by chronic ablation of PDE8A, 

could result in an increased release of glycerol production with no overall effect on 

triglyceride breakdown or adrenergic agonist potency.  Still, a final interpretation is 

that since these mice are not littermates, their histories are too different to compare 

the two genotypes. 

Further experiments will need to be done to assess the true nature of this 

observation.  First and foremost, it needs to be repeated using brown adipocytes 

from wild type and PDE8A KO littermates.  If the effect is reproducible in these cells, 

then it is most certainly worth investigating the mechanism by which these effects 

occur, such as increased expression of adrenergic receptors or aquaporins. 
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Figure B.  PDE8A KO brown adipocytes have higher maximal lipolysis. 
[A] Isolated mouse brown adipocytes from wild type (WT) and PDE8A knockout 
(8AKO) mice were incubated with increasing concentrations of isoproterenol.  Data 
are presented as mean µg glycerol released per 106 cells (n=4-6).  [B] The mean 
Vmax and EC50 for each dose response curve was obtained using Prism software and 
plotted.  Vmax is presented as mean µg glycerol per 106 cells, and EC50 is plotted as 
the –log of the concentration of the molar concentration of isoproterenol, ± S.E.M 
(n=4-6).  Statistical analyses were performed by Student’s t-test: *, p<0.05; n.s., 
p>0.05 WT vs. 8AKO. 
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Appendix C: 
Metabolic Characterization of PDE8A Knockout Mice 

 
 As described in the introduction of this dissertation, BAT mediates 

thermogenesis in response to a high fat diet that results in a slowed weight gain.  

Since PDE8A is highly expressed in brown adipose tissue, we hypothesized that the 

loss of PDE8A may impact weight gain in response to a high fat diet.  We placed 6-

week-old male wild type, PDE8A heterozygotes and PDE8A knockout mice on high 

fat diet (HFD) or a regular chow diet for 17 weeks and recorded body weight once 

per week.  Animals fed the chow-fed diets appeared to gain the same amount of 

weight regardless of genotype, and mice on the HFD gained 20-40% more weight 

than their control-fed counterparts (Fig. C.1).  However, despite PDE8A het and 

PDE8A KO mice gaining slightly less weight on average than the wild type controls 

while on the HFD, this difference was not statistically significant (Fig. C.1). 

 Additionally, we subjected both chow- and HFD-fed wild type and PDE8A 

knockout mice to metabolic phenotyping using the Seattle Mouse Metabolic 

Phenotyping Center.  Transponders that recorded body temperature and locomotion 

were implanted into mice after transport to the facility, and mice were given 

approximately two weeks to recover from the surgery.  Prior to calorimetry 

measurements, mice were scanned with magnetic resonance imaging (MRI) to 

assess the body fat and lean composition.  Mice then were placed in metabolic 

cages for O2 consumption, water and food intake, and locomotor activity 

measurements during a 12 h dark-12 h light-12 h dark cycle.  In general, the mice 

exhibited virtually no significant differences between genotypes within a given diet 

type with the exception of body fat %.  PDE8AKO mice fed a chow diet had 4.2 g 
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less body fat mass than their wild type littermates (*p<0.05), whereas lean mass 

remained the same and body weights were not different (Fig. C2A).  Part of this may 

be explained by the fact that 8AKO mice seemed to be more active, though this 

difference was not statistically significant, and no other metabolic parameters were 

statistically different between the two genotypes (Table C.1).  Interestingly, wild type 

mice consumed approximately 1.7 g less water and food on average than 8AKO 

mice, though this number also was not statistically significant (Table C.1).  Wild type 

and PDE8A mice on a HFD also did not demonstrate any statistically different 

metabolic parameters, though the PDE8A knockout mice seemed to have less fat 

mass than their wild type counterparts and weigh slightly less as well (Table C.2, 

Fig. C2B, C2C). 

 Altogether, the basal metabolic characteristics of PDE8A knockout mice are 

not dissimilar from their wild type littermates.  The minor differences between the two 

genotypes, such as fat body %, could simply be due to the small number of animals 

used in these experiments.  Therefore, additional experiments will be needed to 

determine whether or not these results are truly indicative of a change due to the 

loss of PDE8A. 
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Figure C.1.  WT and PDE8A KO mice weight gain on chow and high fat diet. 
Wild type (WT) and PDE8A KO male mice were monitored for 17 weeks while on a 
chow or high fat diet and their weights were recorded (n=7-17).  Data are presented 
as mean weight in g ± S.D. 
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Figure C.2.  Fat and lean mass comparison between WT and PDE8A KO mice 
fed a chow or high fat diet. 
Fat and lean masses presented as mean % of body weight ± S.D as measured by 
MRI in wild type (WT) and PDE8A knockout (8AKO) mice fed a [A] chow (n=4) or [B] 
high fat diet (HFD) (n=7), and statistical analysis was performed by Student’s t-test 
(*p<0.05).  [C] Body weights of WT and 8AKO mice presented as mean g ± S.D. 
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Table C.1.  Metabolic characteristics of WT and PDE8A KO mice fed a chow 
diet. 
VO2 refers to the volume of oxygen consumed.  D1 is dark period 1, L the light 
period, and D2 is the second dark period.  RQ refers to Respiratory Quotient, which 
is a metabolic parameter that relates CO2 elimination to O2 consumption (n=4). 
  

SEX: MALE                         
GENOTYPE: PDE8A (C57BL6)   
DIET: CHOW   
DOB: 6 month old   
ID   89 92 93 96   46 48 94 95     
GENOTYPE:   WT WT WT WT WT MEAN KO KO KO KO KO MEAN T-TEST 

BODY COMPOSITION (measured 
before calorimetry)                         
BODY WEIGHT (g)   26.7 26.8 30.1 26.9 27.6 25.3 27.8 29.9 25.2 27.1 0.689 
FAT (g)   5.4 6.3 7.3 5.3 6.1 3.6 4.8 5.8 5.0 4.8 0.101 
LEAN (g)   20.3 19.9 22.1 20.8 20.8 20.8 21.4 21.3 19.5 20.8 0.994 
% FAT (%)   20.2 23.4 24.3 19.7 21.9 14.4 17.3 19.5 19.8 17.8 *0.049 
% LEAN (%)   75.8 74.1 73.4 77.4 75.2 82.5 77.0 71.3 77.4 77.1 0.489 
VO2 (ml/Kg lean/hr) D1 6740 6974 6631 6692 6759 6705 6907 6772 6749 6783 0.795 
  L 5412 5661 5511 5422 5502 5501 5534 5630 5389 5513 0.883 
  D2 6408 6758 6610 6397 6543 6804 6616 6746 6637 6701 0.173 
                          
ACC_O2 (l) D1 1.64 1.66 1.75 1.67 1.68 1.68 1.77 1.73 1.58 1.69 0.870 
  L 1.32 1.35 1.47 1.35 1.37 1.37 1.42 1.44 1.26 1.37 0.984 
  D2 1.56 1.61 1.75 1.59 1.63 1.70 1.70 1.72 1.55 1.67 0.527 
                          
HEAT (Kcal/hr) D1 0.69 0.69 0.74 0.71 0.71 0.71 0.75 0.74 0.67 0.72 0.720 
  L 0.54 0.55 0.60 0.56 0.56 0.56 0.58 0.60 0.53 0.57 0.793 
  D2 0.66 0.67 0.73 0.68 0.69 0.71 0.72 0.73 0.66 0.70 0.455 
                          
RQ (unitless) D1 1.019 0.959 1.005 1.036 1.005 1.040 1.040 1.043 1.031 1.039 0.134 
  L 0.926 0.842 0.890 0.929 0.897 0.889 0.898 0.946 0.982 0.928 0.329 
  D2 1.013 0.972 0.981 1.045 1.003 0.998 1.020 1.025 1.028 1.018 0.452 
                          
TEMPERATURE (°C) D1 36.4 36.7 36.5 36.4 36.5 36.74 36.27 36.71 38.41 37.0 0.352 
  L 35.4 35.7 35.7 35.5 35.6 35.56 35.28 35.74 37.13 35.9 0.443 
  D2 36.4 36.7 36.5 36.5 36.5 36.91 36.22 36.68 38.44 37.1 0.349 
                          
ACTIVITY (unitless)  D1 23142 19792 18866 23947 21437 34705 22232 34541 21697 28294 0.157 
  L 5173 12440 3434 5349 6599 9923 13753 13238 6084 10750 0.171 
  D2 15258 25930 17026 13590 17951 31199 22348 28898 11545 23498 0.334 
                          
FOOD (g) D1 2.60 1.83 2.53 3.01 2.49 3.33 2.96 2.88 3.06 3.06 0.100 
  L 0.87 0.69 1.12 1.05 0.93 0.75 0.74 1.23 0.99 0.93 0.975 
  D2 2.67 2.70 2.48 3.07 2.73 2.74 2.88 3.53 2.87 3.01 0.256 
                          
WATER (ml) D1 2.14 1.68 1.86 2.28 1.99 3.30 2.40 2.22 2.22 2.54 0.127 
  L 0.32 0.40 0.48 0.26 0.37 0.48 0.34 0.52 0.40 0.44 0.307 
  D2 1.78 1.96 1.60 2.18 1.88 2.64 2.08 1.96 1.84 2.13 0.296 
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Table C.2.  Metabolic characteristics of WT and PDE8A KO mice fed a high fat 
diet. 
VO2 refers to the volume of oxygen consumed.  D1 is dark period 1, L the light 
period, and D2 is the second dark period.  RQ refers to Respiratory Quotient, which 
is a metabolic parameter that relates CO2 elimination to O2 consumption (n=7).  
  

SEX: MALE                                     
GENOTYPE: PDE8A (C57BL6)   
DIET: HIGH-FAT   
DOB: 6 month old     
ID   414 424 434 448 451 415 418   412 413 423 435 453 454 416     
GENOTYPE:   WT WT WT WT WT WT WT WT MEAN KO KO KO KO KO KO KO KO MEAN T-TEST 
BODY COMPOSITION 
(measured before calorimetry)                                     
BODY WEIGHT (g)   38.7 33.5 44.5 44.6 43.0 47.9 41.5 41.9 39.9 31.9 32.5 39.0 49.2 48.3 33.9 39.2 0.421 
FAT (g)   17.0 13.7 22.9 21.6 21.2 24.7 21.2 20.3 17.9 12.2 12.9 18.9 26.3 24.8 13.7 18.1 0.409 
LEAN (g)   20.9 19.2 20.7 21.8 20.6 22.4 19.6 20.7 21.4 19.1 18.8 19.1 22.1 22.3 19.3 20.3 0.566 
% FAT (%)   43.8 40.8 51.5 48.4 49.3 51.6 51.1 48.1 45.0 38.3 39.6 48.6 53.4 51.4 40.4 45.2 0.332 
% LEAN (%)   53.9 57.3 46.4 48.9 47.8 46.8 47.2 49.8 53.5 60.0 57.7 49.0 45.0 46.1 57.1 52.6 0.321 
VO2 (ml/Kg lean/hr) D1 6832 7774 7048 7841 9207 6618 7848 7374 7947 7931 7432 7899 7924 8274 6880 7901 0.128 
  L 6317 6724 6229 6873 7250 6201 6600 6599 6890 6567 6496 7251 7065 7520 6418 6887 0.094 
  D2 6792 7511 7051 7741 8003 6692 7498 7273 7625 7337 7672 8115 7941 8516 6756 7868 0.071 
                                      
ACC_O2 (l) D1 1.71 1.78 1.74 2.04 2.26 1.77 1.84 1.82 2.04 1.81 1.67 1.81 2.09 2.21 1.59 1.94 0.330 
  L 1.59 1.55 1.56 1.80 1.79 1.68 1.56 1.63 1.77 1.51 1.48 1.67 1.88 2.01 1.49 1.72 0.389 
  D2 1.70 1.73 1.75 2.02 1.97 1.79 1.75 1.80 1.96 1.68 1.72 1.86 2.10 2.27 1.56 1.93 0.290 
                                      
HEAT (Kcal/hr) D1 0.68 0.72 0.69 0.81 0.89 0.70 0.72 0.72 0.81 0.72 0.66 0.72 0.83 0.87 0.63 0.77 0.376 
  L 0.63 0.66 0.61 0.71 0.70 0.65 0.60 0.65 0.70 0.59 0.58 0.66 0.74 0.79 0.58 0.68 0.560 
  D2 0.68 0.74 0.69 0.81 0.78 0.71 0.69 0.73 0.78 0.67 0.68 0.74 0.83 0.90 0.61 0.77 0.436 
                                      
RQ (unitless) D1 0.775 0.752 0.733 0.761 0.723 0.714 0.684 0.755 0.773 0.739 0.719 0.757 0.744 0.754 0.733 0.748 0.521 
  L 0.763 0.736 0.727 0.767 0.723 0.727 0.687 0.748 0.761 0.743 0.736 0.769 0.750 0.733 0.726 0.748 0.976 
  D2 0.777 0.742 0.737 0.779 0.731 0.733 0.703 0.759 0.777 0.760 0.739 0.752 0.748 0.747 0.715 0.754 0.707 
                                      
TEMPERATURE (°C) D1 ND* 36.6 36.4 36.5 37.1 35.8 37.6 36.5 36.2 36.5 36.8 35.0 36.6 36.4 36.0 36.2 0.398 
  L ND 35.6 35.7 35.7 35.9 35.4 37.4 35.7 35.4 35.8 35.9 35.0 35.5 35.8 35.3 35.6 0.504 
  D2 ND 36.5 36.3 36.5 36.2 35.8 37.8 36.4 36.4 36.6 36.7 35.4 36.1 36.6 35.5 36.3 0.547 
                                      
ACTIVITY (unitless)  D1 15645 14806 6003 20576 9260 4943 3916 14258 16519 15998 30534 9818 25217 12840 8343 18488 0.367 
  L 4997 2923 1315 7704 2356 1566 2124 4235 7043 2438 8074 2720 3531 6505 2070 5052 0.648 
  D2 12497 12238 4976 16458 6714 5303 4398 11542 14248 9617 19386 11405 12050 16032 4635 13790 0.457 
                                      
WATER (ml) D1 1.00 1.06 0.16 0.4 0.2 0.18 0.02 0.66 1.58 3.06 0.36 1.52 0.54 0.28 0.04 1.22 0.283 
  L 0.52 0.18 0.58 0.48 0.26 0.42 0.44 0.44 0.42 0.88 0.72 0.66 0.54 0.28 0.34 0.58 0.288 
  D2 1.50 0.98 1.28 1.12 0.26 0.16 0.10 1.22 1.38 1.38 1.14 1.06 1.36 1.68 0.02 1.33 0.455 
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Appendix D: 
PF-04957325 Stimulates Hormone Sensitive Lipase Phosphorylation in BAT 

 
 Since the BAT PDE8A knockout mice took up more glucose in response to 

PDE3 and PDE4 inhibitors, I hypothesized that the PDE8 inhibitor PF-04957325 

(PF) would mimic the same effect when injected into wild type mice along with 

cilostamide and rolipram, a PDE3 and PDE4 inhibitor, respectively.  At 0.3 mg/kg, 

PF did not further potentiate glucose uptake when combined with 3 mg/kg 

cilostamide and 3 mg/kg rolipram beyond what these drugs stimulate when injected 

together in wild type mice (Fig D.1).  To test drug availability, I injected 0.3 mg/kg PF 

compound into mice that were fasted overnight and warmed to 37°C for at least 30 

minutes prior to injection.  10 mg/kg isoproterenol was injected as a positive control.  

After 10 minutes, mice were sacrificed via cervical dislocation, and their BAT quickly 

dissected out and flash-frozen between two aluminum blocks that had been sitting in 

liquid nitrogen.  The tissue was homogenized as described in Chapter 2 Materials 

and Methods, and protein was analyzed via Western blot.  The PF compound 

stimulated the phosphorylation of hormone sensitive lipase (HSL) at its putative PKA 

site, serine-660 (Fig. D.2).  Given the lack of effect of PDE8A inhibition on lipolysis in 

primary brown adipocytes (Fig. 2.11), this result was surprising.  However, PF-

04957325 can inhibit PDE4 at a dose that exceeds 1 µM.  Since there is no known 

report for the pharmacokinetic properties of this compound, it is impossible to 

accurately estimate the plasma concentration of a 0.3 mg/kg dose 10 minutes after 

injection.  Therefore, this drug could be acting nonselectively at this dose, or could 

be acting upstream of BAT.  Still, even if it were inhibiting PDE4 at this dose, this 

would suggest the dose is certainly high enough to inhibit PDE8A.  Since a PDE4 
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inhibitor is also injected, this fact is therefore moot.  Regardless of mechanism or 

selectivity, this is the first potential biomarker discovered for the injection of PF-

04957325 into a mouse. 
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Figure D.1.  PF-04957325 does not potentiate glucose uptake stimulated by 
cilostamide and rolipram. 
Wild type mice were injected with vehicle control (n=3), 3 mg/kg cilostamide and 3 
mg/kg rolipram (n=4), 0.3 mg/kg PF-04957325 (n=2) or both (n=3), and imaged by 
PET scanning as described in Chapter 2 Materials and Methods. 
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Figure D.2.  Hormone sensitive lipase phosphorylation was stimulated by PF-
04957325. 
Wild type mice were fasted overnight and then warmed with a heating pad 30 min 
prior to injection of 0.3 mg/kg PF-04957325 (n=2), 10 mg/kg isoproterenol (n=1) or 
vehicle (n=2).  10 µg BAT protein extract was separated by 10% SDS-PAGE and 
analyzed by Western blot as described in Chapter 2 Materials and Methods.  
Antibodies used were HSL p-S660 (Cell Signaling) [1:1000 (vol/vol)], and second 
with goat anti-rabbit conjugated to horseradish peroxidase [1:5000 (vol/vol)].  Band 
intensity was quantified using ImageJ.  Error bars correspond to the range of 
duplicate animals in this particular experiment. 
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