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Binding of Phosphodiesterase-4 Inhibitoif (R)—[HC]Rolipram in
Obese and Diabetic Rats:
Effect of Diet and Noradrenergic Modulation
M.Sc. in Cellular and Molecular Medicine 2006, Michael Greene,

Department of Cellular and Molecular Medicine, University of Ottawa

Phosphodiesterase type-4 (PDE4) belongs to a family of enzymes responsible for the
hydrolysis of cyclic adenosine 3’,5’-monophosphate (CAMP) in the body. Activity and
density of PDE4 are regulated by endogenous cAMP. The obese and diabetic disease
states are associated with sympathetic nervous system dysfunction culminating in altered
cAMP-mediated signaling. Our group has previously developed a selective PDE4
inhibitor (R)-rolipram labeled with carbon-11 for imaging PDE4 and cAMP-mediated
signaling in vivo using positron emission tomography (PET). Utilizing (R)-[''Clrolipram
in biodistribution experiments, rodent models of diet-induced obesity exhibited a
dysfunctional PDE4 response to acute noradrenaline reuptake inhibitor desipramine
treatment in brain and periphery compared to diet-resistant lean rats; streptozocin-treated
type 2 diabetic rats had reduced brain and heart PDE4 levels compared to citrate-treated
controls. Overall, these studies support the ability of (R)-[“C]rolipram to measure
central and peripheral tissue PDE4 levels and dysfunctional cAMP-mediated signaling in

the obese and diabetic states using PET.
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1.0: INTRODUCTION

1.1 General introduction

The development of novel positron emission tomography (PET) radioligands has
placed PET technology at the forefront of medical imaging and scientific research by
allowing non-invasive measurement of diverse physiological and biochemical processes
in living subjects. Imaging with PET technology is widely employed as a diagnostic tool
to examine tumors, heart, respiratory, and neuropsychiatric. diseases. In addition, PET
has been directed towards the exploration of various neurotransmitter systems in both
healthy and pathological states. Recently, a selective phosphodiesterase type-4 (PDE4)
inhibitor ~ (R)-rolipram  ((R)-4-(3-cyclopentyloxy-4-methoxy-phenyl-2-pyrrolidone)
labeled with carbon-11 has been produced and characterized for imaging PDE4 in the
brain, heart, and lungs (DaSilva et al., 2001; Lourenco et al., 2006) and this thesis is
concerned with its application in obesity and diabetes.

The cyclic adenosine 3’,5’-monophosphate (cAMP)-specific PDE4 enzyme is
affiliated with a diverse family of PDEs possessing the ability to hydrolyze cAMP into
5’ AMP following stimulation of various guanine nucleotide-binding (G) protein-coupled
receptors (GPCRs), including B-adrenergic receptors (B-AR) (Houslay et al., 1998; Ye
and O'Donnell, 1996). It has been established that endogenous cAMP levels control
PDE4 by regulatory processes involving short-term phosphorylation and long-term gene
expression. Phosphorylation of PDE4 by cAMP-dependent protein kinase-A (PKA) has
been observed to augment PDE4 activity within 10-15 min of cAMP cascade activation

(Alvarez et al., 1995; Sette and Conti, 1996). PDE4 density has been found to increase



via enhanced gene transcription following prolonged (hours to days) increases in cAMP
(Manning et al., 1996; Miro et al., 2002). By terminating the actions of intracellular
cAMP, PDE4 acts in a kéy role to regulate cAMP-mediated signaling pathways in many
neurotransmitter systems and tissues.

Obesity and diabetes mellitus (DM) are problems that affect millions worldwide
(Yach et al., 2006). Both obesity and DM are related to sympathetic nervous system
(SNS) dysfunction (Bachman et al., 2002; Dagogo-Jack et al., 1993; Dulloo, 2002;
Schmid et al., 1999). The objectives of this thesis are aimed at the phannacological
evaluation of (R)-['’Clrolipram, as a potential radiotracer for imaging dysfunctional
cAMP-mediated signaling in the obese and diabetic states. Perhaps, this work will
inspire future research to enlighten the role of PDE4 in thermogenesis, and utilize PET
imaging as a tool to study the progression and etiology of SNS dysfunction in obesity and

diabetes in vivo.

1.2 The sympathetic nervous system

The SNS innervates almost all vital organs and tissues in the body with its post-
gangionic nerves, and represents the efferent part of the autonomic nervous system.
Activation of these nerves usually occurs as reflex mechanisms that involve afferent
signals and some processing in the central nervous system (CNS). The hypothalamus
(HYPO) is the main locus of afferent signal integration in the CNS (Forster, 1998) and is
involved in the central regulation of SNS activity in the body (Snitker et al., 2000).
Sympathetic neuronal activation leads to the release of noradrenaline (NA) from storage‘

vesicles in the terminal axon which act via adrenergic receptors ultimately affecting the



production of cAMP (Brodde and Michel, 1999). Synaptic NA levels are regulated by
negative feedback mechanisms such as the NA-reuptake transporter (NAT), which
recycle excess synaptic NA back into the terminal axon, and d;-ARs which inhibit the
release of NA (Molenaar and Parsonage, 2005; O'Donnell and Zhang, 2004).

1.2.1 pB-adrenergic signal transduction

All members of the GPCR superfamily possess the common structural feature of
seven-transmembrane helices connected by three intracellular and three extracellular
loops with an extracellular amino- (N) and an intracellular carboxy- (C) terminus
(Palczewski et al., 2000; Pierce et al., 2002). A general model of GPCR activation
proposes that GPCRs are in equilibrium between an activated state and an inactive state
(Seifert and Wenzel-Seifert, 2002). These states presumptively differ in the disposition
of the transmembrane helices, and in turn, the cytoplasmic domains that determine G-
protein coupling. Agonists stimulate the activated state. GPCRs act as guanine
nucleotide exchange factors. In their activated conformation, GPCRs catalyze exchange
of guanosine diphosphate tightly bound to the a subunit of the heterotrimeric G-proteins
for guanosine triphosphate. This leads to activation of the o subunit and its dissociation
from the G-protein By dimmer. Both G-protein subunits are capable of regulating
effector activity (Hamm, 2001). Activation of the GPCR B-AR regulates a variety of
cAMP-mediated signal cascades in a range of tissues. B-ARs (B;.3-ARs) are positively
coupled to the stimulatory G-protein (Gs)v and following agonist binding, activate
adenylyl cyclase (AC) to convert adenosine triphosphate (ATP) into cAMP. Subsequent
activation of PKA leads to phosphorylation of regulatory proteins, activating a multitude

of signal cascades in assorted tissues (DZimin', 1999; Klein et al., 2000; Maltsev et al.,
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1999). B2-AR and B3-AR are also coupled to the inhibitory G—protein (Gj), and once
activated, reduce AC stimulation and cAMP production (Communal et al., 1999; Dzimiri,
1999; Koch et al., 2000; Soeder et al., 1999; Tseng et al., 2001). Included consequences
of cAMP-mediated signal cascades following stimulation of B-ARs are cardiac
performance, lipolysis in white adipose tissue (WAT), and thermogenesis in brown
adipose tissue (BAT) and skeletal muscle (SkM) (Astrup et al., 1985; Collins and Surwit,
2001; Robidoux et al., 2004; Rohrer et al., 1999). Specific B-AR isoform localization, as
well as differential coupling to G; and G; can lead to tissue specific sympathetic
responses following SNS activation. PDE hydrolysis ié a critical component of the

cAMP-mediated signals.

1.3 PDE characteristics

Butcher and coworkers identified PDEs as the enzymes responsible for the
breakdown of cAMP and cyclic guanosine 3’,5’-monophosphate (cGMP) (Butcher and
Sutherland, 1962; Robison et al., 1968). The cellular content and biological effects of
cAMP or cGMP are defined by the balance between activities of synthesizing enzyme
cyclases, AC, and guanylate cyclase, respectively; and catabolizing enzymes, the PDEs
that hydrolyze the 3’-phosphoester bonds producing inactive noncyclic nucleotides
5’AMP and 5°GMP (Conti, 2000; Dousa, 1999). A collection of biochemical studies
have discovered the existence of at least eleven various PDE families with a 20-25%
sequence homology that differ with respect to substrate specificity, allosteric regulators,
protein sequence, and sensitivity to inhibitors (Table Ij (Beavo, 1995; Conti and Jin,

1999; Fawcett et al., 2000; Soderling et al., 1999). The types of PDE that hydrolyze only



Table I: The phosphodiesterase superfamily*.

Nomenclature Gene Family No. of Gene Distribution Inhibitors
Products
(preferred substrate)  (splice variants)
PDE1 Ca2+/calmodulin 3¢9 Brain, heart, kidney, Vinpocetine,
stimulated pancreas, thyroid, SCHS51866,
(cGMP>cAMP) testis, lymphocytes  zaprinast, 8-
. MM-IBMX
PDE2 c¢GMP-stimulated 1(3) Brain, heart, MEP-1, EHNA
(cGMP~cAMP) platelets, liver,
thymocytes,
_ adrenals, adipocytes
PDE3 c¢GMP-inhibited 2(3) Heart, liver, Milrinone,
(cGMP=cAMP) pancreas, smooth siguazodan
muscle, adipocytes, (SKF94120),
tissue, lymphocytes  cilostamide,
enoximone,
OPC3911
PDE4 cAMP-specific 4 (20) Brain, immune Rolipram,
(cAMP only) system, lung, heart,  denbufylline,
pancreas, testis, Ro020-1724, ,
smooth muscle, LAS31025,
adipocytes SB207499
PDES cGMP-specific 1(3) Smooth muscle, lung  Zaprinast,
(cGMP only) platelets, spleen sildenafil,
dypyridamole,
SCH51866
PDE6 Photoreceptor 3(3) Retina Zaprinast,
(cGMP only) dypyridamole
PDE7? cAMP-specific, 2(3) Skeletal muscle, Dipyridamole
rolipram-insensitive brain, heart, liver,
(cAMP only) lymphocytes, kidney,
pancreas
PDES8 cAMP-specific, 2(2) Gonads, intestines,  Dipyridamole
IBMX-insensitive thyroid
{cAMP only)
PDE9 cGMP-specific 14 Spleen, small SCH51866
{cGMP only) intestine, brain,
heart, kidney
PDEI10 Dual substrate, 1(1) Brain, testis SCH51866,
cAMP/cGMP- dipyridamole
specific
(cAMP=cGMP)
PDE11 Dual substrate, 1(3) Skeletal muscle, Zaprinast,
cAMP/cGMP- prostate, kidney, dipyridamole
specific liver, testes
(cAMP=cGMP)

* Data obtained from (Conti et al., 1995b; Coudray et al., 1999; Essayan, 2001; Fawcett
et al., 2000; Fisher et al., 1998a; Fisher et al., 1998b; Hayashi et al., 1998; Maurice et al.,
2003; Pyne and Furman, 2003; Soderling et al., 1999; Spina et al., 1998).



cAMP are PDE4, PDE7, and PDES; while PDES, PDE6, and PDE9 are cGMP specific.
PDE1, PDE2, PDE3, PDEI10, and PDE11 hydrolyze both cAMP and cGMP (Maurice et
al,, 2003). Each family of PDE exhibits distinctive tissue, cell, and subcellular
expression patterns, and are likely to participate in discrete signal transduction pathways
involved in physiological and pathophysiological processes (Langin et al., 1992;
Steinberg and Brunton, 2001). The cAMP-specific PDE4 enzymes present particular
interest due to their function in the regulation of cardiac contraction, lipolysis, and
thermogenesis (Collins and Surwit, 2001; Coudray et al., 1999; Miiller et al., 1990;
Nagaoka et al., 1998; Robidoux et al., 2004).

1.3.1 Characteristics of PDE4 and family isoforms

First identified in 1985 (Némoz et al., 1985), the PDE4 enzyme is characterized by
selective inhibition by rolipram, a compound synthesized in 1976 (Schwabe et al., 1976).
PDEA4 is the most studied family of PDEs (Conti et al., 2003). The complexity achieved
through the assortment of cAMP-signaling components, involves a diverse range of
receptors, and multiple forms of AC, PKA and PDEs. Diversity of the second messenger
signal termination is particularly evident with PDE4s, which are activated following
induction of at least f-AR (Whalin et al., 1989), A,-adenosine (Borisy et al., 1993), H,-
histamine (Holden et al., 1987), and serotonin (Takahashi et al., 1999) receptors linked to
AC in the brain and peripheral tissues (Lourenco et al., 2006).

Diversifying the intricacy of this signaling system, the PDE4 family encodes four
distinct isoforms, PDE4A, B, C, and D, which produce some 20 different splice variants
that are widely distributed (Engels et al., 1994; Houslay et al., 1998). All PDE4 isoforms

selectively hydrolyze cAMP, thus terminating the action of the second messenger. The



isozymes of PDE4 also exhibit similar kinetics for CAMP hydrolysis with a Vi ranging
from 0.15 pmol/min/mg of protein to 11.5 pmol/min/mg of protein and a low K, value
(0.6-7.6 uM) (Houslay et al., 1998; Hughes et al., 1997).

1.3.2 Distribution and compartmentalization of PDE4

PDE4 enzymes are distributed throughouf the body, being present in all major organs
(Engels et al., 1994; Hughes et al., 1997; Lourenco et al., 2001). In the rat, the greatest
concentrations of these enzymés are expressed in the brain (Lourenco et al., 2001;
Schneider et al., 1986). High concentrations of PDE4 are also contained in the lungs,
heart (Engels et al., 1994; Lourenco et al., 2006; Schudt et al., 1991), and SkM (Enoksson
et al., 1998; Nevzorova et al., 2006). The pancreas is reported to express PDE4 enzymes
(Han et al., 1999; Hughes et al., 1997) as do types of cells in the immune system
(Nicholson et al., 1991); however, platelets and red blood cells are devoid of PDE4
activity (Beavo, 1995; Maurice et al., 2003; Tenor and Schudt, 1996). PDE4 has been
shown to be expressed in WAT and BAT, but to a much lesser extent than PDE3
(Coudray et al., 1999; Nagaoka et al., 1998). The four distinct genes, PDE4A, B, C, and
D are widely expressed in the human brain and SkM, whereas PDE4C is absent in the
remainder of the above mentioned tissues (Engels et al., 1995; Han et al., 1999; Houslay
et al., 1998; Hughes et al., 1997). Both particulate (cell membranes and cytoskeleton)
and soluble (cytosol) cellular fractions of many different tissues and cell lines contain
localizations of PDE4 enzymes (Schneider et al., 1986; Tenor and Schudt, 1996). The
proportions between cell membrane and cytosol fractions depend on the PDE4 isoform

expression (Lobban et al., 1994).



It is now recognized that cAMP signaling respbnses are likely compartmentalized.
The compartmentalization of cAMP-mediated signaling is a foremost factor in the
generation of a non-uniform intracellular allocation of cAMP, leading to distinct
alterations in cell activity. Specific PDE isoforms display decidédly selective cellular
and sub-cellular localizations (Bolger et al., 1997; Jin et al., 1998; Lob‘ban et al., 1994).
This concept allows spatially distinct cellular regions of PKA to be differentially
activated by cAMP concentration gradients (Steinberg and Brunton, 2001). Based on the
principle that PKA isoforms are anchored at specific intracellular sites by A-kinase
anchoring proteins (AKAPs) in distinct patterns of association with cAMP production,
AKAP-bound PKA populations have the ability to respond to concentrations of cAMP in
cells and modify localized target proteins (Colledge and Scott, 1999; Houslay and
Adams, 2003). The basis of such gradients depends upon the spatial and temporal
characteristics of both AC production and PDE degradation of cAMP (Houslay and
Milligan, 1997). Thus, PDE compartmentation activities possessing distinct
pharmacokinetic and regulatory properties likely play an important role in the regulation

of cAMP-mediated signaling and maintenance of cellular homeostasis.

1.4 PDE4 structure

Structurally, PDE4 enzymes share similar patterns consisting of distinct regions.
PDE:s are composed of a highly conserved catalytic domain of ~300 amino acids flanked
by regulatory C- and N-terminal ends which are variant specific (Francis et al., 2001;
Huai et al., 2003). The structure of the PDE4B and D isozymes have been analyzed at

the atomic level (Huai et al., 2003; Lee et al., 2002; Xu et al., 2000). The catalytic



domain is composed of 17 a helices connected by loops, with helices 6-13 containing
residues critical for substrate binding and coordination of two metal ions involved in
nucleotide hydrolysis (Xu et al., 2000). The cations Zn>* and Mg** are known to be
present at the catalytic site of the PDE4 enzyme (Liu et al., 2001; Xu et al., 2000) and
appear to be involved in high-affinity drug binding as well as catalytic activity toward the
substrate (Laliberte et al., 2000).

The C-terminal region found downstream of the catalytic core appears to be alike all
active isoforms generated by a particular PDE4 gene and distinct for each of the PDE4
genes. Within the catalytic unit, a catalytic pocket is suggested to inactivate the second
messenger cCAMP and present a binding region for exogenous inhibitors such as rolipram
(Charbonneau et al., 1986; Dym et al., 2002; Huai et al., 2003; Xu et al., 2000).
Structural features unique to PDE4 enzymes are the presence of two domains on the N-
terminus side of the catalytic region, the upstream conserved region (UCR) 1 and 2 (Fig.
1). The four isozymes of PDE4 are each expressed as various splice variants that are
further classified as either long (85-100 kDa) or short (68-75 kDA) forms depending on
the presence of the UCRs (Beard et al., 2000; Bolger et al., 1997; Houslay, 2001;
Houslay et al., 1998). Long splice variants of PDE4 contain units of UCR1 and 2,
whereas the short forms lack UCR1 but still possess all or a portion of UCR2 (Richter
and Conti, 2002). The UCR1/2 modules of the long forms function as a regulatory
domain that controls the catalytic region. Long forms are reported to be a target of PKA
at a serine (Ser)-54 residue in UCR1 in PDE4D3 which increases V., of the enzyme 4-
fold (Conti et al., 2003; Lim et al., 1999; Sette and Conti, 1996). Additionally, increased

nucleotide hydrolysis has been observed following nested deletions or controlled
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Catalytic

Fig. 1: Various regions of the PDE4D3 isoform are described. UCRI1 is divided into two
domains, with the N-terminal domain containing the PKA phosphorylation site and the
C-terminal domains interacting with UCR2. LR1 and LR2 refer to linker regions 1 and 2,
which connect UCR1 with UCR2, and UCR2 with the catalytic region, respectively
(Beard et al., 2000).
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proteolysis of PDE4D, causing cleavage of UCR1 and 2 away from the catalytic region
inducing a pronounced increase in catalytic activity (Jin et al., 1992; Kovala et al., 1997,
Lim et al,, 1999). The UCR1/2 domain has an important role in the quaternary structure
of PDE4. Long splice variants behave as dimers, whereas short forms behave as
monomers (Richter and Conti, 2002). This dimerization is a key element for transmitting
the conformational changes at the N-terminus to changes in conformation of the catalytic
domain. Dimerization of UCR1/2 is an essential structural element that determines the
regulatory properties and inhibitor sensitivities of i’DE4 enzymes (Richter and Conti,

2004).

1.5 PDE4 regulation

1.5.1 Short-term regulation of activity

In most cells and tissues, the maximal capacity of cAMP and cGMP production is
less (~10 times) than the capacity for hydrolysis by PDEs and is an essential feature in
determining turnover of cAMP (Dousa, 1999). This characteristic is consistent with the
general observations that partial inhibition of PDE results in a dramatic increase in
intracellular concentration of cCAMP and activation of the PKA signaling system (Beavo
and Reifshyder, 1990; Houslay and Milligan, 1997; Nicholson et al., 1991). It follows
that PDEs must operate at sub-maximal capacity and should be tightly regulated.
Elevated cAMP levels up—regﬁlate PDE4 isozymes through two different means; short-
term phosphorylation or long-terni increased transcription and expression (Fig. 2).

Stimuli that increase intracellular cAMP lead to short-term (within 15 min) regulation

of long PDE4 isoforms (Alvarez et al., 1995; Baillie et al., 2001; Chang et al., 1997;
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Fig. 2: Illustration of the two main mechanisms of PDE4 regulation: (1) short-term
phosphorylation of some PDE4 subtypes by cAMP-dependent protein kinase A (PKA)
occurring within approximately 15 min of stimulation of cAMP synthesis, leading to an
increase in PDE4 activity and (2) increase in de novo PDE4 protein synthesis as a result
of long-term (>2 hours) incubation of cells with agents augmenting cAMP levels
(adapted from Conti et al., 1995a).
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Conti et al., 1995a; Ekholm et al., 1997; MacKenzie et al., 2002; Madelian and La Vigne,
1996; Sette and Conti, 1996; Sette et al., 1994a; Sette et al., 1994b). Phosphorylation of
PDEA4D3 at the Ser-13 of the N-terminal region and the Ser-54 in UCRI is accomplished
through direct PKA-mediated phosphorylation. However, only alteration of Ser-54 in
UCR1 is required to elicit activation of PDE4 (Hoffmann et al., 1998; Sette and Conti,
1996). Forskolin challenge of COS1 cells has lead to the rapid activation of PDE4AS,
PDE4B1, PDEAC2, and PDE4D5 long isoforms (MacKenzie et al., 2002). The same
activation coincided in astroglial (Madelian and La Vigne, 1996) and vascular smooth
muscle cells (Ekholm et al., 1997). PKA-mediated phosphorylation of PDE4s can thus
provide part of the cellular desensitization mechanism to cAMP signaling. Additionally,
PKA phosphorylation of PDEs can affect the catalytic site. Decreased Mg”*
concentrations at the catalytic site were required for cAMP hydrolysis following PKA
phosphorylation of PDE4D3 in vitro (Sette and Conti, 1996), indicating an increased
capacity to break down cAMP produced by Mg”"-PKA niediated phosphorylation
changes.

Several observations suggest the involvement of other protein kinases in the short-
term phosphorylation of cAMP-PDE enzymes. The extracellular-signal-related protein
kinase (ERK) mitogen-activated protein kinase signaling pathway provides a pivotal
route whereby various hormones and growth factors exert key effects on cell growth and
survival. The catalytic unit of all PDE4 subfamilies, except PDE4A, contain a Ser-579
residue which can be phosphorylated, both in vitro and in vivo, by ERK within 30 min
(Baillie et al., 2000; Hoffmann et al., 1999; MacKenzie et al., 2000). This inhibitory

phosphorylation of PDE4 isoforms by ERK can cause localized increases in cAMP



14

levels, allowing activation of PKA and subsequent stimulatory phosphorylation of PDE4
(Hoffmann et al., 1999; Houslay and Kolch, 2000). As well, 20 min treatment of protein
kinase-C stimulators phorbol 12-myristate and diacylglycerol 13-acetate were observed
to cause rapid increases in cAMP-PDE activity of rat renal collecting‘tubules (Tetsuka et
al., 1995). Administration of insulin to intact hepatocytes has been reported to cause
tyrosine-kinase phosphorylation of cAMP-PDE (Pyne et al., 1989). Taken together, these
results indicate that PDE4 enzymes have a wide spectrum of phosphorylation sites for
various kinases, allowing prompt activation of the enzyme and rapid regulation of cyclic
nucleotides.

1.5.2 Long-term regulation of expression

In addition to short-term regulation of PDE4 due to post-translational modifications,
the expression of PDE4 is regulated at the transcriptional level. Long-term (hours to
days) elevation of intracellular cAMP levels have been found to cause increases in the
levels of mRNA and protein expression of various PDE4 isoforms both in vitro and in
vivo. Elevated cAMP, via AC activity, cause increased PKA-mediated phosphorylation
of the cAMP-response element binding (CREB) protein which upon binding to CRE
mediates augmented PDE4 gene transcription (Erdogan and Houslay, 1997; Monaco et
al., 1994; Swinnen et al., 1989; Vicini and Conti, 1997). In the brain, CREB expression
and function were reported to be up-regulated following 3 week antidepressant treatment
in rats (Nibuya et al., 1996). Indeed, several in vitro and in vivo studies support the
notion that cAMP-signaling pathway regulates the long-term expression of PDE4
subtypes. Prolonged monocyte B-AR stimulation with salbutamol for 4 hours, enhanced

PDE4A and B-AR density with no effect on PDE4D (Manning et al., 1996). As well,
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increased cAMP following extended treatment of PC12 célls for 16 hours with A,-
receptor agonist CGS 21680, caused a dose-dependent elevation in PDE4 density which
was abolished by inhibitors of transcription or protein synthesis (Chang et al., 1997).
Conversely, decreased cAMP production following -AR blockade with propranolol for
14 days or neuronal lesioning caused significant reductions in cerebral PDE4 activity (Ye
and O'Donnell, 1996). Stimulation of AC is described to induce PDE4D1 and D2
expression within three hours in human Jurkat T-cells (Erdogan and Houslay, 1997).
Intriguingly, the PDE4A4 splice variant was down-regulated following this treatment
(Erdogan and Houslay, 1997), illustrating that PDE4 variants may also be down-
regulated by certain cAMP-enhancing treatments. Up-regulation of PDE4 synthesis in
response to extended activation of the cAMP pathway may represent a compensatory
adaptive mechanism to reduce cAMP levels back to baseline (Conti et al., 1995b;

Houslay and Milligan, 1997; MacKenzie et al., 2002).

1.6 High affinity rolipram binding site

Rolipram is one of the most potent and widely studied compounds in the group of
neuroactive cAMP-PDE inhibitors. Rolipram is a selective inhibitor of PDE4 that
preferentially inhibits cAMP hydrolysis (K; ~1 pM) in the brain and periphery, thus
enhancing the intracellular availability of cAMP in the absence of direct stimulation of
neurotransmitter receptors (Jacobitz et al., 1996; Lourenco et al., 2006; Schneider, 1984;
Schneider et al., 1986). The chiral compound rolipram binds with stereospecificity to
PDEA4. In intact eosinophils, (R)-rolipram (ECsyp ~0.19 pM) was 10 times more potent

than (S)-rolipram (ECsy ~1.87 uM) at displacing tritiated (R/S)-rolipram (Souness et al.,
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1990). The active (R)-rolipram was previously reported to bind to PDE4 with 10-30 fold
higher potency than (S)-rolipram (Hughes et al., 1997; Schmiechen et al., 1990;
Schneider et al., 1986). Studies have shown that (R)-rolipram binds reversibly and
stereospeciﬁcally‘with high affinity (Kq 1-5 nM) to the active Mg*'-induced PDE4
holoenzyme conformation (Houslay et al., 1998; Laliberte et al., 2000).

One of the unique characteristics of PDE4 is that the binding of rolipram, is to two
sites, called the high-affinity rolipram binding site (HARBS) and the low-affinity
rolipram binding site (LARBS) in in vitro studies (Jacobitz et al., 1996; Schneider et al.,
1986). The tritiated form of the more active enantiomer of (R)-rolipram was shown to
bind the two affinity states with K4 values approximately 0.7 and 34 nM, respectively
(Jacobitz et al., 1996; Souness and Rao, 1997). It has been shown in vitro that rolipram
binds preferentially to HARBS, piclamilast binds with equal high affinity to both
HARBS and LARBS, whereas CDP840 binds preferentially to LARBS (Zhao et al.,
2003). Tritiated (R)-rolipram has shown similar binding potency (Kq ~2 nM) to the
HARBS on both PDE4A and B (Amegadzie et al., 1995). Previous reports have shown
that rolipram was five times more potent at inhibiting the ‘catalyﬁc site of PDE4A, B, and
D, as compared to C (Hughes et al., 14996; Wang et al., 1997), while other reports showed
it binds to all subtypes relatively equally (Miiller et al., 1996). A study using a series of
truncated PDE4A mutants showed that inhibitor binding to both the HARBS and the
LARBS is to the catalytic site (Jacobitz et al., 1996). Studies have revealed that the Mg**
ion at the catalytic site affects cAMP binding and the high-affinity interactions of many
PDE4 inhibitors (Laliberte et al., 2000;" Liu et al., 2001). For example, upon removal of

Mg**-bound water from recombinant PDE4, the high-affinity cAMP binding of PDE4
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decreased from 2 pM to 179 pM, and the binding of the PDE4 inhibitor cilomilast
decreased from a K4 value of 42 nM to >4000 nM (Huai et al., 2006). It has been
proposed that the hydrophilic interaction in the metal pocket acts as a key factor eliciting
the high-affinity binding of PDE4 inhibitors (Card et al., 2005; Huai et al., 2006).
Binding to the HARBS also depends on the presence of the N-terminal region of the
protein (Lobban et al., 1994; Shakur et al., 1995; Torphy et al., 1992a), whereas the
LARBS requires only the residues within the catalytic site of PDE4 (Hughes et al., 1997).

_In vitro analyses suggest that while LARBS are present in both peripheral and central
tissues (Zhao et al., 2003), HARBS may be exclusively distributed in the brain regions
known to be important for mediation of antidepressant effects (Kaulen et al., 1989; Zhang
et al., 2001; Zhang et al., 2006). It has been proposed that the HARBS and the LARBS
mediate distinct effects of PDE4 inhibitors. The differential distributions of the two
affinity states signify that they may have diverse contributions to antidepressant actions.
Consistent with this distribution, it appears that HARBS mediates central effects such as
emesis (Duplantier et al., 1996), head twitches, and tremors (Schmiechen et al., 1990),
whereas LARBS is primarily involved in peripheral responses resembling suppression of
inflammatory reactions (Souness and Rao, 1997). Although the exact function of
HARBS and LARBS are unknown, it is recognized that all PDE4 subtypes possess
HARBS (Amegadzie et al., 1995; Hughes et al., 1997; McLaughlin et al., 1993; Pillai et
al., 1993). Accordingly, it is reasonable to assume that the (R)-[''C]rolipram PET

radiotracer labels all types of PDE4 isozymes.
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1.7 Obesity.

In Canada, reports have revealed that 35% of adult women and 57% of adult men are
overweight or obese (Canning et al.,, 2004). The escalating prevalence of obesity is
problematic as it is associated with various health complications such as diabetes and
cardiovascular diseases. While there has been much progress over the last few decades in
achieving many health goals, the occurrence of obesity has steadily increased. If this
situation is not reversed, it could wipe out the gains made in areas of heart disease,
diabetes, and other chronic health problems (U.S. Department of Health and Human
Services., 2001). It has been suggested that obesity is second only to smoking as a
preventable cause of death (Flegal et al., 2004). The development of obesity is greatly
effected by various contributions such as genetics, diet, lifestyle, and SNS signaling.

1.7.1 SNS dysfunction in obesity

The ability to stimulate lipolysis and thermogenesis (production of heat) is impaired
in many animal models of obesity. The nature of this thermogenic defect is not fully
understood, however, there is compelling evidence pointing to defective reactivity of the
SNS. (Levin and Sullivan, 1987; Levin et al., 1983; Nagai et al., 2005; Reynisdottir et
al., 1994; Sharma et al., 2001; Tentolouris et al., 2003). B-AR signaling is required for |
heat production (thermogenesis) in the prevention of obesity (Bachman et al., 2002;
Lowell et al., 1993). Changes in weight gain profiles can alter expression of B-ARs
(Reynisdottir et al., 1994). Clinical trials using chronic B-blocking agents have shown
increased propensity to obesity during therapy (Rossner et al., 1990; Sharma et al., 2001).
Indeed, cAMP-mediated signaling plays a key function in the initiation of thermogenesis

and the regulation of body weight. Observations that animals subjected to HYPO-lesions
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become obese (Lowell and Bachman, 2003) confirm the importance of the HYPO in
coordinating weight regulation. Furthermore, SNS activity was found to be elevated
following overfeeding and diminished after starvation, linking the efferent involvement
of SNS signals to diet and thermogenesis (Landsberg et al., 1984). Subsequently,
investigations revealed that the SNS was certainly the prime mediator of thermogenesis,
as mice lacking all B-ARs were observed to become severely obese in contrast to wild-
type mice that were resistant to obesity following overfeeding (Bachman et al., 2002).
Interestingly, there are knock-out rodent models of uncoupling protein (UCP) (Enerback
et al., 1997; Gong et al., 2000) or B3-ARs (Harper and Himms-Hagen, 2001) who fail to
become obese suggesting an intrinsic compensatory mechanism involved in
thermogenesis (Dulloo, 2002). This cAMP signaling system is tightly regulated and also
concerns hydrolysis by PDEs.

1.7.2  The SNS in thermogenesis

Thermogenesis is thought to be a mechanism of body weight regulation. Body
weight homeostasis is regulated between a balance of energy intake and expenditure.
The SNS is considered to be the efferent pathway by which the brain (HYPO) regulates
thermogenesis. This mechanism of energy expenditure can occur in response to dietary
intake, temperature (Fig. 3), or neuropeptide influences such as leptin, ghrelin, and
melanocortin (Hall et al., 2000; Haynes et al., 1999; Himms-Hagen et al., 1978). The
SNS is responsible for systemic signaling to cellular processes that generate heat such as
cardiac contraction, protein synthesis, and thermogenesis. The indirect activation of

thermogenesis by the SNS occurs at the mitochondrial level, beginning with the NA-
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Fig. 3: Activation of the sympathetic nervous system (SNS) in response to food or cold
stimuli. SNS signaling to diverse tissues causing alpha- (o)) and beta- () adrenoceptor
(AR) stimulation. Activation (X) of various intracellular processes generates heat

(adapted from Dulloo, 2002).
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induced stimulation of UCP1, UCP2, and UCP3 (Collins ‘and Surwit, 2001; Yoshitomi et
al., 1998a).

UCPs are anion transporters that dissipate the proton gradient across the inner
mitochondrial membrane, uncoupling oxidative phosphorylation by circumventing the
ATP-synthase enzyme complex. The sole byproduct of this reaction is the generation of
heat from stored energy (Dulloo, 2002). In BAT, UCP1 is activated via cAMP-mediated
PKA that can access both hormone sensitive lipase, and perilipin, resulting in the
liberation of free fatty acid (FFA). PKA stimulates the p38 mitogen-activated protein
kinase pathway, culminating in the activation of transcription factor 2 and newly
transcribed peroxisome proliferator activated receptor coactivator-1, transactivating
members of the peroxisome proliferators activated receptor family and therefore
generating UCP1 expression (Fig. 4) (Robidoux et al., 2004). FFAs are activated by
synthase enzymes and enter B-oxidation as well as the tricarboxylic acid cycle, leading to
the formation of the reduced electron carriers flavin (FADH) and nicotimamide adenine
dinucleotide (NADH). Electron carriers are then oxidized by the electron transport chain
(ETC), resulting in protons being pumped out of the mitochondria and the formation of a
protonmotive force. The protonmotive force drives the protons back into the
mitochondrial matrix through UCP1. The energy stored in the protoninotive force is then
released as heat (Cannon and Nedergaard, 2004; Robidoux et al., 2004)

Alteration of the expression of UCP1, UCP2, and UCP3 has been demonstrated to
preserve weight homeostasis in response to changes in environmental temperatﬁre or
variation in food intake (Lowell and Flier, 1997; Yoshitomi et al., 1998a; Yoshitomi et

al., 1998b). In rodents, UCP1 is the major contributor to thermogenesis, found
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Fig. 4: NA-induced stimulation of thermogenesis in BAT. NA couples to G; leading to
the stimulation of AC and PKA which is bound via regulatory subunits to A-kinase
anchor proteins (AKAP). PKA can access both hormone sensitive lipase (HSL), and
perilipin, resulting in the liberation of free fatty acid (FFA). PKA also phosphorylates
PDE, degrading cAMP to 5AMP. PKA stimulates the p38 mitogen-activated protein
kinase (MAPK) pathway, culminating in stimulation of activating transcription factor 2
(ATF2) and newly transcribed peroxisome proliferators activated receptor gamma
coactivator-1 (PGC1), transactivating members of the peroxisome proliferators activated
receptor (PPAR) family and therefore generating UCP1 expression. FFA is activated to
acyl CoAs (AcCoA) by acyl-CoA synthase and enters f—oxidation (B-ox) as well as the
tricarboxylic acid (TCA) cycle, leading to the formation of the reduced electron carriers
FADH and NADH. Electron carriers are then oxidized by the electron transport chain,
resulting in protons being pumped out of the mitochondria and the formation of a proton
motive force. The proton motive force drives the protons back into the mitochondrial
matrix through UCP1. The energy stored in the proton-motive force is then released as
heat (adapted from Cannon et al., 2004, and Robidoux et al. 2004).
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predominantly in BAT (Ricquier et al., 1999). Other UCPs have been characterized in
specific tissues such as UCP2 in visceral organs. UCP3 expression is found in rodent
BAT and both in human and rodent SkM (Astrup et al., 1985; Clapham et al., 2000;
Wang et al., 2003). In large mammals whose BAT decreases with maturity, UCP3 in
SkM may be more impoﬂant for heat production (Astrup et al., 1985; Wang et al., 2003).
In addition, muscle UCP3 has been shown to produce enhanced energy dissipation in
UCP3 transgenic mice (Clapham et al., 2000), supporting the concept of thermogenesis in
mammals with only small deposits of BAT. However, there is controversy in this area as
many experts are now doubtful that the novel UCPs actually function like UCP1
(Nedérgaard and Cannon, 2003).

1.7.3 PDE4 in obesity

The contribution of PDEs to cAMP-mediated signaling in obese models has not been
greatly explored in detail. However, most of the focus of investigation has been directed
towards the metabolic abnormalities associated with PDEs in BAT and lipolysis in WAT.
In vitro analyses confirm the presence of both PDE3 and 4 in BAT and WAT with PDE3
being more predominant in these tissues (Nagaoka et al.,, 1998). PDE levels in these
tissues have been reported to be modulated by temperature induced alterations in SNS
activity. Total BAT PDE levels were described to be decreased in cold-acclimatized
animals compared to control rats demonstrating the modulation of PDE involvement in
thermogenesis (Bertin and Portet, 1975). In obese Zucker fa/fa rats, basal in vitro
concentrations of BAT PDE4 where greater than lean Fa/fa controls indicating an
increased capacity to degrade cAMP (Coudray et al., 1999). However, little is known

about the central and peripheral effects that obesity has on the body with respect to
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cAMP-mediated signaling and the negative feedback of PDE4. Investigation of PDE4
binding in obese animal models has yet to be performed in vivo.

1.7.4  Animal models

An ideal animal model for a disease is one that closely represents most or all of the
pathophysiological characteristics desired. There are many animal models of obesity
including the Zucker, Zucker diabetic fatty, and Koletsky rats which have mutations in
the extracellular domain of the leptin receptor conferring them with morbid obesity,
dyslipidemia, and hyperphagia (Tschop and Heiman, 2001). However, leptin receptor
mutations are rare sources of obesity in humans. Human obesity appears to be a result of
polygenic factors and imbalance between energy intake and expenditure (West and York,
1998). The diet-induced obese (DIO) and diet-resistant (DR) rat models are natural
controls of each other, and represent an obesity model that parallels the human condition.
The original DIO and DR models were developed from Sprague-Dawley subsets of top
and bottom percent weight gainers fed high-fat diet (HFD). The top and bottom weight
gainers were classified as DIO and DR rats (Levin et al., 1989; Levin et al., 1983). The
DIO rats are reported to become obese, hyperphagic, hyperleptinemic, and
hyperinsulinemic following consumption of HFD, while DR rats are resistant to the onset
of obesity induced by HFD (Farley et al., 2003; Gao et al., 2002; Ricci and Levin, 2003).
In addition, DIO rats are described to possess a dysfunctional NA response to glucose
and have increased respiratory exchange ratios (RER) indicating predisposition to store
fat (Gao et al., 2002; Levin et al., 1998; Levin and Sullivan, 1987; Levin and Sullivan,
1989). Current inbred DIO and DR rats breed true to all the weight gain patterns and

phenotypes of the original DIO and DR rats fed HFD and separated by their propensity to
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gain weight (Levin and Keesey, 1998). The advantage of dietary obese susceptible rats is
that this model is much more prone to mechanisms underlying obesity that are applicable
to humans in comparison with other obese rodent models (Lauterio et al., 1994), and is

the reason the DR and DIO rat models were chosen for this research.

1.8 Indirect calorimetry

Indirect calorimetry has long been an essential tool in studies of overall energy
expenditure and substrate balances in animals. As opposed to the experimentally
challenging direct calorimetry which assesses body heat dissipation, indirect calorimetry
measures heat released by oxidative processes using measurements of inspired and
expired gases. The body continuously generates energy by oxidative metabolism in order
to assure physiological homeostasis. This energy is used for biosynthesis, muscular
contractions, and to maintain chemical and electrochemical gradients across cellular
membranes. Additionally, part of this energy is lost to the inefficiency of metabolic
transformations. Ultimately, all energy produced by the organism is dissipated as heat.
The heat production generated by the biochemical processes within the body can be
assessed from the measurements of oxygen consumption (Vo) and carbon dioxide
production (Vcoz) (Schutz, 1995). The oxidation of fixed amounts of fuel leads to set
amounts of ATP being produced. Accordingly, utilization of ATP leads to a fixed
amount of work being performed. Indirect calorimetry utilizes these principles in
aésessing energy expenditure and substrate utilization.

When two substrates are oxidized simultaneously (carbohydrate and fat), two

measurement parameters are necessary to predict energy expenditure. The most
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commonly evaluated parameters are Vo, and V' coz (Elia and Livesey, 1992).  Using this
model, Vo, measurements can be utilized as an expression of energy eﬁpenditure, while a
ratio of V¢oo/V oz is used as an indication of substrate metabolism known as RER. The
oxidation of carbohydrates result in RER values of ~1.00, whereas the oxidation of fatty
acids results in a value of ~0.70 (Bezaire et al., 2001; Elia and Livesey, 1992). The
oxidation of fuel results in electrons being transferred by means of NADH and FADH to
the ETC. As these electrons move down the ETC, energy is used to pump protons
outside the inner membrane, creating an electrochemical potential gradient (Schutz,
1995). Alterations of the normal electrochemical gradient at the mitochondrion by UCPs
or SNS-mediated stimulation are suggested to lead to modifications in energy

expenditure.

1.9 Type 2 diabetes

Diabetes is estimated to affect 200 to 300 million people by the end of the decade
(Zimmet et al, 2001). Diabetes is a complex and diverse group of disorders
characterized by hyperglycemia and autonomic neuropathy which has reached epidemic
proportions in the present century (Vinik et al., 1992; Vinik et al., 2003; Yach et al.,
2006). The incidence of type 2 DM (DM2) is closely linked to obesity. It has been
estimated that 60-75% of Caucasian cases of DM2 could be avoided if the population not
exceed a body mass index of 25 kg/m® (Seidell, 1997). A major distinction between type
1 DM (DM1) and DM2 is that the dysfunction in glucose regulation in DM1 results from
the destruction of insulin secreting pancreatic -cells, theorized to be caused by genetic or

autoimmune dysfunction (Lee et al., 2004). DM2 is distinguished by peripheral insulin
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resistance and compensatory over—producﬁon of B-cell insulin production in response to
chronic glucose stimulation. Increased workload by the pancreas ultimately leads to
apoptosis and loss of B-cell function (Abel, 2005; Elder et al., 2005; Harris, 1992; Saad et
al., 1989). Impairment of the body to regulate glucose levels has widespread effects on
the SNS.

1.9.1 Insulin, glucose and the SNS

In DM2, hyperglycemia and hyperinsulinemia have been observed to cause SNS
overactivity in the central and peripheral tissues (Anderson et al., 1991; Esler et al., 2001;
Fisher et al., 2005; Kern et al., 2005; Masuo et al., 1997). As insulin levels rise in
response to unrelenting hyperglycemia, tissues become less responsive to insulin and
both glucose and insulin contribute to elevated NA levels in DM2 subjects (Anderson et
al, 1991; Esler et al., 2001). Administration of insulin into the brain increases SNS
muscle activity in rats (Muntzel et al., 1994). Similar effects are observed in humans
following intravenous insulin infusion, where muscle SNS activity and plasma NA
content increase (Berne et al., 1992). Moreover, administration of insulin has been
shown to down-regulate B3-AR in 3T3-F442A cells (Feve et al., 1994), an effect that has
been reversed in vivo with monogenic obese mﬁtant mice following treatment with K'-
ATP channel blocker diazoxide that suppresses insulin-resistance-driven
hyperinsulinemia (Surwit et al., 2000). Adrenergic and insulin cross-talk have been
postulated as a mechanism contributing to altered SNS signaling in DM2 (Morisco et al.,
2005). Current theory suggests that short-term B-AR stimulation mediates PKA and
Ca?*-calmodulin dependent activation of the Akt protein which in turn promotes glucose

uptake through activation of insulin receptors; however, long-term B-AR stimulation
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inhibits glucose uptake (Morisco et al., 2005). This appears to be an alternate regulatory
mechanism in response to increased glucose mediated by B-AR activation. The
dysfunction of blood glucose and insulin regulation has wide effects on the SNS in DM2
which culminate in variability of cAMP-mediated signaling and PDEs.

1.9.2 PDEs in diabetes

PDE involvement in diabetic cAMP-mediated signaling has been principally explored
with respect to arthrosclerosis in cardiovascular tissues and antilipolytic effects of insulin
in péripheral tissues. The atherosclerosis-prone insulin-resistant JCR:LA-cp rat was
revealed to express increased PDE3 and PDE4 activities compared with aorta from age-
matched control +/- littermates (Nagaoka et al., 1998). Only particulate PDE3B activity
was reported to be increased in this diabetic model (Netherton et al., 2002). As well, both
PDE3 and PDE4 activity were decreased in JCR:LA-cp heart samples, while contributing |
equally to total PDE activity (Nagaoka et al., 1998). Little is known about the action of
insulin on lipid metabolism. However, the major mechanism for the antilipolytic effect
of insulin in adipose tissue is stimulation of PDE3 to inhibit cAMP phosphorylation of
hormone sensitive lipase (Degerman et al., 1997; Hagstrom-Toft et al., 1995; Nagaoka et
al., 1998). In contrast, the in vivo regulation of lypolysis in human SkM was reported not
to be mediated by PDE3, PDE4 or PDES5 (Enoksson et al., 1998). Accordingly, insulin
has diverse effects on PDE regulation which may be tissue specific.

While it is well established that cAMP plays a modulatory role in insulin sécretion
(Sharp, 1979), the contribution of the various PDE isoenzymes to islet cAMP metabolism
and to the regulation of insulin secretion is less understood. In the pancreas, PDE3,

PDE4 (Parker et al., 1995), and PDE7 (Hetman et al., 2000) were found to be present in
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vitro. Selective inhibition of PDE3 but not PDE4 was found to stimulate insulin
secretion in human and rat islet of Langerhans cells in vitro (Parker et al., 1995; Parker et
al., 1997). Importantly, the inhibition of PDE4 with rolipram was found to prevent the
onset of diabetes in non-obese diabetic (NOD) mice by blocking the desn'uctivg
inflammatory cytokine production in the pancreas (Liang et al., 1998). The specific role
that PDE4 provides in cAMP-mediated signaling in the pancreas is unclear, however, its
plausible function as an immunoprotective force may be altered in the diabetic state and
further investigation needs to be explored.

1.9.3  Animal models

Numerous animal models resembling DM2 either occur spontancously or can be
induced experimentally. Most of the commonly used models of DM2 are genetic and
have the disadvantage of prohibitive costs, unavailability, and failure to represent the
human condition. Prolonged consumption of HFD leads to insulin resistance and is
considered the predisposing factor for DM2 (Kraegen et al., 1991; Storlien et al., 1986).
Models of HFD take many months to develop diabetes and yield only moderate
hyperglycemia (Pascoe et al., 1992; Reed et al., 2000; Surwit et al., 1988). There also
exists a rapidly induced DM2 model developed from short-term (2-week) HFD to elicit
insulin resistance followed by a single low dose (<50 mg/kg) of the toxic alkylating agent
streptozocin (STZ), to destroy pancreatic f-cells, and create a representative model of the
human DM2 condition (Reed et al., 2000; Sawant et al., 2004). This cost-effective DM2
model (due to lower time period needed to achieve DM2) was reported to demonstrate
hyperglycemia with insulin levels comparable to normal control rats ten days after STZ

administration (Sawant et al., 2004), as well as sympathetic cardiac denervation after 9
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months (Schmid et al., 1999). However, low dose STZ administration was also found to
yield non-diabetic STZ-treated animals in ~50% of the cases (Sawant et al., 2004),
possibly due to insufficient pan;:reatic B-cell destruction. The HFD fed low dose STZ-
treated DM2 rat model was used in my project for its advantageous low cost and rapid

induction of DM2 for scientific experimentation.

1.10 Positron emission tomography imaging and second messenger systems

PET is a non-invasive medical imaging technology with the ability to produce images
of selective physiological and biochemical body functions. PET can often differentiate
between the normal and pathological states in the absence of major anatomical changes
(Frey, 1989; Herscovitch, 1990; Sedvall et al., 1988). Positron emitting isotopes such as
130, 11C, PN, and '*F are incorporated into PET tracers and decay rapidly (within minutes
to hours). The unstable nature of these isotopes cause positively charged positron release
from the labeled atomic nucleus (Fig. 5). The positron travels a short distance until it
encounters and collides with a negatively charged electron, resulting in annihilation and
the release of two high energy photons antiparallel to one another. Scintillation crystal
detection of the photon pairs are used to measure both the amount and location of
coincidence of annihilations traveling through biological tissues with minimal absorption.

| This information is processed and used to reconstruct a diagnostic image.

In recent years, PET scanners have become increasingly sophisticated and current
models possess both PET and computer assisted tomography technology to acquire
functional and structural diagnostic images. In conjunction with increasing resolution

technologies (3-5 mm’®), PET has become recognized as a useful tool in oncology,
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PET camera crystal detectors

Fig. 5: The ''C nucleus (half-life 20.4 min) decays releasing a positron (B+) which
travels through tissues until it encounters its antiparticle, an electron (¢). The B+
annihilates with the ¢ releasing two photons of 511 Kev at 180° to each other. The
photons are detected by the PET camera crystal detectors (adapted from Sedvall et al.,
1988).
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cardiology, and neurology providing pathological and pharmacological information used
in patient treatment. A new potential area of molecular imaging is émerging in the field
of PET due to the availability of radioligands capable of imaging the cAMP signaling
system both pre- (Luisi et al., 2005) and post-synaptically (DaSilva et al., 2002; Fujita
and Innis, 2000; Kopka et al., 2005) and described in this thesis.

In general, the employment of PET and receptor-ligands requires three components:
(1) subject administration of radiotracer to bind a receptor/enzyme/transporter site; (2)
tissue-tracer concentration imaging using a positron emission tomograph; and (3) a
mathematical model describing in vivo tracer kinetics. The quantitative measurement and
detection of radiotracer emission by highly sensitive radiation detectors arranged aroqnd
the body result in a four-dimensional image of distribution through time. By pursuing the
path of the radioactive tracer, the normal and pathological functions can be identified in
tissues.

1.10.1 Positron emission tomography imaging of signal transduction systems

Interest in imaging molecular signal transduction systems has led to the synthesis of
novel PET radiotracers capable of imaging changes in pre- and postsynaptic signaling at
both the membrane and intracellular level. Presynaptically, NAT and vesicular
monoamine transporters can be measured with [HC]hydroxyephedrine (Stevens, 2001;
Vesalainen et al., 1999) and ['Cltetrabenazine (DaSilva and Kilbourn, 1992),
respectively. Postsynaptically, radioligands have been developed to measure membrane
B-AR densities such as (S)-[''CJCGP 12177 (Ueki et al., 1993; van Waarde et al., 1995).
However, measurements of cellular membrane receptor density ignore the multitude of

intracellular mechanisms and signaling required for biological effects. Limited PET
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studies have been carried out using intracellular signaling radiotracers. Radioligands
measuring AC and PKC second messenger systems have been studied using
[''Clforskolin (Sasaki et al, 1995; Sasaki et al., 1991) and ["*F]- or [''C]-1,2-
diacylglycerol (Hammadi et al., 1994; Takahashi et al., 1994). Unfortunately, little data
has been published on these radiotracers possibly due to complex radiosynthesis and low
radiochemical yields. There has however been success imaging PDE4. In addition to the
development of PDE4 inhibitor (R)-['!Clrolipram, further examined in this thesis
(DaSilva et al., 1999; DaSilva et al., 2002; Lourenco et al., 2006), another group in Japan
has synthesized and analyzed in vivo mice with PDE4 inhibitor ['*F]KF 19316 (Hatano
et al., 1999). The successful development of radioligands for imaging post-synaptic
cAMP-mediated signaling may permit innovative discoveries in the etiology and
pathogenesis involved in obesity and diabetes as well as other disorders.

1.10.2 Characteristics of (R)-["' CJrolipram

Our group has previously synthesized and evaluated the binding characteristics of the
most active (R)-enantiomer of the PDE4 inhibitor rolipram, labeled with carbon-11 (Fig.
6), in vivo in the rat and human brain (DaSilva et al., 2002; Lourenco et al., 2001), as well
as the rat heart and lungs (Lourenco et al., 2006). Other groups have utilized (R)-
["'Clrolipram as an in vivo index of brain cAMP signaling using PET (Fujita et al., 2005;
Harada et al., 2002; Parker et al., 2005; Tsukada et al., 2004; Tsukada et al., 2001a;
Tsukada et al., 2001b). Regional brain uptake has been proven to be in accordance with
the HARBS in rats (Kaulen et al., 1989; Schneider et al., 1986). Distribution of (R)-
[*'Clrolipram retention was found to be most delineated for central and peripheral tissues

between the 30 and 45 min time point following tracer administration in rats (Lourenco et
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R)-[* 'C]Rolipram

Fig. 6: Chemical structure of the carbon-11 labeled (R)-enantiomer rolipram (*denotes
the chiral centre).
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al., 2001). Furthermore, co-injection with unlabeled selective PDE4 inhibitors (R)-
rolipram or Ro20-1724 lead to a dose-depende;lt reduction in (R)-[“C}rolipram retention,
significantly reducing tracer uptake to non-specific levels throughout tissue regions
(Lourenco et al., 2001). Pretreatment of rats with NAT inhibitor desipramine (DMI) or
tranylcypromine causes significant dose-dependent increases in (R)-[''Clrolipram
binding in rat brain and heart tissues >(Lourenco et al., 2006), indicating an association
between synaptic NA levels and PDE4 activity and expression.

Metabolism studies have revealed considerable tritiated or carbon-11 labeled (R)-
rolipram metabolism 30 to 45 min after injection, with radioactivity corresponding to |
both polar metabolites and unchanged radioligand. The radioactive metabolites do not
cross the blood-brain barrier (Lourenco et al., 1999b) in agreement with previous
exploraﬁon using [3H]rolipram in brain homogenates (Krause and Kiihne, 1988; Krause
and Kiihne, 1993). Based on reports regarding alterations in SNS signaling in various
disease states like heart failure, obesity, and diabetes, our group has directed efforts
towards studying PDE4 with (R)-[''CJrolipram in pathological states. Collectively, the
results of the in vivo binding, metabolism, and pharmacological studies in rats provide a
multitude of strong support for the further employment of (R)-[''C]rolipram as an agent

for studying PDE4 and intracellular cAMP using PET.

1.11 Research rationale, hypotheses, and strategy
1.11.1 Previous results
(R)-['"CJRolipram binds selectively to intracellular PDE4 over PDE! in rats since

treatment with PDE4 competitors R0o20-1724, or (R)-, (S)- or (R/S)-rolipram, but not
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PDE1 inhibifor vinpocetine, significantly reduces (R)-["'C]rolipram radioactivity uptake
to non-specific levels (Lourenco et al., 1999a; Lourenco et al., 2001). Administration of
(R)-["'CJrolipram was found to distribute in the brain and broadly to many peripheral
organs and tissues (Lourenco et al., 2001). Previous in vivo pharmacological experiments
have demonstrated modulation of (R)-[''CJrolipram specific binding to PDE4 in both rat
brain and heart following increased synaptic NA via administration of DMI or
tranylcypromine in a dose-dependent manner (Lourenco et al.,, 2006). The binding of
(R)-[“C]rolipram in rat tissues has been modulated by agents affecting cAMP.
Generally, it has been concluded that (R)-[“C]rolipram appears to detect an increase in
PDE4 binding.

1.11.2 Rationale and objectives

Based on previous results, (R)-[''Clrolipram has the ability to measure alteration of
PDE4 activity caused by modulation of cAMP-signaling. Additionally, insights of the
pathological obese and diabetic states suggest alterations in cAMP-mediated signaling in
central and peripheral tissues. The conducted research, described in this thesis, has been
directed toward the accomplishment of two major objectives. The first objective has
been to determine the presence of PDE4 specific binding as measured with (R)-
["'Crolipram in vivo in tissues associated with thermogenesis and diabetes. The second
objective of this research was directed towards assessing the functional states of cAMP-
mediated signaling in NORM, obese, and diabetic rat models. This objective included
the use of acute and chronic cCAMP modulating agents such as DMI, a;-AR antagonist
yohimbine, and non-selective p-AR antagonist CGP 12177. Measurements of PDE4 with

(R)-[“C]rolipram following pretreatment of NA elevating agent DMI revealed post-
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synaptic cAMP-mediated signaling function in comparison to untreated controls. The
agents were chosen at doses that have previously shown or were expected to caﬁse
changes in (R)-[!!CJrolipram regional uptake. Acquisition of these objectives will further
evaluate the potential of (R)-[''C]rolipram in tracing central and peripheral disturbances
of PDE;I binding and cAMP-mediated signaling in the obese and diabetic states using
PET. Ultimately, future work would utilize this research as a foundation for unveiling
the obscure etiology and treatment of SNS dysfunction in obesity and diabetes using (R)-
["C]rolipram and PET.
1.11.3 Hypotheses
The main hypotheses that were tested in this research are the following:
1) (R)-["'CJRolipram quantifies PDE4 specific binding in the brain, SkM, heart,
pancreas, adipose tissues, and lungs.
2) Dysfunctional cAMP-mediated signaling is observed in obese and DM2 rats.
3) (R)-["'CJRolipram can measure altered cAMP-mediated signaling in obesity and
DM2. |
1.11.4 Aims
The following main experiments were planned out and performed to test the
presented hypotheses:
1) In vivo blocking studies will be conducted in normal Sprague-Dawley (NORM) rats
co-administered with PDE4 inhibitors (R)-rolipram and Ro20-1724 to assess the
presence of PDE4 specific binding in rat tissues. Ex vivo metabolism studies will be

performed using (R)- and (S)-[''Clrolipram to determine the identity of the labeled
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products and to further confirm the presence of PDE4 specific binding in tissues of
interest.

2) In vivo biodistribution studies will be performed in NORM rats using acute and
chronic drug treatments that alter cAMP-mediated signaling in order to determine the
pharmacological binding profile of our tracer.

3) Physiological measurements will be assessed for obese and diabetic rat body weight
gain, dietary intake, blood glucose, plasma insulin, and metabolic Vo, and ¥ cop.

4) In vivo biodistribution studies will be conducted with obese and diabetic rat models
using (R)-["'C]rolipram with or without DMI assessing the functionality of cAMP-

mediated signaling in disease states.
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2.0: MATERIALS AND METHODS

2.1 Animals

Animal experiments were conducted in accordance with the guidelines of the
Canadian Council on Animal Care and with approval from the Animal Care Committee
at the University of Ottawa. Male NORM, DR, and DIO rats at five weeks of age were
obtained from Charles River Laboratories (Montreal, Canada). Upon arrival, animals
were allottéd a five day acclimatization period for environmental stress adjustment.
Following acclimatization period, six week old rats were placed on appropriate diet, and
maintained on a 12 h light/dark cycle with food and water provided ad libitum.

2.1.1 NORM rats

Six week old NORM rats were placed on HFD (32% fat, 51% carbohydfate, 17%
protein) (Research Diets D12266B) and weight matched to rats fed comparable control
low-fat diet (LFD; 10% fat, 73% carbohydrate, 17% protein) (Research Diets D12489B)
for 2- or 8-weeks (+ 4 days) until used in biodistribution studies. NORM rats studied
using HPLC analysis were fed regular chow diet (Harlan Teklad 2019). Body weight and
food intake was monitored twice weekly among rat groups. Body weight results were
expressed as weight gain over specified time periods (grams body weight — grams initial
body weight). Final experimental fasted body weights for rats were also expressed.
Dietary intake was expressed as total diet consumed over specified time period, as total
diet consumed per day, and as total calories consumed. Fasting blood glucose

measurements were taken following biodistribution experiment.
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2.1.2  Obesity model

DR and DIO rats were purchased from Charles River Laboratories (Montreal, QC),
and fed HFD (Research Diets D12266B) for a period of 2- or 8-weeks (+ 4 days) until
biodistribution studies. DR and DIO body weights and food intake were monitored twice
weekly. Data was expressed as described above. Fasting blood glucose was obtained
from trunk blood following biodistribution experiment.

2.1.3 DM?2 model

Upon arrival at the University of Ottawa Heart Institute animal care facilities,
baseline 6 week old NORM rats were fed HFD for a period of 14 days, followed by
intraperitoneal (ip) administration of either 1 mL/kg 0.1M sodium citrate buffer in citrate
control rats or 45 mg/kg STZ treatment to induce diabetes in DM2 rats (day 0). Rats
were maintained on HFD for an additional 2- or 8-weeks (x 4 days) until used for
biodistribution studies. Blood glucose levels were monitored via the saphenous vein on
week -2 (prior to HFD), day O (prior to citrate or STZ treatment), and week 1, 3", 6°, and
8" following citrate or STZ administration. Fasting blood glucose was also monitored on
the day of experiments from trunk blood obtained following decapitation. As a measure
to screen for DM2, rats exhibiting postQprandial blood glucose levels less than 11 mmol/L
following STZ administration were separated and categorized into a STZ-treated DM2
(bg<11) sub-group; rats exhibiting blood glucose greater than 11 mmol/L were defined as
DM2. Citrate control and DM2 rat body weights were monitored twice weekly and data

was expressed as previously described above.

* 8-week model
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2.2 General biodistribution

Rats were fasted from 16:00 overnight prior to experiments as to reduce circadian
rhythm- and metabolic pattern-induced fluctuations. Experiments were conducted at
approximately identical times (within 1.5 h of 12:00) to nullify increases in SNS
signaling, NA levels, and blood marker secretion observed during the morning hours due
to circadian rhythm effects (Martinez-Merlos et al., 2004). Animals in restraining cages
(Harvard Apparatus, Canada) were warmed under an incandescent lamp to induce vein
vasodilatation to facilitate (R)-["'CJrolipram injection via the lateral tail vein. The dose
of (R)-[*'CJrolipram administered varied between 0.9-1.9 mCi (33.3-70.3 MBq) in ~0.3
mL of the saline formulation. In each experiment, all animals received approximately
equivalent mass doses (0.21-1.74 pg) of high specific activity (R)-["'C]rolipram (300-
1200 Ci/mmol at end-of-synthesis). The time point of 45 min post-tracer injection was
determined to be ideal for rat sacrifice from previous studies in our laboratory (Lourenco
et al., 2001; Lourenco et al., 2006). A blood sample (~1.0 mL) was collected from the rat
trunk into 10.8 mg EDTA vacutainer tubes (BD). Fasting blood glucose measurements
were taken using an Accu-Chek Advantage glucometer (Roche) from blood samples.

The following tissues were rapidly dissected out: HYPO, cerebellum, brain stem,
SkM, atria, free wall of right ventricle, left ventricle and septum (LVS), pancreas, WAT,
interscapular BAT, lung, liver, and blood sample. Tissues were placed in pre-weighed
gamma counter tubes, evaluated in the gamma-counter (Canberra Packard, Cobra II)
along with aliquots of the injected solution as standards and then weighed. Residual
radioactivity remaining in the tails and syringes were counted in a dose-calibrator

(Capintec CRC-712 M). Subtracting residual activity in tails and syringes indicate actual
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injected dose entering the bloodstream. Degree of radiotracer retention was expressed as
a tissue-to-blood (tissue:blood) ratio where percent injected dose per gram of tissue
(%IDyissue/grissue) 18 divided by percent injected dose per gram of blood (%IDyio0d/Ebl00d)
which takes into account the altered radioligand delivery caused by pharmacokinetic

differences resulting from uneven animal sizes, and pharmacological agents (Law, 1993).

Tissue:blood = %ID/g (tissue)
%ID/g (blood)

2.3 Drugs

The following drugs were dissolved in warm sodium chloride 0.9% sterile saline or as
otherwise indicated below: desipramine hydrochloride (Sigma), (£) CGP 12177 (Sigma).
(R)-Rolipram (Tocris) was dissolved in warm 5/20/75 ethanol/1,2-propendiol/0.9% saline
(v/viv, pH24.4). Ro020-1724 (4-(3-Butoxy-4-methoxy-benzyl)imidazolidin-2-one)
(Sigma) and yohimbine hydrocholide (Sigma) were dissolved in hydrochloric acid (HCI)
acidified 5/20/75 ethanol/1,2-propendiol/0.9% saline (v/v/v, pH24.0). Streptozocin

(Sigma) was dissolved in HCI acidified sterile 0.1M sodium citrate buffer (pH>4.5).

2.4 Specific binding and metabolism in NORM rats

2.4.1 Biodistribution analysis of (R)-"' CJrolipram PDE4 specific binding

Using the general biodistribution procedures, tracer doses of (R)-[''CJrolipram were
co-injected with unlabelled (R)-rolipram (1.0 mg/kg) (Lourenco et al., 2001) to measure
non-specific binding in all rat models. This was repeated in 2-week HFD NORM rats
with the PDE4 inhibitor R020-1724 (30 mg/kg) (Lourenco et al., 1999a). Results

represented non-saturable, non-specific (R)-[''Clrolipram binding. PDE4 specific
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binding was calculated by> subtracting non-specific binding from total tracer retention
(without co-injection of saturating dose (1 mg/kg) of PDE4 inhibitor (R)-rolipram). Rats
were killed at the defined ideal time point as previously determined in our laboratory (45
min).

2.4.2 Metabolite and specific binding analysis of (R)- and - CJrolipram in

peripheral tissues using high performance liquid chromatography

Similar | to protocols of the general procedures, tracer doses of (R)- or (S)-
["'CJrolipram were co-injected alone or in combination with unlabelled (R)-rolipram (1.0
mg/kg) into NORM rats as outlined with changes in Lourenco et al. (Lourenco et al.,
2001). In addition to the competition studies using (R)-rolipram, (S)-[''CJrolipram was
also utilized as a méasure of non-specific binding in comparison to the carbon-11 labeled
(R)-enantiomer, and to compare both enantiomers. Rats were sacrificed 45 min post-
tracer injection, and SkM, pancreas and BAT tissues were dissected rapidly. Tissues
were individually homogenized (Polytron) in ice-cold 80% ethanol (8 mL). Residual
tissue on the homogenizing apparatus was collected with 2 mL of 80% ethanol and
placed in an open-top polyallomer tube and centrifuged at 60000 x g for 15 min
(Beckman L8-80M). The supernatant was removed and evaporated to dryness under
vacuum. The residue was resuspended in 0.25 mL acetonitrile (ACN) to lyse remaining
proteins and cells, then 2.0 mL of 1/99 solution of ACN/water (v/v) was added. The
solution was passed through a 0.2 um syringe filter (PharmAssure) to remove the
remaining proteins, then analyzed by high performance liquid chromatography (HPLC).

HPLC was carried out using an adapted methodology outlined by Hilton et al. (Hilton

et al., 2000). Briefly, the system consisted of two Waters 510 pumps (Waters Co.), one
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delivering 1/99 ACN/water (v/v) at 2 mL/min, and the other carrying the 45/55
ACN/0.1M ammonium formate (AmF) (v/v) mobile phase at 1 mL/min (designated 45/55
ACN/0.IM AmF in Fig. 7). Samples were loaded into a S mL injector loop. At the time
of injection, a six-port valve was positioned (Fig. 7A) to direct the sample, displaced by
1% ACN, to come in contact with the capture column (Oasis HLB). Compounds too
polar and hydrophobic to bind the C;s Sep-pak sorbent (Waters) of the capture column
were ecluted and detected by a highly sensitive coincidence radioactivity detector
(Bioscan). Four minutes after the sample injection, the valves were repositioned to allow
the analytical mobile phase to back-flush the contents of the capture column onto the
Aqua analytical column (Phenomenex, 250 x 4.6mm 5 micron), and to direct the effluent
from the analytical column to the detector (Fig. 7B). Approximately 7 min after sample
injection, the first valve was returned to its original position (Fig. 7C) allowing the
capture column to equilibrate in original solvent in preparation for the next sample. At
the end of the analysis, the second valve was returned to its original position (Fig. 7A).
Metabolite radioactivity signals from the analytical HPLC detector were analyzed using
PeakSimple software (SRI Inc.), and used to record the peak areas and retention times
(Ry). Percentages of peak areas were background- and decay-corrected. Data was

presented as averages of percent area under the curve (%AUC).

2.5 Physiological measurements
In addition to body weight gain, and dietary consumption previously described in the
above sections, blood glucose and plasma insulin levels were also monitored in select

animal models.



46

2.5.1 Blood glucose

Fasting blood glucose was obtained from trunk blood of untreated control NORM,
DR, DIO, citrate control and DM2 rats. Postprandial blood glucose was monitored in
DM2 and citrate control rats as described above in animal models. Blood glucose
measurements were obtained using an Accu-Chek Advantage glucometer (Roche).

2.5.2 Plasma insulin

Plasma samples were obtained from residual remaining trunk blood collected in
EDTA tubes. Blood samples were centrifuged at 2900 x g for 5 min and plasma samples
pipetted into 2.0 mL eppendorf tubes and stored at -80°C. Obese and diabetic animal
model fasting plasma insulin measurements were assessed using a sensitive rat insulin
radioimmunoassay (RIA) kit (Linco) (Jang et al., 2003; Levin and Dunn-Meynell, 2000).
Briefly, during the three day RIA procedure, known plasma volumes were diluted with
0.05M phosphosaline (0.025M EDTA, 0.08% sodium azide, 1% RIA grade bovine serum
albumin) assay buffer (to 200 pL), then incubated with 100 pL of guinea pig anti-rat
insulin serum in the buffer overnight for 24 h in the refrigerator. On the second day, 100
uL of "*I-insulin was added to the plasma-antibody solution, and incubated overnight for
24 h in the refrigerator. The final step involved addition of 1.0 mL of cold (4°C)
precipitating reagent (goat anti-guinea pig IgG serum, 3% polyethylene glycol and 0.05%
Triton X-100 in 0.05M phosphosaline, 0.025M EDTA, 0.08% sodium azide), allowing 20
min of incubation, then centrifugation at 3000 x g for 20 min. Supernatants were
decanted and pellets counted in the gamma-counter for radioactivity. The amount of
tracer bound to antibody decreases as the concentration of unlabeled rat insulin bound

antigen increases. An insulin standard curve of was created using increasing
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concentrations of insulin provided in the RIA kit to evaluate final results of each assay.

Final rat insulin results were then corrected for dilution factor of plasma in assay buffer.

2.6 Indirect calorimetry

Two- and 8-week DR, DIO, citrate control and DM?2 rat models were subjected to
indirect calorimetry measurements at 2-4 days prior to biodistribution studies. Rats were
transported to Dr. Mary-Ellen Harper’s laboratory in Roger Guindon Hall 5 days prior to
biodistribution studies and allowed a 24 h acclimatization period upon arrival. Following
acclimatization period, groups of 3-4 rats were placed individually into separate
calorimetry chambers (each with a volume of 10 L) for a 24 h indirect calorimetry
measurement period with ad libitum access to HFD and water. Temperature was
maintained at 24°C, and lights set to be on from 07:00 to 19:00 (light phase) and off
between 19:00 to 07:00 (dark phase). The indirect calorimetry detection used a four-
chamber Oxymax system with automatic temperature and light controls (Columbus
Instruments, Columbus, OH) (Bezaire et al., 2001; Riachi et al., 2004). System settings
included a gas flow rate of 4.5 L/min. Gas concentrations of oxygen and carbon dioxide
were analyzed using a limited diffusion, metal air battery sensor to measure Vo, while V -
co2 was measured using a spectrophotometric sensor. Repeated sampling of Vo, and V
coz over the 24 h period corresponded to RER measurements as an index of the
utilization of energy fuel sources, as well as relative rate of heat production corrected to
kilogram body weight (Voy/’kgBW) and Vo, per whole rat. After completion of indirect
calorimetry measurements, rats were returned to animal care facilities at the University of

Ottawa Heart Institute and placed under quarantine for any pathogens acquired during
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transfers between facilities. In vivo biodistribution studies using (R)-["'Crolipram of rats

measured with indirect calorimetry were also completed under quanantine conditions.

2.7 (R)-[HC]Rolipram baseline analyses of rat models

2.7.1 High-fat diet, low-fat diet, Jasting, and fed states in NORM rats

Groups of 6 week old NORM rats were fed HFD or LFD for the required 2- and 8-
week time periods ﬁntil biodistribution studies. Subgroups of the 2-week HFD or LFD
fed rats on each diet were either fasted overnight as described in general biodistribution
procedures, or fed ad libitum until experiment. Rats were injected with radioligand and
sacrificed.  Tissues were dissected and counted for (R)-[''Clrolipram binding as
described above.

2.7.2 Baseline comparison of DR, DIO, citrate control and DM?2 rats

Using the general biodistribution procedures, (R)-[''Clrolipram was injected into 2-
and 8-week DR, DIO, citrate control, and DM2 rat models. Tissues were dissected,
weighed and counted for radioactivity with a gamma counter and expressed as previously

stated in general biodistribution.

2.8 Effects of diverse treatments on in vivo (R)-["C]rolipram binding in rat models
2.8.1 Acute pharmacological treatments in NORM rats
Similar to protocols of the general procedures, the effects of acute pretreatment with
various pharmacological agents on the regulation of (R)-[''C]rolipram in vivo binding
was assessed in 2-week diet fed NORM rats. At times following administration of drugs,

determined from literature, rats were injected with (R)-["'Clrolipram and tissues were
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dissected out and analyzed as described above. Studies producing increases in (R)-
[M'Clrolipram binding were repeated with co-injection of unlabelled (R)-rolipram (1
mg/kg) to assess increases in spéciﬁc binding in all animal models.

Agents affecting cAMP production through agonism and antagonism of B-ARs were
administered to rat models in acute treatments (ip). To directly elicit an increase synaptic
NA, DMI (20 mg/kg 3 h prior) (Bodnar et al., 1985; Lourenco et al., 2006), or yohimbine
(10 mg/kg 15 min prior) (van Oene et al., 1984) was administered (ip) to NORM rats.
Acute blockade of p-ARs was. produced with single administration of CGP 12177 (10
mg/kg ip, 3 h prior) (Hjeresen et al., 1989). Effects of increased synaptic NA following
DMI treatment on B-ARs were blocked with CGP 12177 (10 mg/kg ip, 3 h 15 min prior).
Following pharmacological treatments, rats were sacrificed and tissues analyzed as
above.

2.8.2  Sub-chronic treatments in NORM rats

To assess the effect sub-chronic elevation in synaptic NA levels in 2-week diet fed
NORM rats on (R)-[!'Clrolipram, 0.9% sterile saline (1 mL/kg) or DMI (10 mg/kg) was
administered (ip) twice daily for 14 days (Lacroix et al., 1991; Ye et al., 2000). Allowing
a 24 h wash-out period, rats were evaluated using the general biodistribution procedures
mentioned above. This study was repeated on a small group of sub-chronic DMI rats also
treated with co-injection of unlabelled (R)-rolipram (1mg/kg) during tracer administration
to assess changes in specific binding.

2.8.3 Acute desipramine treatment in obese and diabetic rats

Post-synaptic cAMP-mediated functionality was assessed in 2- and 8-week HFD DR,

and DIO rats, and 2-week STZ DM2 rats with (R)-[''CJrolipram using the following
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procedure. Rats were administered (ip) acute treatments of the NAT inhibitor DMI (20
mg/kg) 3 h prior to (R)-[''C]rolipram injection. Treatments were repeated using co-
injection of unlabelled (R)-rolipram (1 mg/kg) to assess changes in specific binding.
Animals were sacrificed, tissues dissected, weighed and counted for radioactivity,

expressed as previously stated in general biodistribution.

2.9 Statistical analysis

2.9.1 Physiological measurements

2.9.1.1 Body weight and diet

Statistical significance was determined utilizing the student’s t-test comparing DIO
and DM2 disease state rats to respective age matched controls (using SPSS software).
All analyses of concerning final fasted body weight, diet consumed, calories consumed,
and diet per day consumed utilized n values of total treated and untreated rats since
treatments did not affect these values.

Statistical analysis of body weight gain for 8-week STZ DM2 rats compared to citrate
control and DM2 (bg<l1) rats was determined by One-way Analysis of Variance
(ANOVA) followed by Dunnett post-hoc comparisons test (using SPSS software). All
analyses of weight gain employed n values of total treated and untreated rats as different
groups. Statistical significance comparing citrate controls to DM2 rats were indicated by
asterisks (*), and DM2 (bg<11) to DM2 rats were indicated by a plus sign (+) with a

criterion of probability < 0.05.
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2.9.1.2 Blood glucose and plasma insulin

Analysis of fasted glucose and insulin utilized the student’s t-test and concerned n
values from untreated rat models (using SPSS software). Statistical significance
(compared to control group) was indicated by asterisks (*) with a criterion of probability
<0.05.

2.9.2 Indirect calorimetry

Statistical significance was evaluated by a repeated measures general linear model
(GLM) analysis and a Tukey multiple comparisons test when required (using SAS
software). Data represented n values of three in each animal model. Significant
outcomes between control, age- and light-matched diseased models were indicated with
an asterisk (*); significant outcomes between light, age- and model-matched dark phase
results were indicated with a section sign (§); and significant outcomes between 2-week,
light- and model-matched 8-week models were indicated with a yen sign (¥), with a
criterion of probability < 0.05.

2.9.3 Specific binding of (R)-["'C]rolipram in NORM rats

Statistical significance on the specific binding was determined by One-way Analysis
of Variance (ANOVA) followed by Dunnett post hoc comparisons (using SPSS
software). All the statistical analysis concerning biodistribution data was performed
using tissue:blood ratio for each tissue. Statistical significance (compared to control
group) was indicated by asterisks (*) with a criterion of probability < 0.05.

2.9.4 (R)-/'C]Rolipram baseline analyses of rat models

Statistical significance was determined utilizing the student’s t-test when comparing

two groups and by One-way Analysis of Variance (ANOVA) followed by Dunnett post
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hoc comparisons when making multiple comparisons to control models (using SPSS
software). All statistical analysis concerning biodistribution data were performed on
tissue:blood ratios. Statistical significance, compared to controls, was indicated by
asterisks (*) with a condition of probability < 0.05.

2.9.5 Effects of diverse treatments on z;n vivo (R)—[I IC]rolipram binding in rat

models

Statistical significance was determined by One-way Analysis of Variance (ANOVA)
followed by Dunnett post hoc comparisons tests (using SPSS software) in comparisons to
control groups. Statistical significance was indicated by asterisks (*) when comparing
NORM, DR, DIO, and citrate controls models while significance was indicated with a (+)
when using DM2 as a control for its own treatments. The criterion of significant

probability was < 0.05.
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3.0: RESULTS

3.1 Specific binding and metabolism in NORM rats

3.1.1 Biodistribution analysis of (R)-[*' C]rolipram PDE4 specific binding

(R)-["'C]Rolipram distributes in many rat tissues. As expected, saturating doses of
(R)-rolipram (1 mg/kg) and Ro20-1724 (30 mg/kg) reduced (R)-[''CJrolipram binding to
non-specific levels in PDE4 rich tissues. Significant decreases of (R)-[''C]rolipram
binding were revealed in brain (HYPO, cerebellum, brain stem), SkM, heart (atria, right
ventricle free wall, LVS), pancreas, and lung (Fig. 8A). Whereas, no reduction in (R)-
[''Clrolipram was observed in WAT, BAT, and liver (Fig. 8A). (R)-[''C]Rolipram
specific binding to PDE4 was found to be approximately 70-84% in brain, 39-40% in
SkM, 29-40% in heart, 44-51% in pancreas, and 33-35% in lung (Fig. 8B). For clarity
and simplicity of expressing this data, the HYPO and LVS are presented in future figures
as representative regions of the brain and heart. The lung region has little to do with the
processes associated with obesity and diabetes, and WAT and BAT contain no specific
binding to PDE4 such that theses tissues were no longer considered regions of interest
and are not presented further.

3.1.2 Metabolite and specific binding of (R)- and (S)-[' CJrolipram in peripheral

tissues using high performance liquid chromatography

HPLC tissue analyses of the organic fractions 45 minutes postinjection of (R)-

["'CJrolipram, demonstrated the presence of hydrophilic metabolites from SkM (Fig. 9A),

pancreas, and BAT (Table II) in the solvent front fractions of the capture and analytical
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Fig. 9: Representative HPLC chromatograms of (R)-[''C]rolipram and its ''C-labeled
metabolites from an individual rat skeletal muscle (A), and skeletal muscle blocked by
co-administration of cold (R)-rolipram (B), injected 45 min prior to sacrifice using the
“HPLC column-switch method” (0-4 min: Oasis HLB cartridge capture column traps
tissue proteins, 1/99 acetonitrile/water, 2 ml/min; 4-15 min: Aqua C;3 5 pm Phenomenex
analytical column, 45/55 acetonitrile/0.1 M ammonium formate, 1 ml/min; coincidence
radiation detection).
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columns. Analysis of the radioactivity in the organic fractions of the tissue extracts in
SkM (Fig. 9A), pancreas, and BAT revealed 45-53% unchanged (R)-[''C]rolipram (Table
I). Total unchanged (R)-[''CJrolipram radioactivity was reduced to 16% in SkM (Fig.
9B) and 25% in pancreas following co-administration of (R)-rolipram, whereas
unchanged (R)-[''C]rolipram remained unaffected by (R)-rolipram in PDE4 poor BAT
(Table II).

HPLC tissue analyses of SkM, pancreas, and BAT postinjection of (S)-[”C]rolipram
revealed the presence of hydrophilic metabolites in the solvent front fractions of the
capture and analytical columns (Table II). Unchanged (S)-["'Crolipram binding was 41-
54% in SkM, pancreas, and BAT. However, the unchanged (S)-[''CJrolipram activity in
SkM, pancreas, and BAT was not reduced following co-injection of (R)-rolipram (Table
IT). Studies conducted in our laboratory also found that the presence of labeled (R)- and
(S)-[''C]rolipram metabolites increased following administration on unlabeled (R)-

rolipram in rat plasma (Kenk et al., 2006a).

3.2 NORM rat studies

3.2.1 Physiological measurements

HED fed NORM rats possessed no significant differences in body weight compared
to LFD fed rats following 2- or 8-week feeding periods (Table III). NORM 2-week HFD
fed rats consumed significantly less diet per day and total diet than LFD controls;
howeyver, total caloric intake remained similar between HFD and LFD groups after both
2- and 8-week feeding periods. Diet had no effecf on fasting blood glucose levels in

NORM rats fed either HFD or LFD for 2- or 8-weeks.
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3.2.2  (R)-"*CJRolipram baseline analysis

Tissue retention of (R)-[“C]rolipram 45 min postinjection was unaffected by dietary
fat content in 2-week (Fig. 10A) or 8-week (Fig. 10B) diet fed NORM rats indicating
dietary fat content had no effect on PDE4 levels. Data points to the ability to merge age-
matched NORM LFD and HFD fed (R)-[''CJrolipram binding results and findings are
presented as merged age-matched HFD/LFD binding data so forth. Additionally,
significant decreases in (R)-[''CJrolipram binding to PDE4 were observed in HYPO and
pancreas between 2- and 8-week NORM rats (Fig. 11A). There was also a significant
increase in HYPO radioligand binding in the unfasted 2-week NORM rats compared to
fasted NORM controls (Fig. 11B), indicating that neither (R)-[''Clrolipram binding
results could be merged from the 2- and 8-week NORM rats or results from 2-week
fasted and unfasted NORMs.

3.2.3 Effects of acute treatments on in vivo (R)-f*' CJrolipram binding

Acute administration of DMI has been previously shown to signiﬁcantly augment the
regional uptake of (R)-[''Clrolipram in brain and heart concurring with present results
(Fig. 12). Additionally, administration of DMI to 2-week diet NORM rats caused
significantly increased total binding (Table IV) and specific binding (Table V) of (R)-
["'C]rolipram to PDE4 in SKM. Acute increases in synaptic NA due to DMI had no
effect on PDE4 in the pancreas. Pretreatment with CGP 12177 prior to DMI treatment
brought the DMI-mediated increases in (R)-[''CJrolipram binding back to NORM control
levels (Fig. 13). CGP 12177 alone had no effect on tissue (R)-[''C]rolipram binding to
PDE4. Acute treatments yohimbine lead to significant (R)-[''Clrolipram binding

reductions to PDE4 in HYPO and SkM in 2-week diet NORM rats (Fig. 14, Table IV).
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Fig. 10: (R)-[''C]rolipram retention in LFD vs. HFD NORM rat tissues following 2-week
(A) and 8-week (B) feeding periods. Data are mean tissue:blood = SD (*p<0.05,
student’s t-test; NORM 2wk LFD: n=12, NORM 2wk HFD: n=15, NORM 8wk LFD:
n=4, NORM 8wk HFD: n=4).
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Fig. 11: Uptake of (R)-[''CJrolipram retention of merged LFD and HFD NORM rats in
2-week and 8-week feeding periods (A) and comparison of tracer retention under fasting
and fed conditions (B). Data are expressed as mean tissue:blood + SD (*p<0.05,
student’s t-test to NORM 2wk diet rats; NORM: n=27, NORM 8wk diet: n=8, NORM
2wk diet unfasted: n=10).
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Fig. 12: Distribution of radioactivity in rat brain and periphery 45 min following (R)-
["'Clrolipram administration in 2-week diet NORM rats treated with (R)-rolipram (1
mg/kg coinjection), desipramine (20 mg/kg i.p. 3 h prior to radioligand injection), or
desipramine (20 mg/kg i.p. 3 h prior to radioligand injection) plus (R)-rolipram (1 mg/kg

coinjection).

Data are mean tissue:blood = SD (*p<0.05, One-way ANOVA with

Dunnett comparisons test to 2-week diet NORM control rats; NORM: n=27, (R)-
rolipram: n=15, desipramine: n=14, desipramine + (R)-rolipram: n=8).
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Fig. 13: Distribution of radioactivity in rat brain and periphery 45 min following (R)-
[''Crolipram administration in 2-week diet NORM rats treated with desipramine (20
mg/kg i.p. 3 h prior to radioligand injection), desipramine (20 mg/kg i.p. 3 h prior to
radioligand injection) plus CGP 12177 (10 mg/kg i.p. 3 h 15 min prior to radioligand
administration), or CGP 12177 (10 mg/kg i.p. 3 h prior to radioligand) alone. Data are
mean tissue:blood & SD (*p<0.05, One-way ANOVA with Dunnett comparisons test to
2-week diet NORM rats; NORM: n=27, desipramine: n=14, desipramine + nadolol: n=4,
desipramine + CGP 12177: n=8, CGP 12177: n=7).
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Fig 14: Distribution of radioactivity in rat brain and periphery 45 min following (R)-
["'CJrolipram administration in 2-week diet NORM rats treated with yohimbine (10
mg/kg i.p. 15 min prior to radioligand injection) or yohimbine (10 mg/kg i.p. 15 min
- prior to radioligand injection) plus (R)-rolipram (1 mg/kg coinjection). Data are mean
- tissue:blood + SD (*p<0.05, One-way ANOVA with Dunnett comparisons test 2-week
diet NORM rats; NORM: n=27, yohimbine: n=10, yohimbine + (R)-rolipram: n=6).
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Acute yohimbine treatment to 2-week diet NORM rats was ineffective at altering (R)-
[ 1C]rolipram retention in heart or pancreas.

3.2.4 Effects of sub-chronic desipramine treatment on in vivo (R)-[" CJrolipram
binding
Sub-chronic treatment of antidepressant DMI demonstrated significantly enhanced

(R)-["'C]rolipram binding to PDE4 in HYPO, SkM and pancreas in 2-week diet NORM
rats compared to saline treated controls (Fig. 15, Table IV).- The LVS heart region
showed a slight, although insigniﬂcant, increase in (R)-["'C]rolipram binding to PDE4
following sub-chronic treatments of DMI. Binding of (R)-[''C]rolipram in sub-chronic
DMI treated NORM rats waé significantly reduced following co-administration of

unlabeled (R)-rolipram signifying the presence of specific binding to PDE4,

3.3 DR and DIO rat studies

3.3.1 Physiological measurements

The consumption of HFD over an 8-week feeding period caused significantly greater
weight gain in DIO rats compared to DR controls (Fig. 16). Both 2- and 8-week HFD
DIO rats possessed significantly greater final body weights compared to respective DR
control rats (Table VI). Additionally, DIO rats consumed significantly greater amounts
of total HFD, as well as diet per day, and total calories compared to DR controls in both
2- and 8-week models (Table VI). There were no significant differences between DIO
and DR fasted blood glucose or plasma insulin levels in 2- or 8-week HFD models.

3.3.2 Indirect calorimetry |

Twenty-four hour indirect calorimetry measurements revealed no significant

differences in RER values from light or dark phases between DR and DIO rats in the 2-
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Fig. 15: Distribution of radioactivity in rat brain and periphery 45 min following (R)-
['C]rolipram administration in 2-week diet NORM rats following 24 h washout period of
treatments with saline (1 mL/kg i.p. bid, 14 days), desipramine (10 mg/kg i.p. bid, 14
days), desipramine (10 mg/kg i.p. bid, 14 days) plus (R)-rolipram (1 mg/kg coinjection).
Data are mean tissue:blood + SD (*p<0.05, One-way ANOVA with Dunnett comparisons
test to 2-week diet NORM saline control rats; Saline: n=9, desipramine: n=12,
desipramine + (R)-rolipram: n=10).
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or 8-week HFD models. Hence, substrate oxidation of the relative proportions of
carbohydrate and fat were similar between between DR and DIO rats following both 2-
and 8-week HFD feeding periods (Table VII). The 2-week HFD DIO model was found
to have significantly lower Vo,/kgBW compared to 2-week HFD DR rats in the dark
phase; this observation was not found in whole body Vo, measurements when not
normalized to body weight. During the light phase, 2-week HFD DR and DIO rats had
reduced VoykgBW compared to those in the dark phase; the effect of light was only
repeated in whole body Vo, in 2-week HFD DR rats. Both 2-week HFD DR and DIO
rats in the light and dark phases had significantly augmented ¥o,/kgBW values compared
to those in the 8-week HFD models; in contrast, whole body Vo, measurements indicated
that 2-week HFD DR rats in the light phase had significantly decreased oxygen
consumption compared to 8-week HFD DR rats while there were no other significant
differences were observed between DR and DIO rats in 2- or 8-week models. Lastly, 8-
week HFD DR rat Vo,/kgBW in the dark phase was increased cbmpared to 8-week HFD
DIO dark phase values which was not observed in whole body ¥, measurements.

3.3.3  (R)-[""CJRolipram baseline analysis

Tissue retention of (R)-[''Clrolipram 45 min postinjection was similar between 2-
week HFD DR and DIO rats (Fig. 17A). Additionally, there were no differences in
radioligand binding between 8-week HFD DR and DIO rats (Fig. 17B). However,
significantly diminished pancreatic (R)-[''C]rolipram binding was observed in 8-week
HFD DR rats compared to 2-week HFD DRs (Fig. 18A), as well as in 8-week HFD DIO

rats compared to 2-week HFD DIO rats (Fig. 18B).
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Fig. 17: Distribution of radioactivity in rat brain and periphery 45 min following (R)-
[”C]rolipram administration in 2-week HFD (A) and 8-week HFD (B) DR and DIO rats.
Data are mean tissue:blood = SD (*p<0.05, student’s t-test to DR controls; n=5 in each

group).
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Fig. 18: Distribution of radioactivity in rat brain and periphery 45 min following (R)-
[”C]rolipram administration in 2- and 8-week HFD DR (A) and 2- and 8-week HFD DIO
(B) rats. Data are mean tissue:blood + SD (*p<0.05, student’s t-test to 2-week HFD
controls; n=5 in each group). '
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3.3.4 Effects ‘of acute desipramine treatment on in vivo (R)-{*'CJrolipram binding

Increasing synaptic NA with DMI pretreatment had no effect on the distribution of
(R)-[“C]rolipram in 2-week HFD DR rat HYPO, SkM, or LVS (Fig. 19A). Nevertheless,
pancreatic total and specific binding of (R)-[“C]rolipram was significantly decreased
(Tables VIII, IX) following DMI treatment in 2-week HFD DR rats. In contrast, acute
DMI treatment to 2-week HFD DIO rats produced significantly augmented LVS total
(R)-[**C]rolipram binding (Table VIII) and specific binding (Table IX), while other tissue
retentions remained unchanged (Fig. 19B).

DMI administration to 8-week HFD DR rats lead to significant amplification of total
(R)-[''Clrolipram binding in HYPO, SkM, and LVS (Fig. 20A, Table VIII).
Additionally, 8-week HFD DR rat specific binding was increased following DMI in
HYPO, SkM, and LVS (Table IX). Conversely, acute DMI treatment to 8-week HFD DR
rats caused significant reduction in (R)-[“C]rolipram total binding (Table VIII), and
specific binding (Table IX) in pancreas (Fig 19A). Acute DMI treatment to 8-week HFD

-DIO rats had no effect on (R)-[“C]rolipram binding to PDE4 (Fig. 20B).

3.4 Citrate- and streptozocin-treated rat studies

3.4.1 Physiological measurements

Both 8-week citrate- and STZ-treated citrate control and DM2 (bg<ll) rats
respectively, had significantly greater weight gain than 8-week STZ-treated DM2 rats
over the eight week disease progression period (Fig. 21). Subsets of 2-week (Table X)
and 8-week (Table XI) STZ-treated DM2 rats maintained normal blood glucose levels

despite administration of the destructive P—cell alkylating agent STZ. Fasting blood
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Fig. 19: (R)-[''C]Rolipram distribution 45 min following administration in 2-week HFD
DR (A) and DIO (B) rats treated with (R)-rolipram (1 mg/kg coinjection), desipramine
(20 mg/kg i.p. 3 h prior to radioligand injection), or desipramine (20 mg/kg i.p. 3 h prior
to radioligand injection) plus (R)-rolipram (1 mg/kg coinjection). Data are mean
tissue:blood = SD (*p<0.05, One-way ANOVA with Dunnett comparisons test to control
2-week HFD DR and DIO rats respectively; DR: n=5, DR (R)-rolipram: n=4, DR
desipramine: n=5, DR desipramine + (R)-rolipram: n=4, DIO: n=5, DIO (R)-rolipram:
n=4, DIO desipramine: n=5, DIO desipramine + (R)-rolipram: n=4).
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Fig. 20: (R)-[“C]Rolipram distribution 45 min following administration in 8-week HFD
DR (A) and DIO (B) rats treated with (R)-rolipram (1 mg/kg coinjection), desipramine
(20 mg/kg i.p. 3 h prior to radioligand injection), or desipramine (20 mg/kg i.p. 3 h prior
to radioligand injection) plus (R)-rolipram (1 mg/kg coinjection). Data are mean
tissue:blood + SD (*p<0.05, One-way ANOVA with Dunnett comparisons test to 8-week
HFD fed control DR and DIO rats respectively; DR: n=5, DR (R)-rolipram: n=4, DR
desipramine: n=4, DR desipramine + (R)-rolipram: n=4, DIO: n=5, DIO (R)-rolipram:
n=4, DIO desipramine: n=4, DIO desipramine + (R)-rolipram: n=4).
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Table X: Two week citrate- and streptozocin-treated citrate control, DM2, and DM2
(bg<11) rat blood glucose measurements.

Animal Model Ww-2 Do wi W 20
Rat # Pre-HFD Pre-Citrate/STZ . Biodistribution Treatment
2-week citrate 1 7.0 6.0 5.9 3.6 -
Citrate controls 2 59 6.8 6.0 2.6 -
3 5.6 6.4 6.4 39 -
4 6.3 6.5 6.2 3.6 -
5 6.3 7.0 6.7 3.9 -
6 5.8 5.6 6.7 3.6 -
7 62 6.7 6.2 3.4 -
8 5.8 6.9 74 12.0 (R)-rolipram
9 5.4 6.9 6.3 10.4 (R)-rolipram
10 6.5 7.1 6.3 1S (R)-rolipram
11 6.1 72 74 6.4 (R)-rolipram
12 6.6 6.8 6.2 10.1 (R)-rolipram
13 6.1 6.6 6.4 10.2 : (R)-rolipram
14 54 6.2 5.3 9.5 (R)-rolipram
2-week STZ 15 6.1 6.5 304 6.4 -
DM2 16 6.9 6.7 20.4 4.6 -
17 5.9 5.9 28.9 5.9 -
18 6.5 6.9 13.1 4.7 -
19 5.6 5.4 15.8 3.0 -
20 5.5 5.4 16.1 2.6 -
21 9.1 6.1 26.9 23.2 (R)-rolipram
22 6.2 62 224 19.0 {R)-rolipram
23 6.3 6.1 12.0 12.0 (R)-rolipram
24 6.2 6.0 289 14.0 (R)-rolipram
25 6.2 49. 249 32.8 DMI
26 5.6 6.3 303 5.5 DMI
27 6.5 6.0 26.5 33 DMI
28 6.0 5.8 15.9 3.1 DMI
29 6.0 5.6 153 37 DMI
30 6.2 6.2 17.5 2.9 DMI
DMI +
31 74 5.3 12.1 9.4 (R)-rolipram
) DMI +
32 6.4 6.0 15.9 9.9 (R)-rolipram
DMI +
33 6.3 6.3 12.7 10.2 (R)-rolipram
: DMI +
34 5.6 6.3 16.2 11.9 (R)-rolipram
2-week STZ 35 6.7 7.0 9.7 43 -
DM2 (bg<11) 36 8.1 6.5 9.7 3.9 -
DMi+
37 6.3 6.7 8.9 9.9 (R)-rolipram

Blood glucose measures at time points -2-weeks (W), day (D) 0, I week following
citrate- or streptozocin (STZ)-treatment, and fasting blood glucose on day of
biodistribution experiment. Blood glucose not determined (nd) at early stages for some
rats.
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Table XI: Eight week citrate- and streptozocin-treated citrate control, DM2, and
DM2 (bg<11) rat blood glucose measurements.
Animal Model w-2 Do Wil | W3 | W6| WS W 8pst
Rat# | Pre-HFD Pre-Citrate/STZ Biodistribution Treatment
8-week citrate 1 nd nd nd 8.7 6.0 6.9 42 -
Citrate controls 2 nd nd nd 7.0 6.8 5.8 3.1 -
3 nd nd nd 5.6 5.6 4.9 4.2 -
4 nd nd nd 6.0 64 52 4.5 -
5 nd nd nd 6.9 5.7 5.6 39 -
6 nd nd nd 6.3 56 5.8 4.1 -
7 6.1 7.0 6.1 6.3 6.1 5.8 38 -
8 6.3 6.2 6.1 6.2 8.1 6.8 35 -
9 5.6 6.4 64 6.1 58 6.0 4.1 -
10 6.2 5.9 7.3 6.4 59 6.0 4.7 -
11 6.4 6.6 6.3 5.9 5.8 5.6 3.8 -
12 6.6 7.1 5.7 9.2 55 6.1 15.1 (R)-rolipram
13 6.2 7.0 59 6.7 6.2 5.6 14.7 (R)-rolipram
14 nd nd nd 62 6.8 62 142 (R)-rolipram
15 6.5 62 75 1 710 | 66 | 59 123 (R)-rolipram
16 nd nd nd 53 6.0 6.5 12.8 (R)-rolipram
17 nd nd nd 49 5.1 5.8 14.3 (R)-rolipram
18 6.8 7.8 7.0 6.1 6.5 7.0 12.3 (R)-rolipram
19 6.2 7.4 6.1 59 6.7 6.2 14.7 (R)-rolipram
20 7.2 6.2 6.2 6.6 64 6.1 12.7 (R)-rolipram
21 6.6 6.1 66 | 58 | 61 | 66 12.7 (R)-rolipram
8-week STZ 22 nd nd nd 242 | 284 | 29.0 13.1 -
DM2 23 nd nd nd 244 1 272 | 29.1 23.8 -
24 nd nd nd 225 1279 1 33.4* 24.9 -
25 nd nd nd | 167 | 174 | 183 6.1 -
26 7.4 6.3 290 | 293 | 332 | 259 22.0 -
27 6.3 6.7 172 § 266 | 23.0 | 25.6 8.9 -
28 6.0 6.2 195 | 325 | 238 | 26.8 18.9 -
29 5.8 6.2 268 | 33.4* | 205 | 243 295 (R)-rolipram
30 6.4 5.4 233 | 275 | 289 | 236 19.0 (R)-rolipram
31 7.2 5.9 23.1 310 | 205 | 26.7 24.3 (R)-rolipram
32 53 6.2 193 | 228 | 208 | 233 20.8 (R)-rolipram
8-week STZ 33 nd nd nd 6.4 5.9 8.9 5.7 -
DM2 (bg<11) 34 6.5 6.3 9.8 7.5 6.1 6.5 4.0 -
35 6.2 6.5 57 6.4 6.8 6.8 37 -
36 6.2 7.1 7.2 8.7 9.2 6.0 4.7 -
37 6.8 6.8 6.4 59 6.8 7.1 4.2 -
38 6.1 6.6 6.7 12.0 59 5.6 4.4 -
39 6.7 6.2 11.7 59 64 5.7 44 -
40 6.5 63 92 93 73 7.7 6.3 -
41 6.4 58 19.9 83 78 6.4 20.1 (R)-rolipram
42 5.5 6.1 6.5 7.0 6.4 6.1 20.8 (R)-rolipram
43 58 6.0 69 | 61 | 55| 62 115 (R)-rolipram
44 nd nd nd 6.2 54 7.1 15.5 (R)-rolipram
45 nd nd nd | 59 | 59| 56 14.0 (R)-rolipram
46 nd nd nd | 58 | 56 | 67 15.3 (R)-rolipram

Glucose measures at time points -2-weeks (W), day (D) 0, 1 week following citrate- or
streptozocin (STZ)-treatment at 3-, 6-, 8-weeks, and fasting glucose on day of
‘biodistribution experiment. *Blood glucose exceeded glucometer range (>33.3 mmol/L).
Blood glucose not determined (nd) at early stages for some rats.
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glucose levels were also observed to be increased 45 min after (R)-rolipram
administration in both 2- and 8-week treated citrate control and DM2 rats (Tables X, XI).
Fasting plasma insulin levels of 2-week STZ DM2 rats were normal compared to 2-week
citrate control rats (Table XII). However, prolonged consumption of HFD after citrate
administration lead to significantly increased plasma insulin levels in 8-week citrate
controls compared to 2-week citrate control rats. Additionally, 8-week STZ DM2
(bg<11) rats also possessed similaf plasma insulin levels as 8-week citrate controls.
However, 8-week STZ DM2 rat insulin levels were significantly reduced compared to 8-
‘week citrate controls, indicating a hypoinsulinemic state.

-3.4.2 Indirect calorimetry

Twenty-four hour indirect calorimetry measurements of 2-week citrate control and
STZ-treated DM2 rats revealed no significant differences in RER from the light or dark
phases (Table XIII). However, 8-week STZ DM2 rats in both the light and dark phases
possessed significantly lower RERs compared to both 8-week citrate controls and 2-week
STZ DM2 rats. There were no significant differences in Voo/kgBW or Vo, between
citrate control or DM2 rat models.

3.4.3 (R)-["'C]Rolipram baseline analysis

The process of 2-week STZ induction of DM2 had no effect on baseline tissue
retention of (R)-[''Clrolipram 45 min postinjection compared to 2-week citrate control
rats (Fig. 22A). However, the effect of 8-week STZ induction of DM2 lead to
significantly diminished tissue retention of (R)-[''C]rolipram 45 min postinjection in 8-
week STZ DM2 rats compared to 8-week citrate controls in HYPO and LVS (Fig. 22B).

Radioligand retention in 8-week STZ DM2 rats was decreased 17 and 8% HYPO and
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Table XII: Fasted plasma insulin measurements of citrate- and streptozocin-treated
citrate control, DM2, and DM2 (bg<11) rats.

Animal Model Insulinggeq
(ng/mL) n
2-week citrate  Citrate control 0.57+0.31 7
2-week STZ DM2 0.73+£0.31 6
8-week citrate  Citrate control | 1.43+091 | 11
8-week STZ DM2 0.32+0.15" 7
8-week STZ  DM2 (bg<ll) | 129087 | 7

Insulin measured using radioimmunoassay kit from plasma obtained from citrate control
and DM2 rats. Data are mean values + SD (¥p<0.05, One-way ANOVA with Dunnett
comparisons test to 2-week citrate controls; "p<0.05, One-way ANOVA with Dunnett
comparisons test to 8-week citrate controls; # values described above).
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Fig. 22: (R)-[''C]Rolipram distribution 45 min following administration in 2-week (A)
and 8-week (B) citrate- or steptozocin (STZ)-treated citrate control and DM2 control rats
and rats administered (R)-rolipram (1 mg/kg coinjection). Data are mean tissue:blood +
SD (*p<0.05, One-way ANOVA with Dunnett comparisons test to age-matched citrate
control rats; “p<0.05, One-way ANOVA with Dunnett comparisons test to age-matched
DM2 rats; Citrate 2wk citrate: n=7, Citrate 2wk citrate + (R)-rolipram: n=7, DM2 2wk
STZ: n=6, DM2 2wk STZ + (R)-rolipram: n=4, Citrate 8wk citrate: n=11, Citrate 8wk
citrate + (R)-rolipram: n=10, DM2 8wk STZ: n=7, DM2 8wk STZ + (R)-rolipram: n=4).



87

LVS (Table XIV). Additionally, 8-week STZ-treated DM2 (bg<11) rat (R)-[*!CJrolipram
binding was not significantly altered compared to 8-week citrate controls but were
however significantly increased in LVS compared to 8-week STZ DM2 rats (Fig. 23).
3.4.4 Effects of acute desipramine treatment on in vivo ﬂi)—[’ ICIrolipram binding in
2-week citrate and streptozocin models
Following acute pretreatment of DMI, total (R)-["'C]rolipram binding to PDE4 in 2-
week STZ DM2 rats was significantly increased compared to untreated 2-week STZ
DM2 rats in HYPO, SkM, and LVS (Fig. 24, Table XIV). Additionally, (R)-
[M'Crolipram specific binding to PDE4 was increased in HYPO, SkM, and pancreas

(Table XV). DMI had no significant acute effect on pancreatic PDE4 levels.
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Fig. 23: Distribution of radioactivity in rat brain and periphery 45 min following (R)-
["'CJrolipram administration in 8-week citrate- and streptozocin (STZ)-treated citrate
control, DM2 and DM2 (bg<11) rats. Data are mean tissue:blood + SD (*p<0.05, One-
way ANOVA with Dunnett comparisons test to 8-week citrate control rats; 'p<0.05, One-
way ANOVA with Dunnett comparisons test to 8-week STZ DM2 rats; Citrate: n=11,
DM2: n=7, DM2 (bg<11): n=8). »
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Fig. 24: Distribution of radioactivity in rat brain and periphery 45 min following (R)-
["'CJrolipram administration in 2-week steptozocin (STZ)-treated DM2 rats administered
(R)-rolipram (1 mg/kg coinjection), desipramine (20 mg/kg i.p. 3 h prior to radioligand
injection), or desipramine (20 mg/kg i.p. 3 h prior to radioligand injection) plus (R)-
rolipram (1 mg/kg coinjection). Data are mean tissue:blood + SD ("'p<0.05, One-way
ANOVA with Dunnett comparisons test to 2-week STZ DM2 rats; DM2: n=6, DM2 (R)-
rolipram: n=4, DM2 desipramine: n=6, DM2 desipramine + (R)-rolipram: n=4).
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4.0: DISCUSSION

PDE4 is an essential component of cAMP-mediated transduction that performs
regulatory cell signaling functions by controlling cAMP levels formed following
stimulation of GPCRs in different neurotransmitter systems of the body (Conti et al.,
2003; Lourenco et al., 2006; Verde et al., 1999). The obese and diabetic disease states
are known to have dysfunctional SNS signaling (Esler et al., 2001; Fisher et al., 2005;
Masuo et al., 1997; Reynisdottir et al., 1994; Tentolouris et al., 2003). Recently, we have
developéd (R)-["'CJrolipram as a selective PDE4 radiotracer capable of imaging cAMP-
mediated signaling in the brain and periphery in vivo (DaSilva et al., 2002; DaSilva et al.,
2001; Lourenco et al., 2001; Lourenco et al., 2006). The work described in this thesis is
~ concerned with extended evaluation of this radiotracer in obese and diabetic rat models.
The ultimate purpose of this project was to detect in vivo cAMP-mediated dysfunction at
the PDE4 level in central and peripheral tissues of obese and diabetic animal models
using (R)-["'Clrolipram. Attaining this function required the achievement of fwo major
objectives. Th¢ first objective was to determine the presence of PDE4 specific binding
using (R)-["'CJrolipram in tissues associated with obesity and diabetes. The second
objective was to utilize animal models of obesity and diabetes at different stages of
disease progression to obtain (R)-[''C]rolipram in vivo binding data and determine altered

intracellular PDE4 binding in cAMP-mediated signaling.
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4.1 Tissue-to-blood ratios

Tissue-to-blood ratios were utilized to compensate for alterations in carrier delivery
of the radiotracer caused by differences in rat body weight, tissue composition,
pharmacological haemodynamics, and the presence of metabolites in the blood.
Increased haemodynamic radioactivity following co-administration of (R)-rolipram may
be explained by the observed increased presence of radiolabeled metabolites compared to
unchanged (R)-["'CJrolipram in rat plasma (Kenk et al., 2006a). Expressing datar as
-tissue-to-blood ratios provides an attenuation correction factor in each animal, and
reduces the variability of radioligand binding due to pharmacological treatments and
tracer metabolism in peripheral tissues. However, it also introduces an error variable into
the brain data. Peripheral tissue corrections for blood metabolites generate errors in total
‘binding data present in the brain, which lack radiolabeled metabolites of rolipram
(Lourenco et al., 1999b). Nevertheless, the amount of error introduced into the calculated
brain data may be balanced by the relatively high amount of expressed PDE4 and high
(R)-["'Clrolipram specific binding present in the brain tissue compared to blood. Several
groups utilize tissue-to-blood ratios as a means of improving signal attenuation; for
instance, B-AR and nicotinic receptor binding studies use tissue-to-blood ratios for
PHICGP 12177 and ["*F]F-A-85380, respectively (Law, 1993; Picard et al., 2006).
Although it is practical to express data as the commonly used %ID/g (Lourenco et al.,
1999a) or %ID/g multiplied by body weight (Lourenco et al., 2006) when studying the
brain alone, obtaining meaningful comparisons of (R)-[''CJrolipram retention in
peripheral tissues and brain may require application of the tissue-to-blood ratios.

Therefore, results in this project were expressed as tissue-to-blood ratios. The expression
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of results in this manner may best compensate for the changes in (R)-[*'CJrolipram
binding owning to the presence of metabolites, body size, body composition, and

Systemic pharmacological effects (Law, 1993).

4.2 Specific binding and metabolism in NORM rats

4.2.1 Biodistribution analysis of (R)-[* CJrolipram PDE4 specific binding

Previous studies have reported that the binding of (R)-rolipram to HARBS (ICsp ~ 2-5
nM) in the brain (Borisy et al., 1993; Zhao et al., 2003) correlates with central behavioral
effects (Duplantier et al., 1996; Egawa et al., 1997; Schmiechen et al., 1990). In in vitro
assays using PDE4 inhibitor PH]piclamilast and central or peripheral tissue
homogenates, Zhao et al. (2003) recently reported that HARBS binding was present in
abundance in céntral but not peripheral tissue preparations. However, in this project, the
observed in vivo uptake of (R)-[''C]rolipram in brain, SkM, heart, pancreas and lung
highly concured with our previously published findings (DaSilva ét al., 2002; Lourenco
et al., 2001; Lourenco et al., 2006). Furthermore, (R)-["'Clrolipram binding was blocked
in the brain, SkM, heart, pancreatic, and lung tissues by saturating doses of (R)-rolipram
and Ro20-1724 indicating the presence of peripheral specific binding to HARBS in vivo.
A factor that may produce these in vitro and in vive discrepancies of HARBS in the
periphery may be the involvement of ions such as Mg* at the catalytic site of PDE4. Itis
known that Mg*" can alter high affinity binding to the active form of PDE4 (Laliberte et
al., 2000; Laliberte et al., 2002), and may represent a possible mechanism for a HARBS
to LARBS shift in binding. While Mg®* concentrations in vivo are maintained at

homeostatic physiological levels, in vitro studies utilize non-physiological concentrations
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of Mg®* in tissue cultures (Zhang et al., 2006; Zhao et al., 2003), which may alter the
Mg**-induced PDE4 conformation of the active holoenzyme complex. It is possible that
the in vivo conditions occurring in the intact animals of our studies preserve the HARBS
in the periphery and account for the discrepancy observed between our in vivo and in
vitro results (Kenk et al., 2006b).

Investigations examining involvement of PDE activity in lipolysis and thermogenesis
point to the participation of PDE2, PDE3, and PDE4 in WAT and BAT in vitro (Coudray
et al., 1999; Nagaoka et al., 1998). However, PDE4 activity in these tissues are
reportedly low (~1-9 pmol/min/mg), and PDES3 is observed to be the major contributor to
cAMP hydrolysis with PDE3 to PDE4 ratios of 5:1 and 4:1 in WAT and BAT
respectively (Nagaoka et al.,v 1998). The inability to detect in vivo PDE4 specific binding
in adipose tissues with ®)-["'CJrolipram may be attributed to the low PDE4 density in
adipose tissues, and specific activity of the tracer that are too low to be able to study these
sites without saturation.

4.2.2 Metabolite and specific binding of (R)- and (S)-[*CJrolipram in peripheral
tissues using high performance liquid chromatography
Conformational HPLC analyses .on the identity of labeled ligand in tissues of interest
further confirm the presence of (R)-[''C]rolipram specific binding to PDE4 in SkM and
pancreas, as well as non-specific binding in BAT. Rolipram biotransformation is known
to degrade to at least eight metabolites in rat, rhesus monkey, and human, and these
metabolites are then primarily excreted in the urine (Krause and Kiihne, 1988; Krause
and Kihne, 1993). The proportion of PDE4 specific binding obtained from

biodistribution analysis in the brain was greater than in peripheral regions which may be
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attributed to the presence of peripheral radiolabeled metabolites (Lourenco et al., 1999b).
As previously shown in our laboratory, carbon-11 labeled metabolites of (R)-
[“C]rolipram do not cross the blood brain barrier of rats and are present in plasma
(DaSilva et al., 2001; Lourenco et al., 1999b). The metabolism of (R)-[''C]rolipram in
peripheral tissues (Kenk et al., 2006a) indicates that approXimately 50% of the
radioligand signal originates from unchanged (R)-[''C]rolipram while the remaining
activity derives from hydrophilic metabolites in peripheral tissues at 45 min postinjection.
Importantly, this finding reveals that the reduced total specific binding in SkM and
pancreas compared to the brain is due to the presence of both unchanged (R)-
["'CJrolipram and radiolabeled metabolites. The lack of effect on the proportion of
labeled metabolites present in SkM and pancreas following co-injection with a saturating
dose of (R)-rolipram indicates that the labeled metabolites do not bind specifically to
PDE4. This can be explained by the metabolites high hydrophilicity rendering them
unlikely to cross the cell membrane, and structural changes that might affect binding to

PDE4 (Kenk et al., 2006a).

4.3 NORM rat studies

Exploratory experiments were performed on NORM rats using different diets and
drugs expected to alter cAMP-mediated signaling directly or indirectly in order to assess
NORM (R)-["!C]rolipram binding conditions that were to be used on obese and diabetic
animal models. Different acute and chronic treatments were executed using previously
described doses and time periods in accordance with published literature and laboratory

findings.
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' 4.3.1 Physiological measurements

Similar to a report of NORM rats fed HFD for 5 weeks with no differences in body
weight gain compared to rats on a control diet (Archer et al., 2003), NORM rats fed LFD
or HFD did not differ in body weight, caloﬁc consumption, or fasted blood glucose
within  feeding periods. Studies of HFD induction obesity have demonstrated that
following consumption of HFD for 4-6 months NORM rats become obese and insulin
resistant (Brown et al., 2003; Corbett et al., 1986). Our NORM rat models on LFD or
HFD had no differences in body weight or blood glucose perhaps since they were
exposed to shorter periods of dietary influence.

4.3.2 (R)-["*CJRolipram baseline analysis

The regional uptake of (R)-['!Clrolipram did not differ between LFD or HFD fed
NORM rats following 2- or 8-week treatment periods. These findings are likely
associated with the physiological measurement results as no significant differences in
body weight, caloric consumption, or fasting blood glucose levels were found between
LFD or HFD fed NORM rats. Increased dietary fat content was expected to alter PDE4
binding of (R)-["'Clrolipram due to dietary mediated alterations in sympathetic signaling.
Reports of overfeeding NORM rats with high-caloric diet with substantial fat content was
found to increase BAT sympathetic activity (Young et al., 1982). Additionally,
consumption of diet composed of saturated fats cause decreased p-AR bixiding while
addition of polyunsaturated fats have shown the opposite effects (Matsuo and Suzuki,
1997; Nicolas et al., 1991). Similar binding of (R)-[''CJrolipram in brain and periphery
of HFD fed NORM, LFD fed NORM, and previous findings in normal chow fed NORM

rats (Lourenco et al., 2001; Lourenco et al., 2006) suggests that the dietary fat content
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does not alter NORM rat PDE4 (R)-[*'Clrolipram binding following 2- or 8-week feeding
periods. These findings may be attributed to the relatively short sustained feeding
periods and lack of observed dietary effects on body weight, caloric consumption or
blood glucose.

Rat age or fime on diet may have contributed to significant declines of (R)-
["'CJrolipram in the HYPO and pancreas in 8-week NORM rats compared to 2-week diet
NORM rats. Previous studies suggest that sympathetic activation is reduced with age in
bumans (Hering et al., 2006; Leenen et al.,, 2006). In a group of young and aged
hypeftensive patients, plasma NA increases following dihydropyridine Ca**-blocker
treatment were diminished in aged subjects (Leenen et al., 2006). It is therefore plausible
that alteration in PDE4 levels in HYPO and pancreatic tissues is mediated by age
dependent mechanisms in NORM rats.

Rats were required to be fasted in order to obtain reliable blood glucose and plasma
insulin levels. The (R)-[''Clrolipram increase present in the HYPO of 2-week diet
unfasted rats may have been caused by excitatory SNS signaling. It is generally accepted
that fasting decreases, and feeding increases SNS activity and NA release (Landsberg,
2006). Forearm SkM and adipose NA release were previously reported to be suppressed
in the fasting state and increased postprandially (Patel et al., 1999; Young and Landsberg,
1977). Additionally, the HYPO is Qredited as a primary regulator body weight by
increasing SNS signaling thermogenic tissues (Cerri and Morrison, 2005; Taniguchi et
al.,, 2006). In contrast, other groups found that HYPO-lesioned obese rats had augmented
NA response to fasting and were thought to increase SNS activation by redundanf

compensatory mechanisms (Balkan et al., 1992). Taken together, the ages and the fasting
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state of NORM rats partly explains alterations in (R)-["*C]rolipram binding in HYPO énd
pancreas and should be taken into consideration when interpreting PDE4 binding data,
while dietary fat content has demonstrated no effect on PDE4 levels following 2- and 8-
week feeding periods. All studies were performed with fasted rats to sustain similar (R)-
["'CJrolipram binding between experiments.
4.3.3  Effects of acute treatments on in vivo (R)-["'CJrolipram binding
4.3.3.1 Acute desipramine

DMI was previously shown to increase synaptic NA levels and stimulate B-ARs, ‘thus
increasing PDE4 regulation (Esler et al.,, 1990; Johnson et al., 1980; Lourenco et al.,
2006). The acute treatment of DMI to 2-week diet NORM rats demonstrated significant
increases in (R)-[”C]rolipram binding in HYPO, SkM, and LVS. As expected and
previously demonstrated in our laboratory (Lourenco et al., 2006), acute stimulation
yielded an increase of 19-21% in radioligand uptake, and a 16-26% elevation of (R)-
[!'Clrolipram specific binding to PDE4 in affected PDE4 rich regions of HYPO, SkM,
and LVS.

In vitro studies have shown that PDE3, 4, and 7 (Hetman et al., 2000; Parker et al.,
1995) are expressed in the pancreas, however the specific function of pancreatic PDE4
remains unclear. Acute DMI treatment had no effect on pancreatic radioligand binding to
PDE4 possibly suggesting some sort of compensatory mechanism in this PDE4 rich
organ. Studies have identified B-ARs in pancreatic ducts (Novak, 1998) and pancreatic
a-cells (Vieira et al., 2004). Adrenergic control of pancreatic amylase secretion is
considered to be duel, with inhibitory actions via a;-AR or stimulatory via B-AR (Varga

et al.,, 1990). In the pancreas, PDE3 is considered to be a major regulator of glucose-
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induced insulin secretion. Selectivé PDE3 inhibitors Org 9935, éiguazodan, and ICI
118233 were found to augment glucose-induced secretion from rat and human islets,
whereas selective inhibitors of PDE1, PDE4, and PDES5 did not (Pyne and Furman, 2003;
Shafiee-Nick et al., 1995). Conversely, observations from beta-cell lines discovered that
the glucose-induced insulin secretion was augmented following rolipram inhibition
(Ahmad et al., 2000; Yan et al., 1995). The present results suggest that (R)-[''C]rolipram
detected an increase in PDE4 density elicited by acute DMI injection in the brain, SkM,
and heart, but not the pancreas which may have compensatory mechanisms regulating
PDEA4 levels or be modulated by a non-NA cAMP-mediated stimulus such as glucose or
insulin (Ahmad et al., 2000; Yan et al., 1995). For the above mentioned attributes, DMI
was chosen to augment cAMP-mediated signaling to realize post-synaptic ﬁmctionality in
obese and diabetic animal models.
4.3.3.2 CGP 12177 blockade of desipramine

CGP 12177 is a non-selective B-AR antagonist leading, in theory, to inhibition of NA
stiniulated cAMP production (Baker, 2005; Joseph et al., 2004; Mallem et al., 2005).
CGP 12177 has been shown to block in vivo B-ARs in peripheral tissues (Ueki et al.,
1993; van Waarde et al., 1995; van Waardev et al., 2004) aﬁd brain regions at high doses
(10 mg/kg) (Hjeresen et al, 1989). Increased DMI-mediated binding of (R)-
["'Clrolipram was abolished with prior CGP 12177 administration to 2-week diet NORM
rats. CGP 12177 alone had no net affect on (R)-['CJrolipram retention. B-AR blockade
of DMI-mediated changes in (R)-[''CJrolipram retention with CGP 12177 strongly
suggests the involvement of B-ARs in this pfocess. These results concur with previous

findings that incubation of cell cultures with B,-AR agonist salbutamol increased PDE4
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profein levels within 2-4 hours (Manning et al., 1996; Torphy etal, 1992b). Additionally
acute stimulation of B-AR with isoproterenol in NORM rats up-regulated in vivo cAMP-
specific PDE activity within 1 hour in the pineal gland (Oleshansky and Neff, 1975).
Indeed, NA stimulation via p-ARs may employ cAMP-mediated signaling augmentation
of PDEA4, although further studies utilizing additional specific B-AR blockers could be
used to confirm these results and identify specific B-AR isoform involvement in cAMP-
mediated signaling in the future. Work towards understanding B-AR isoform
involvement in cAMP-mediated signaling is currently being studied in our laboratory
with mixed results.
4.3.3.3 Acute yohimbine

The presynaptic 0,-AR is negatively coupled to AC, causing decreased synthesis of
intracellular cAMP upon stﬁnﬂaﬁon. Antagonism of a,-ARs by yohimbine leads to
inhibition of the negative feedback in the turnover of synaptic NA, leading to rapid
neuronal sympathetic discharge (McCall et al., 1983) and increased synaptic NA
concentrations (Pacak et al., 1992; Szemeredi et al., 1991). Contrary to literature reports,
in vivo yohimine administration in our study produced significant decreases in (R)-
["!Clrolipram binding in HYPO and SkM of 2-week diet NORM rats. In vitro, it has
been reported that splice variants of PDE4 are down-regulated following the cAMP-
augmention caused by AC agonist forskolin treatment (Erdogan and Houslay, 1997).
Yohimbine has also been reported to display pharmacologically mediated haemodynamic
effects, such as increased peripheral blood pressure (McCall et al., 1983), which may
have enhanced the delivery of (R)-[''CJrolipram in previous studies conducted in our

laboratory that did not express data as a ratio to blood. Similar contradictory results with
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yohimbine were also observed following lead exposure which causes increased aortic
contractile response and cAMP that was blocked following yohimbine administration in
rat tissues (Fazli-Tabaei et al., 2006). However, published literature predominantly states
that yohimbine increases synaptic NA in vivo (Pacak et al., 1992), and has been linked to
PDE4 as rolipram potentiates lethality in combination with yohimbine in mice (Wachtel,
1983). Due to the inconsistency of (R)-[”C]rolipraﬁ binding data and published
literature repofts, yohimbine was not chosen to analyze the PDE4 cellular functional state
in our rat models.

4.3.4 Effects of sub-chronic desipramine treatment on in vivo (R)-[''CJrolipram
binding
Sub-chronic DMI treatment to 2-week diet NORM rats significantly increased (R)-

["'CJrolipram uptake in the brain, SkM, and pancreatic regions as expected and as
reported in the brain and monocytes in vitro (Itoh et al., 2004; Manning et al., 1996;
Takahashi et al., 1999). The change in total tracer binding compared to controls was 20-
33% in affected PDE4 rich tissues. Using brain tissues chronically treated with DMI,
PDE4A and B, but not D expression was found to be elevated in vitro (Takahashi et al.,
1999). PDE4 binding of (R)-[“C]rolipram in sub-chronic DMI treated NORM rats
adhere to in vitro reports and should mimic the hypothesized PDE4 outcomes present in
chronically SNS stimulated disease states. Additional experimentation challenging sub-
chronically treated rats with acute administration of DMI would provide a useful measure

of the cellular functionality following sub-chronic NA augmentation.
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4.4 DR and DIO ’rat studies

The framework of existing theories regarding obesity and energy expenditure are.
largely based upon a model of dysfunctional SNS signaling. In order to ascertain
&hether the animal models utilized were indeed obese and lean, physiological and
metabolic measures were investigated. Exploratory experiments were performed on DR
and DIO rats using selected drugs proven to alter cAMP-mediated signaling directly or
indirectly in order to assess (R)-[''C]rolipram binding and tissue cAMP-mediated
functionality in HYPO, SkM, LVS, and pancreas. Studies were conducted on animals
with similar physiological conditions that are anticipated in the human condition of
obesity or DM2.

An important remark should be made regarding the methodology used to test the
second and third hypotheses in the DR and DIO animals. It has never been coﬁclusively
identified that SNS dysfunction exists in this animal model, thus the second hypothesis
that dysfunctional cAMP-mediated signaling is observed in obese rats was based on
literaturé regarding the obese disease process as a whole rather than specific to the obese
rat model. However, the third hypothesis that (R)-['!CJrolipram can measure CAMP-
mediated signaling in obesity is dependent upon the animal model possessing cAMP-
mediated dysfunction. If the DR and DIO rats have no cAMP-mediated signaling
dysfunction, then the similarity observed in (R)-[*'CJrolipram binding could be due to the
model or the tracer’s inability to measure differences in the obese state, thus producing a
circular argument. However, résults demonstrating differences in (R)-[''Clrolipram
binding between lean and obese rats would reinforce both second and third hypotheses

and build a foundation upon which to formulate future theories in other disease states.
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4.4.1 Physiological measurements

Both 2- and 8-week HFD DIO rats gained significantly more body weight, and
consumed more HFD and more calories, than DR control rats. These findings are in
agreement with published literature concerning the DR and DIO animal models.
Multiple studies have demonstrated significantly increased body weight (Levin et al.,
1997; Ricci and Levin, 2003) and dietary consumption in DIO rats (Farley et al., 2003;
Gao et al., 2002; Levin et al., 1987). Thus, the DIO rats were indeed obese compared to
the DR controls as stated in literature (Levin et al., 1997). HFD fed DR and DIO rat -
fasting blood glucose levels were found to be similar and correspond to published
glucose levels observed in these rats (Gao et al., 2002; Levin et al., 1997; Levin and
Sullivan, 1987). Reports Qf plasma insulin levels are varied in reports of DR and DIO
rats. An investigation on DR and DIO rats fed HFD from 4-weeks of age until 10-weeks
revealed no significant differences in plasma insulin levels (Ricci and Levin, 2003),
whereas other studies have observed significantly increased plasma insulin levels in 9-
and 10-week old DIO rats fed HFD for 2-weeks compared to DR controls (Levin et al.,
1997). Our HFD fed DR and DIO fasting plasma insulin levels were observed to be
similar in both the 2- and 8-week feeding periods. Alterations in (R)-[”C]rolipram
binding or cellular functionality may be produced by some non-glucose or non-insulin
mediated means of cAMP signaling modification of PDE4 in this model of obesity.

4.4.2 Indirect calorimetry

Indirect calorimetry measures of 2- and 8-week HFD DR and DIO rats show no
differences in energy substrate utilization, or whole body oxygen consumption, while

DIO rats have reduced oxygen consumption corrected for body weight. Reports suggest
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that obese rats have increased RERs indicating a state of fat storage. Obese Zucker rats
fed butter or soybean diets have increased RER values compared to control rats (Rolland
et al., 2002). Following consumption of HFD for a period of 4-weeks, NORM rats
separated on greatest propensity to gain weight (DIO) had significantly greater 24 hour
'RER values compared to controls (Chang et al., 1990). Further exemplifying increased
RER in DIO rats, another study showed that even when fed LFD, DIO rats have higher
RERs compared to DR controls (Gao et al., 2002). Conflicting RER results may be due
to our inbred models of DR and DIO rats verses NORM rat classified DR and DIO rat
models or to the relatively short HFD feeding periods that our models were subjected to.
The similarity between DR and DIO substrate utilization may indicate that alterations in
(R)-[“C]rolipram binding between DR and DIO models may not be produced by dietary
substrate utilization.

In order to compare our results to literature reports of Vo, corrected for body weight,
findings were expressed as both weight corrected and whole body Vo,. Obese rodents
have been found to possess reduced Vo, corrected for body mass (Erickson et al., 1996;
Maskrey et al., 2001) or area (Pelleymounter et al., 1995) compared to lean controls. In
another study, DR and DIO rats were observed to possess the same oxygen consumption
corrected for body area over a two hour examination (Levin et al., 1989). However,

~expression of data in this manner has been challenged (Himms-Hagen, 1997) revéaling
that metabolic findings may be incorrectly expressed when correcting for additional
adiposity associated mass that is metabolically inactive. There is also no single mass
exponent that can account for varying metabolic conditions of basal rates and maximum

oxygen uptake (Darveau et al., 2002; Weibel, 2002). Thus to avoid the pitfalls associated
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with the practice of normalizing f"oz to body mass, Vo per whole rat was also expressed.
While our data corresponds to existing literature of body mass corrected Vo,
conservative whole body Vo, data demonstrates no significant differences in energy
expenditure between DR and DIO rats. Taken together, DIO rats were obese and gained
significantly greater weight evident by differences in HFD consumption compared to
DRs, while there was no difference> between DR and DIO rat substrate utilization or
whole body energy expenditures.

4.4.3 (R)-["'CJRolipram baseline analysis

As expected without extrinsic NA stimulation, baseline 2- and 8-week HFD DR and
DIO rats had similar PDE4 levels observed with (R)-[''CJrolipram binding in HYPO,
SkM, and LVS. SNS signals for thermogenesis occur in response to stimuli such as cold
or food rather than constitutively expressed (Dulloo, 2002; Dulloo et al., 1992), thus
alterations in basal PDE4 levels were expected to be similar in basal conditions.
Reduction of (R)-[''C]rolipram binding observed in pancreata of HFD fed DR and DIO
rats following increased dietary feeding period signified that 2- and 8-week PDE4
binding data could not be merged and must be analyzed separately. Pancreatic decreases
of (R)-["'Clrolipram PDE4 binding in 8-week HFD DR and DIO rats compared to the 2-
week models may possibly be due to compensatory mechanisms regulating PDE4, age
dependent SNS changes (Hering et al., 2006; Leenen et al., 2006), or glucose and insulin
mediated modification of SNS signaling between groups (Ahmad et al., 2000; Yan et al.,
1995), as previously suggested in NORM rat studies.

4.4.4 Effects of acute desipramine treatment on in vivo (R)-[*'CJrolipram binding
Acute treatment with DMI increasing synaptic NA was shown to augment the

regional distribution of (R)-[''C]rolipram in previous experiments with NORM rats as
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well as from published literature from our laboratory (Lourenco et .al., 2006).
Interestingly, no effect of acute DMI was observed in PDE4 (R)-[''C]rolipram binding in
2-week HFD DR rat HYPO, SkM, or LVS tissues, while pancreatic uptake decreased.
The deficient PDE4 response to acute DMI in 2-week HFD DR rats may be partially
explained by a differential response to caloric restriction compared to DIO rats. Upon
caloric restriction, DIO rats reportedly exhibit a greater reduction in sympathetic activity
(24 hour urine NA) compared to DR rats (Levin and Dunn-Meynell, 2000). Importantly,
thése findings were also observed by Levin ef al. in chow fed NORM and HFD fed DIO
; réts using RIA analysis of NA and foﬁnd that heart, aorta, and pancreas NA content
decreased to a greater extent in HFD DIO rats (Levin et al., 1983). Dysfunctional PDE4
response to DMI in 2-week HFD DR rats may be explained by lessened sympathetic
deactivation in response to fasting which may have lead to an altered cAMP-mediated
response to DMI in this model.

In vivo results obtained from 8-week HFD DR rats treated with acute DMI indicates a
significant augmentation of (R)-[''CJrolipram binding in HYPO, SkM and LVS regions,
and decreased retention observed in the pancreas which concur with literature. Following ‘
ghicose stimulated increases in NA content in HFD DR and DIO rats, Levin et al.
hypothesized that DR rats possess a dampened sympathetic activation after glucose load,
possibly due to heightened end-organ responsiveness to NA (Levin and Sullivan, 1987),
which is supported by our findings. The decreased pancreatic (R)-[''CJrolipram binding
in acute DMI treated 2- and 8-week HFD DR rats may be partially explained by a DMI-
mediated disruption of glucose homeostasis and insulin sensitivity (McIntyre et al., 2006)

that may have lead to altered PDE4 levels by compensatory mechanisms.
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As anticipated from literature reports of elevated plasma NA in HFD fed DIO rats
(Levin and Dunn—Meyne;ll, 2000), 2-week HFD DIOs treated with acute DMI only had
significantly increased LVS (R)-['CJrolipram binding with no changes in HYPO, SkM,
or pancreas. Furthermore, | 8-week HFD DIO rats treated with DMI had no changes in
(R)-["'C]rolipram binding to PDE4. The (R)-[''CJrolipram binding results concerning the
2- and 8-week HFD DIO rats may be partially explained by tissue and plasma NA
content. Plasma NA levels following glucose administration are lower in DR rats
compared to DIOs (Levin and Sullivan, 1987). Also, high urinary excretion of NA has

-also been observed to be >150% in DIO rats compared to DRs prior to administration of
HFD (Levin and Dunn-Meynell, 2000). Intriguingly, urinary exretion of NA in HFD
DIO rats reportedly returns to normal DR levels after a 10-week HFD feeding period
(Levin and Dunn-Meynell, 2000). The dysfunctional PDE4 cAMP-mediated signaling
response to DMI treatment in DIO rats appears to deteriorate in a dietary-time dependent
manner which may partially be explained by tissue and plasma NA levels.

The (R)-[I?C]rolipram binding data of acute DMI treated 2- and 8-week HFD DR and
DIO rats support the concept that chronically elevated NA content leads to HFD DIO rat
sympathetic end-organ insensitivity as observed by a dysfunctional cAMP-mediated
signaling response to acute synaptic NA augmentation. The mechanism underlying the
absence of a DMI mediated PDE4 effect on (R)-["'CJrolipram binding in 2-week HFD
DR rats remains unclear and more work is needed to fully understand the cAMP-
mediated processes occurring at this time point. However, HYPO, SkM, and LVS tissues
cAMP-mediated signaling remained functional in 8-week HFD DR rats. A functional

cAMP-mediated response to increased NA may possibly explain how they remain lean by
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mechanisms associated with thermogenesis. In con&ast, 2-week HFD DIO rats were only
responsive to DMI treatment in the LVS region, and had no functional PDE4 response to
DMI in the 8-week HFD DIO rat model. This dysfunctional cAMP-mediated response in
DIO rats to increased NA may partially explain their obese body compositions by
damaged thermogenic responses to SNS stimulation. Ultimately, PDE4 binding and
cAMP-mediated signaling were affected between the 8-week HFD DR and DIO models.
Tissue NA content (by HPLC method) and B-AR density will be investigated in our

laboratory to further the understanding of altered SNS signaling in obesity.

4.5 Citrate- and streptozocin-treated rat studies

Diabetes is associated with diverse systemic effects mediated by altered blood
glucose and insulin levels. Modification of blood glucose and insulin levels can lead to
deleterious effects on SNS signaling. In order to ascertain whether the STZ-treated rats
were indeed affected by diabetic complications, physical and metabolic traits were
investigated and compared to literature. Exploratory experiments were performed on
citrate- and STZ-treated citrate control and STZ DM2 rats respectively, using selected
drugs proven to alter cAMP-mediated signaling directly or indirectly in order to assess
(R)-["'C]rolipram binding and tissue cAMP-mediated signaling in PDE4 rich HYPO,
SkM, LVS, and pancreas. |

An important remark should be made regarding the methodology used to test the
second and third hypotheses in the citrate control and STZ DM2 rats. It has never been
conclusively identified that cAMP-signaling dysfunction exists in this animal model, thus

the second hypothesis that dysﬁmctidnal cAMP-mediated signaling is observed in
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diabetic rats was based on literature regarding the diabetic disease process as a wholé,
and reports of STZ-treated rat NA levels rather than specific to this DM2 model.
However, the third hypothesis that (R)-['!CJrolipram can measure cAMP-mediated
signaling in diabetes is dependent upon the DM2 animal model possessing cAMP-
mediated dysfunction. If the citrate control and STZ DM2 rats have no cAMP-mediated -
signaling dysfunction, then observed similarity in (R)-['*Crolipram binding could be due
to the model or the tracer’s inability to measure differences in the obese state, thus
producing a circular argument. However, results demonstrating differences in (R)-
['CJrolipram binding between citrate control and STZ DM2 rats would confirm both
second and third hypotheses and build a foundation upon which to formulate future
theories in other disease states.
4.5.1 Physiological measurements

- Hyperglycemia greatly affected the citrate- and STZ-treated rats body weight gain.
Hyperglycemic STZ-treated DM2 rats had significantly decreased weight gain compared
to citrate control or normoglycemic STZ-treated DM2 (bg<11) rats. In our study, ~65%
of rats treated with STZ surpassed glucose levels >11 mmol/L. (Lateef et al., 2005;
Sawant et al., 2004) that we used as a threshold number to screen STZ-DM2 rats
concurring with other reports of low dose STZ-DM2 induction (Bidasee et al., 2001;
Lateef et al., 2005; Sawant et al., 2004). Reports of low dose STZ-induced DM2 models
have shown similar results between 4- and 8-weeks (Baluchnejadmojarad and Roghani,
2003; Bidasee et al., 2001; Morris and Pavia, 2004) post STZ-treatment, however early (3
day — 1 week) weight gain values are reportedly similar between controls and STZ DM2

rats (Baluchnejadmojarad and Roghani, 2003; Reed et al., 2000). Two-week STZ DM2
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rat blood glucose was elevated while insulin levels were similar to citrate controls
(Sawant et al., 2004). However, 8-week STZ DM2 rats had elevated blood glucose and
significantly decreased insulin levels compared to citrate controls as previously reported
in‘these models (Bidasee et al., 2001; Lateef et al., 2005; Morris and Pavia, 2004). These
findings decisively emphasize the hyperglycemic diabetic disease state presented by the
STZ DM2 rat model, and the need to screen rats for blood glucose levels after STZ
treatment.

4.5.2 Indirect calorimetry

Indirect calorimetry revealed no differences between 2-week citrate controls and STZ
DM2 rat with respect to RER, Voy/kgBW, or whole body Vop. However, 8-week STZ
DM2 rats were found to have significantly diminished RERs compared to 8-week citrate
controls while '?oz/kgBW and Vo, measurements were again similar. Findings are in
agreement with plasma insulin levels being significantly reduced in 8-week STZ DM2
rats. Calorimetry and insulin findings demonstrate the inability 8-week STZ DM2 rats to
utilize glucose as an energy substrate as a consequence of reduced insulin levels and
DM2 disease progression. As a result, 8-week STZ DM2 rats utilize FFA as their
primary energy substrate. Reports concur with published literature stating inbred Albino
Oxford rats treated with high dose (70 mg/kg) STZ demonstrate reduced resting RER and
increased Voo/kgBW compared to controls (Houwing et al., 1995). Additionally, groups
of high dose (85 mg/kg) STZ-treated dipeptidyl peptidase -/- mice had increased V
02/kgBW compared to wild type controls (Conarello et al., 2003). Collectively, indirect

calorimetry measurements indicate STZ-induced DM2 rats correspond to literature
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- reports of DM2 rat models and progressively lose their ability to utilize gluéose as an
energy substrate over time.
4.5.3 (R)-[""C]Rolipram baseline analysis
DM?2 disease progression is characterized by hyperglycemia, insulin resistance and B-
cell exhaustion (Saad et al., 1991). Without extrinsic NA stimulation, baseline 2-week
citrate control and STZ DM2 rats had similar (R)-[''CJrolipram binding to PDE4 as was
also observed in DR and DIO models. vHowever, 8-week STZ-treated DM2 rats had
significantly reduced baseline (R)-[''C]rolipram binding in the brain and heart regions
compared to 8-week citrate controls, and were distinctly unique from STZ DM2 (bg<11)
rats. Results signify reduced PDE4 binding and a capacity to hydrolyze cAMP in brain
and heart of 8-week STZ DM2 rats. Interestingly, contrary findings of STZ-treated rats 5
weeks after treatment low dose (48 mg/kg) STZ had increased NA release in HYPO
" (Morris and Pavia, 2004). Decreaséd radioligand binding in 8-week STZ DM2 rats may
be associated with autonomic neuropathy or decreased insulin levels. A report
‘comparing diabetic mouse models advises that the pathogenesis of diabetic autonomic
neuropathy develops slowly and only to a modest degree in STZ-induced diabetic mice
(Schmidt et al., 2003). However, the suggestion implicating autonomic neuropathy as a
source of reduced (R)-[''Clrolipram binding in the 8-week STZ DM2 rat model is an
unlikely mechanism as it is associated with longer term disease progression in STZ-
treated rats (Schmidt et al., 2003). [''C]Hydroxyephedrine was previously used to
analyze in vivo cardiac NAT content in low dose (50 mg/kg) S:FZ DM2 rats and
determined both proximal and distal myocardial segments were denervated after 9

months as opposed to only distally at 6 months (Schmid et al., 1999). Diminished (R)-
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['C]Jrolipram reteﬁtion observed in 8-week STZ DM2 rats is perhaps not linked to
autonomic neuropathy, but rather reduced insulin levels or hyperglycemia and their
effects on the SNS.

Zucker diabetic fatty rats demonstrate B-cell exhaustion and apoptosis 7 weeks
following spontaneous development of diabetes (Corsetti et al., 2000). While fasting
plasma insulin levels were determined to be low in the 8-week STZ DM?2 rats, pancreatic
(R)-["'Clrolipram uptake was similar to 8;week citrate controls suggesting pancreatic
functionality. Although pancreatic f-cells continued to produce insulin, the effect of
hyperglycemia or hypoinsuliﬁemia may have lead to observed reduction in HYPO and
LVS (®)-[''C]rolipram binding in 8-week STZ DM2 rats. Insulin administration has
been found to increase muscle SNS activity (Muntzel et al., 1994) as well as plasma NA
content (Berne et al., 1992). Studies involving hyperglycemic, hypoinsulinemic STZ-
treated rats demonstrate reduced SNS HYPO response to antidiuretic hormone
vasopressin administration (Bunag et al., 1982). Additionally, 8-week hyperglycemic,
hypoinsulinemic STZ-treated rats have reportedly diminished responses to transmural
sympathetic nerve stimulation that is abolished following insulin treatment (Sato et al.,
1990). Tissue NA measurements as well as insulin-treated STZ DM2 rat experiments
using (R)-["'CJrolipram would assist the recognition of the underlying pathophysiology
invblved in this DM2 model. Only conjectures can be contemplated about the
pathophysiology underlying the exéct mechanisms producing the diminished (R)-
["'Clrolipram binding in the 8-week STZ DM2 rats without more investigation.
However, (R)-[''CJrolipram was able to detect decreased PDE4 binding suggesting

reduced cAMP catabolism in 8-week STZ-treated DM2 compared to citrate control rats.
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4.5.4 Effects of acute desipramine treatment on in vivo (R)-[" C]rolipram binding
in 2-week citrate and streptozocin models '

Synaptic NA stimulating DMI has previously been shown to enhance regional
distribution of (R)-[''C]rolipram binding in NORM rats (Lourenco et al., 2006), and was
repeated in 2-week diet fed NORM rats. Administration of acute DMI to 2-week STZ-
treated DM2 rats produced significantly increased (R)-[''C]rolipram retention in HYPO,
SkM, and LVS, While pancreas was unaffected. These findings parallel observations of
increased radioligand binding in 2-week diet NORM rats following acute DMI. Results
indicate that the effect of 2-week hyperglycemia present in STZ DM2 rats did not alter
DMI-mediated augmentation of (R)-[”C]rolipram binding in 2-week STZ DM2 rats. As
previously described in the DR and DIO rat section, although B-ARs are present in the
pancreas, PDE4 may be affected by compensatory mechanisms or be linked to other
stimuli such as glucose or insulin (Ahmad et al., 2000; Yan et al., 1995) leading to
changes in (R)-[''CJrolipram binding. In concordance with results, hyperglycemic,
hyperinsulinemic Wistar fatty rats treqted with a;-AR agonist phenylephrine demonstrate
enhanced renal sympathetic nerve activity compared to treated control Wistar rats
(Suzuki et al., 1999). Accordingly, 2-week STZ DM2 rats may experience normal to
enhanced SNS response to stimuli and are relatively unaffected by hyperglycemia.
Ultimately, (R)-[''CJrolipram was able to detect a funcﬁonal PDE4 cAMP-mediated

response to DMI in 2-week STZ DM2 rats.
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5.0: CONCLUSION

5.1 Research conclusions

Various simple conclusions can be drawn from this thesis. First, (R)-["'C]rolipram
specific binding to PDE4 was established in the brain, SkM, heart, pancreas, and lung
tissues. These results indicate the presence of HARBS binding in vivo in both rat brain
and periphery, contrary to recent in vitro reports. Conversely, no PDE4 specific binding
was observed in WAT, BAT, or in liver tissues. Ex vivo HPLC analysis of SkM,
pancreas, and BAT confirmed the in vivo PDE4 specific binding biodistribution findings
with (R)-["'C]rolipram. SkM, pancreas, and BAT tissues were observed to contain partial
non-specific radioactivity signal arising from hydrophilic metabolites, contrary to the
brain which does not possess labeled metabolites. However, these hydrophilic labeled
metabolites are unlikely to cross the cell inembrane and they do not bind PDE4. Utilizing
this knowledge of labeled metabolites, it will likely be possible to introduce a non-
specific metabolite component into the compartmentalization kinetic modéling analyses
for PET imaging with (R)-[''Clrolipram. | Correcting for peripheral radiolabeled
metabolites wouid permit PET imaging of alterations in (R)-["'C]rolipram PDE4 specific
binding to be analyzed with greater accuracy. Together, these results entail the ability of
(R)-["'C]rolipram to detect PDE4 specific binding in regions associated with obesity and
diabetes, proving the first hypothesis to be true for brain, SkM, heart, pancreas, and
lungs. Second, acute DMI administration evoked modulation of (R)-[''CJrolipram
binding in 2-week diet NORM rats. p-ARs may be involved in DMI-mediated

augmentation of (R)-[“C]rolipram given that pretreatment CGP 12177 abolished DMI-
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mediated effects on (R)-[''C]rolipram binding and PDE4. Third, the DIO rat model was
determined to be obese compared to lean DR rats. Comparison of baseline (R)-
["'CJrolipram binding between 2- and 8-week HFD DR and DIO rats demonstrated no
difference between age-matched models. However, reduced pancreatic radioligand
binding was observed within the 2- and 8-week HFD DR and DIO rats. DMI treatment
had no effect on (R)-[ 11C]rolipram binding in 2-week HFD DR rats; whereas, the 8-week
HFD DR rat model had a functional PDE4 mediated response to DMI treatment. More
work is needed to fully understand the mechanisms underlying 2-week HFD DR rat
results; however, the 8-week HFD DR rat model possesses a functional PDE4 cAMP-
mediated response to acute NA stimulation. In contrast, 2-week HFD DIO rats only had
increased LVS (R)-[“C]rolipram binding following DMI treatment while 8-week HFD
DIO rats were totally unaffected by the treatment indicating a dysfunctional PDE4
cAMP-mediated response to acute NA stimulation. Taken together, (R)-[''C]rolipram
detected cAMP-mediated signaling differences between the DR and DIO rat models
prov‘ing the second and third hypotheses to be true in obesity. Fourth, 2- and 8-week
STZ DMZ rats were hyperglycemic and had reduced weight gain and ability to utilize
glucose as an energy substrate compared to citrate control rats. Two-week STZ DM2 rat
(R)-["'C]rolipram retention was similar to citrate controls. Hyperglycemia, and
normoinsulinemia in 2-week STZ DM2 rats was suggested to have no effect on 2-week
STZ DM2 rat PDE4 modulation. (R)-[''C]JRolipram was able to detect a functional
PDE4 cAMP-mediated response to acute ‘DMI treatment in 2-week STZ DM2 rats.
Importantly, 8-week STZ DM?2 rats were found to have significantly reduced (R)-

["'Clrolipram binding in brain and heart regions suggested to be mediated by
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hyperglycemic or hypoinsulinemic effects on the SNS. Thus, (R)-['!Clrolipram was
proficient in detecting reduced PDE4 cAMP hydrolyzing ability in the 8-week STZ DM2
rats compared to citrate controls proving the second and third hypotheses true in DM2.
Overall, the major findings were that: (1) (R)-['CJrolipram can detect changes in PDE4
in SkM, and pancreas; (2) two- and 8-week HFD fed DIO rats have a dysfunctional
PDE4 cAMP-mediated response to acute synaptic NA increase, while the 8-week DR rat
PDEA4 response to acutely increased NA remained functional; and (3) 8-week STZ DM2
rats have reducéd (R)-['CJrolipram binding to PDE4 in brain and heart compared to
citrate controls. This study supports further development of _(R)-[”C]rolipram
radiotracer for studying alterations in PDE4 present in the obese and diabetic states using

PET.

5.2 Future directions

Future research stemming from this work may be aimed at in vitro conformational
studies examining tissue NA content, as well as identifying B-AR and PDE4 mRNA
isoform expression in obese and diabetic animal models. Additionally, the eventual in -
vivo serial evaluation of obese and diabetic rodent cAMP-mediated signaling using
["'Clhydroxyephedrine, (S)-[''CJCGP 12177, and (R)-[“C]rélipram with small animal
micro-PET technology could be completed to identify presynaptic transporter,
postsynaptic receptor, and intracellular second messenger components in these disease.
states. Small animal PET studies would provide a full kinetic analysis of (R)-
["'CJrolipram binding not limited to only 45 min postinjection. Such studies would

provide excellent insight and further understanding of the etiology and SNS dysfunction
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occurring in obesity and diabetes. Regardless of the link between the subcellular and
whole organism, in vitro measurements do not always reflect the true nature of the
intracellular interactions occurring in vivo. Additional investigation into the role that
PDE4 serves in the hydrolysis of pancreatic cAMP would prove useful for future
interpretation of in vivo (R)-["'Clrolipram findings. Additonal experimentation of 8-
week STZ DM2 rats should be perf;)rmed with acute DMI treatments elucidating the
functionality of the cAMP-mediated response to acute NA stimulation. In addition to
chronic NA modulation, systemic challenges with glucose, insulin, and glucagon may
aséist in the elucidation of PDE4 involvement in the pancreas using (R)-[*'C]Jrolipram.
Utilizing this thesis as a basis and the aforementioned conformational studies, future
research may be aimed at evaluation of SNS dysfunction in accompanying diseases

associated with obesity and diabetes such as heart failure, and depression.

5.3 Statement of research significance

The complex and astonishing mosaic of the CAMP signaling pathway, comprising
multiple pieces? such as NAT, B-ARs, PKA, PDEs and others, has been part of the recent
pathophysiological research focus into SNS dysfunction present in obesity and diabetes.
As an important component of the cAMP-mediated signaling system, PDE4 controls the
action of cAMP and contributes to the functions of this second messenger system which
may be altered at various stages of the obese and diabetic states. It was established that
(R)-["'Clrolipram binds specifically to PDE4 in brain, heart, and lung tissues. For the
first time, this research extends PDE4 specific binding of (R)-['*C]rolipram to SkM, and

pancreas, building premise for peripheral (R)-[''C]rolipram PET imaging of SNS



119

 alterations occurring in obesity and diabetes. (R)-[''C]Rolipram is the first radioligand
that shows promise for imaging obese and diabetic post-synaptic alterations of PDE4 and
cAMP-mediated functionality in the brain and periphery using PET. With the future
successful development of radioligands able to image NAT activity and B-AR densities,
(R)-["'C]rolipram could be utilized assess the effects of various therapies and to better
understand the intricate ‘puzzle involved with SNS dysfunction and disease progression in
obesity, diabetes and many other disease states. As a»result of the present research, there
is now the potential for studying the role of PDE4 in obese and diabetic states before and

after therapy in living small animal models using PET.
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